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1. Introduction

Reactive molecular dynamics simulations of
hydration shells surrounding spherical TiO,
nanoparticles: implications for proton-transfer
reactionst

Federico A. Soria@® and Cristiana Di Valentin

In many potential applications, nanoparticles are typically in an agueous medium. This has strong
influence on the stability, optical properties and reactivity, in particular for their functionalization.
Therefore, the understanding of the chemistry at the interface between the solvent and the nanoparticle
is of utmost importance. In this work, we present a comparative ReaxFF reactive molecular dynamics
investigation on spherical TiO, nanoparticles (NSs) of realistic size, with diameters from 2.2 to 4.4 nm,
immersed in a large drop of bulk water. After force field validation for its use for a curved anatase TiO,
surface/water interface, we performed several simulations of the TiO, nanoparticles of increasing size in a
water drop. We found that water can be adsorbed jointly in a molecular and dissociative way on the
surface. A Langmuir isotherm indicating an adsorption/desorption mechanism of water on the NS is
observed. Regarding the dissociative adsorption, atomistic details reveal two different mechanisms,
depending on the water concentration around the NS. At low coverage, the first mechanism involves
direct dissociation of a single water molecule, whereas, at higher water coverage, the second mechanism
is a proton transfer reaction involving two water molecules, also known as Grotthuss-like mechanism.
Thermal annealing simulations show that several water molecules remain on the surface in agreement
with the experimental reports. The capacity of adsorption is higher for the 2.2 and 3.0 nm NSs than for
the 4.4 nm NS. Finally, a comparative investigation with flat surfaces indicates that NSs present a higher
water adsorption capacity (undissociated and dissociated) than flat surfaces, which can be rationalized
considering that NSs present many more low-coordinated Ti atoms available for water adsorption.

determine the interaction at the interface between water and

Titanium dioxide (TiO,) is one of most technologically relevant
transition metal oxides as it is used in many applied fields. It
offers wide-ranging properties for fundamental science and
industrial applications, including photocatalysis,' ™ solar cell
energy conversion,”” photoelectrochemistry,®® and more
recently, photo-nanomedicine."’

Because most of these applications take place in an
aqueous environment, understanding the reactivity of TiO,
surfaces with water is of great importance. For this reason,
several first-principles studies have investigated the detailed
atomistic description of the water chemistry and multilayer
dynamical structures on low-index flat surfaces."' Also,
several recent experimental studies have been carried out to
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flat TiO, surfaces.'® > However, in practical applications, TiO,
is mostly used in the form of nanoparticles, which may par-
tially dissolve and become round- or potato-shape in a diluted
aqueous environment. Curved nanoparticles expose a larger
number of undercoordinated Ti sites and are characterized by
an enhanced surface tension. Both these features are expected
to largely affect the surface interaction with the surrounding
water environment.

Water interaction with curved TiO, surfaces is of utmost
importance because water can compete with any other chemi-
cal species for the adsorption on surface sites as a donor on
low-coordinated Ti atoms and as an H-bonding species on low-
coordinated O atoms.?*** Also, dissociation of water on the
surface sites or defects leads to the formation of OH species,
which are crucial functional groups for surface chemistry,
functionalization and molecular anchoring.® Additionally,
mono- or multi-layered water adsorption may alter the surface
electronic properties and work function, as well as the surface
energy leading to different reconstructions than in ultra-high
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vacuum conditions.?” Recently, it was even reported to affect
the trapping dynamics of photogenerated charge carriers in
TiOZ.28’29

Modeling curved systems are computationally more expen-
sive than flat ones because a realistic size of the nanosystem
must be considered not to exaggerate the curvature and not to
induce an excessive strain. For a diameter size of at least 2 nm,
more than 600 atoms are needed. The addition of water multi-
layers around the nanosphere easily sums up to 2000-2500
atoms. On top of this, the description of a bulk of water sur-
rounding the hydrated nanoparticles clearly leads to an extre-
mely large model.”® Therefore, on the one hand, there is a
need for models of several thousands of atoms and, 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.

First-principles calculations provide a very detailed and
accurate description of metal-oxide/water interfaces.*!
However, their substantial computational costs restrict the
system size and time scale that can be probed, thus limiting
their applicability in the study of solid surfaces in an aqueous
On the other hand, empirical force-field
methods are faster and can simulate larger systems but cannot
describe chemical reactions, such as proton transfers or disso-
ciative adsorption on surfaces.>**?

With this scenario, there are two possible schemes to simu-
late the chemistry of realistic nanoparticles in a water environ-
ment: one of them is the QM/MM, as was shown previously by
some of us,® whereas the other possibility is the use of
ReaxFF reactive molecular dynamics (MD).***> ReaxFF enables
the modeling of bond formation and breaking on the basis of
a bond-order formalism. It can simulate chemical reactions
and, thus, allows for a dissociable model of water, enabling a
reasonable description of proton-exchange dynamics and
H-bond configurations at the interface.’® Therefore, ReaxFF
acts as a bridge between quantum mechanics (QM) methods,
such as those based on density functional theory (DFT) and
empirical force-field methods, by being able to handle large
simulations (in model size and time scale), while maintaining
precision and reactivity that approximate that of QM-based
methods. ReaxFF not only can describe the atomistic details of
the chemical reaction but also can give other information,
such as Arrhenius parameters,’” diffusion coefficients,®
Langmuir adsorption isotherms,’® among others. ReaxFF has
been parametrized®® and used*'™* to describe the interface
between flat TiO, surfaces and water interface. ReaxFF has also
been validated against DFT calculations to study the mecha-
nism of diffusion of atomic H and of O vacancies on the flat
and spherical TiO, surfaces.*’

In this work, we present a detailed study of the water
surface reactivity and of the hydration shell of the spherical
TiO, nanoparticles (TiO, NS). First, we assess the validity of
the selected force field,** which was parametrized for bulk
(anatase, rutile and brookite), different crystal surfaces and
faceted NP for its use on curved TiO, surface/water interfaces,

environment.
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using previous DFT (B3LYP) and DFTB (MATORG + HBD) cal-
culations by some of us as reference data.*® Secondly, we
present several simulations for a 2.2 nm NS with an increasing
number of surrounding hydration layers. We can explain
the reaction and adsorption mechanism at different water con-
centrations. Later, we move to more realistic NS of 3.0 and
4.4 nm diameters with different layers of water to investigate
the effect of increasing size and reduced curvature. We
observe a similar capacity of water adsorption for the three
investigated NSs. However, after annealing at 500 K, the larger
NS is found to be left with a reduced capacity compared to the
smaller ones. Finally, we compare the water adsorption
capacity of curved systems with that of flat anatase (101) TiO,
surfaces.

2. Computational details
2.1 Reactive force field for TiO,/H,O systems

The ReaxFF forcefield provides an accurate description of
bond breaking and bond formation during MD simulations by
employing a bond-order/bond-energy relationship, which was
developed by van Duin, Goddard, and co-workers.**** In the
ReaxFF reactive force field, the total (system) energy is given by

Esystem = Epond + Eval + Etors + Eover
+ Eunder + Elp + Evaw + Ecoul

(1)

The terms in eqn (1) include bond energies (Epona), valence
angle energies (E,,), torsion-angle energies (Eos), the energy
to penalize overcoordination of atoms (Eqe;), the energy to
stabilize under-coordination of atoms (Eynger), lone-pair ener-
gies (Ejp), and terms to handle nonbonded Coulomb (Ecqui)
and van der Waals (Eyqw) interactions.

In this work, the Ti/O/H ReaxFF forcefield developed by
Kim and coworkers was used. The developed force field para-
meters were fitted to a set of quantum mechanical calculations
of TiO,/H,0 systems and were found to predict the structures,
energies, and equation of state for bulk TiO, materials.*®

The same force field was used by Raju and coworkers to
study water adsorption and dissociation on anatase (101),
(100), (112), and (001) and rutile (110) at 300.0 K (ref. 41) and
the aggregation of anatase nanocrystals in vacuum and humid
environments.*? In addition, other authors used the force field
to compare the reactivity of water at the rutile (001), rutile
(110), anatase (001), TiO,-B (100) and TiO,-B (001) surfaces.*’
More recently, the same ReaxFF was used to investigate the
structural and dynamical properties of anatase (101) and rutile
(110) TiO, interfaces with liquid bulk water. Based on this
simulation, the authors reported a well-organized structure of
water in the interface region within 6.5 A from the surface and
a spontaneous dissociation leading, rather controversially, to
full coverage of 0,./O, by H" and partial coverage of Tis. by
OH.** Even the force field was used to describe the effect of
high pressure H, on the photocatalytic properties of a large
spherical TiO, nanoparticle (6 nm).*

This journal is © The Royal Society of Chemistry 2021
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2.2 Reactive molecular dynamics simulation setup

The ReaxFF-MD simulations

LAMMPS software package.*®"
performed in the canonical (NVT) ensemble for 500 ps. A
Velocity-Verlet algorithm was used with a 0.1 fs time step
using the Berendsen thermostat and a temperature-damping
constant of 100 fs to control the temperature of the entire
system. The initial velocities are assigned according to the
Boltzmann distribution. Each simulation was performed three
times starting from different initial Boltzmann distributions in
order to explore possible scenarios of the reaction process. In
this way, we made about 50 different reactive simulations.
System snapshots were saved every 0.01 ps during the simu-
lations and they were used for the analysis of the evolution of
chemical species and atom-atom radial distribution functions
(RDFs).

The spherical nanoparticles considered in this work are
shown in Fig. 1. The initial structures have been directly
carved from a bulk anatase TiO, supercell. By different carving
radii, we obtain nanoparticles of about 2.2 nm, 3.0 nm, and
4.4 nm diameter size, as described in detail in a previous work
by some of us.*®*® The structures were kept stoichiometric and
the too low-coordinated Ti and O atoms of the surface were
saturated with dissociated H,O molecules: three-fold and
some four-fold Ti atoms were coordinated to hydroxyl groups,
whereas mono-coordinated O atoms were saturated with H

were performed with the
MD simulations have been

atoms.

The hydration shells around each nanosphere have been
generated using the PACKMOL code.’® Spherical water shells
were varied from 1 ML to bulk liquid water for the 2.2 nm NS,
from 1 ML up to 6 ML for the 3 nm NS, and 6 ML for the
4.4 nm NS. In this way, we carried out simulations with a
number of atoms varying between 1000 and 27 500.

For the simulations of water reactivity on the anatase (101)
surface, we build a slab of 192 TiO, units (three triatomic
layers) placed into an orthorhombic supercell of dimensions
of 30.4137 x 20.95596 x 59.00 A. On each side of the slab, there
are 32 Tis.. Inside the periodic box, we put 1000 water mole-

cules in order to get the bulk water density 1 g cm™.

2.3 Simulation analysis

To perform the analysis of the behavior of the hydration shells
around each nanosphere, we have calculated the g(d) distri-
bution function by determining the MD-averaged number of
water molecules within a distance d and d + Ad away from the
nanosphere surface (Ad = 0.01 A). The distance d is defined as
the minimal distance between the O atom of the water mole-
cule (Owater) and the superficial Ti atoms of the nanosphere
(Tigup)- The Tig,, species not only include all the undercoordi-
nated titanium atoms (Tisc, Tise, Tisc(OH), and Tiz.(OH)), but
also fully coordinated Ti atoms (Tis._sup) When connected to at
least one surface O,..

In parallel, to evaluate the structural properties of water on
a flat surface, we have calculated the radial distribution func-
tion (RDF), g(r), between anatase (101) surface atoms (Ti5c or

This journal is © The Royal Society of Chemistry 2021
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(Ti02)223 " 10 Hzo

Fig. 1 Ball representation of the ReaxFF optimized structures, after
simulated annealing, of the different nanospheres considered in this
work. For each one, the stoichiometry and the approximate diameter are
reported. Blue spheres represent the O atoms, grey spheres represent
the Ti atoms and white small spheres represent the H atoms.

02c) and water (O or H atoms). Also, for the flat surface, we
have calculated the vertical distribution of the distances
(p(Az2)) between the water molecules (O atoms) and the anatase
(101) surface (Tis.). For both analyses, we made use of the
module implemented in Lammps software."®*”

Finally, to monitor the different molecular fragments pro-
duced during the ReaxFF-MD simulation, we have used the post-
processing tool (mol_fra.c) provided by Lammps software.*®*”

Nanoscale, 2021,13, 4151-4166 | 4153
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3. Results and discussion

3.1 Force field (FF) validation for curved anatase TiO,
surface/water interface

3.1.1 Isolated spherical anatase TiO, nanoparticles of
increasing size: 2.2, 3.0 and 4.4 nm. The three different spheri-
cal nanoparticles (NPs) used in this work are shown in Fig. 1.
As we mentioned in section 2.1, the force field was parameter-
ized for bulk (anatase, rutile and brookite), different crystal
surfaces and faceted NP. For this reason, we decided first to
assess the validity of the FF for the curved surfaces of spherical
NPs. For that, we used previous DFT (B3LYP) and DFTB
(MATORG + HBD) calculations performed by some of us for
the 2.2, 3.0 and 4.4 nm TiO, nanospheres.*® After the nano-
spheres were carved and saturated, as described in section 2.2,
ReaxFF molecular dynamics simulations were carried out in
order to simulate a temperature annealing process. We used a
target temperature of 500 K. The final structure of each NS was
then compared with the corresponding one obtained at the
DFT level of theory.” Fig. S11 shows the overlap between each
NS model obtained by ReaxFF simulation with the DFT struc-
ture. For clarity, we define two directions: equatorial and axial.
In addition, along the axial direction, we define three different
regions of NS: equator, tropics and poles. Clearly, it can see
that the crystalline structure is preserved after the simulated
annealing. However, whereas in the equatorial direction, we
observe a perfect overlap between ReaxFF and DFT structures,
in the axial direction, a crush of the NS is observed in compari-
son with the DFT structure. We may notice that the crush on
the NS starts from the tropical region and goes up to the poles.
At the equator, the overlap with the DFT structures is very
good. We think that this crush is produced by the curvature at
the tropics and poles of the NS, where different types of edges
and undercoordinated sites are present on the surface that
cannot be accurately represented by the force field (that was
fitted to a large, DFT-based, training set, including equations
of state for the different phases of bulk TiO,). The crush pro-
duces a reduction of ~8.5% in the diameter of the NS along
the axial direction. To avoid the effects of this crush in our
study of water reactivity at the surface, we decided to keep the
core of the NS fixed at the same positions as in the DFT opti-
mized geometry. The choice of the core size implies a compro-
mise: a large fixed core improves the quality of the NS struc-
ture but reduces the degree of freedom that might affect the
reactivity of the water molecules, whereas a very small fixed
core causes a higher crush. On the basis of several tests, we
found that a fixed core with 15-25% of the total number of
atoms, which are not involved in the surface reactions,
decreases the crush of the NS by 40-50% getting a better repre-
sentation of the NS, as can be seen in Fig. S1 in the ESLT A
similar procedure was successfully applied for the study of
spherical gold NPs decorated with chitosan-gentamicin
conjugates.>!

3.1.2 Spherical anatase TiO, nanoparticles in a water drop
of increasing size. The next step in the validation process was
the evaluation of the behavior of the nanospheres in a water
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drop. For this, we performed two different comparative ana-
lyses with respect to previous DFT (B3LYP) and DFTB/MM
results:®® first, a single water molecule was adsorbed on
different Ti sites of the 2.2 nm NS to evaluate the variation in
the adsorption energy value; then, we analysed the results of
the ReaxFF molecular dynamics (500 ps) of the 2.2 nm NS sol-
vated into 6 ML or in bulk water by plotting the distance distri-
bution function g(d), where d is defined as the distance of the
water O atom from the closest surface Ti atom.

In Fig. S2,1 we present a comparison between ReaxFF and
DFT (Fig. S2at) and DFTB and DFT (Fig. S2bf) adsorption
energies for both molecular and dissociated water molecules
on different positions of the 2.2 nm NS. From the plots, it can
observed a good agreement between ReaxFF and DFT for both
dissociated and undissociated adsorption energies. On the
other hand, DFTB calculations describe well the molecular
adsorption but underestimate the dissociated adsorption ener-
gies which indicate a tend to favour molecular adsorption in
comparison with DFT.?®

In Fig. 2, we present the ReaxFF simulation of a NS
(2.2 nm) in a water drop. For that, we plot the distance distri-
bution function g(d) (as defined in the Computational details)
for two different water drops around the NS as a function of
the distance (d) in Fig. 2a. We consider a water drop of 6 ML,
generated by 1000 molecules around the NS (~1 nm of initial
thick), and another one of a multilayer of 8958 water mole-
cules (~55 ML, about 4 nm thick, Fig. 2b). In Fig. 2c, we
compare the g(d) of both water drop models with previous
DFTB and DFTB/MM molecular dynamics calculations by
some of us. The agreement is excellent with four distinct
peaks centered at 1.9 A, 2.3 A, 3.9 A, and 4.5 A. The orange
dashed lines are aligned to the center of the four peaks in the
distribution. The first peak in the distribution is due to the Ti-
OH moieties, resulting from the dissociated adsorption mode.
These appear as green OHs in Fig. 2d. The second peak cen-
tered at 2.3 A is due to molecularly coordinated water (orange
H,O in Fig. 2d) to surface Ti atoms (Ti---OH,). The third peak
is related to the water layer interacting through the H-bond to
surface O atoms or to Ti-OH groups through the Hyr atoms
and finally the peak at 4.5 A is due to water molecules that are
H-bonded to Ti-OH groups or coordinated to Ti atoms
(Ti---OH,) through the Oyacer atom. Also, a similar distribution
function was obtained for the H atoms of the water molecules
and the O,. on the NS surface (Fig. S3t). Here, three main
peaks are centered at 1.0, 1.6 and 3.0 A, corresponding to the
O-H bond, ie. OH groups formed on O,. sites, H-bond
between water molecules and O,. surface atoms, whereas the
last peak indicates the long-distance interaction between H
atoms of the second layer with the O,. surface atoms.

Comparing the g(d) distribution in Fig. 2c¢ for 6 ML, we
observed a more structured curve for DFTB (black line) than
for ReaxFF (blue line). This may be rationalized by the fact that
for DFTB, the simulation time is one order of magnitude less
than for ReaxFF simulations (45 ps vs. 500 ps) which also
explains the broader range of distance values that are reached
during the ReaxFF-MD simulation.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) and (b) Snapshot of the final structure from the ReaxFF mole-
cular dynamics simulation of the NS model surrounded with a 6 ML and
55 ML of water, respectively. The overall stoichiometry is
(TiO5)223:1000H,0 and (TiO,),,3-8952H,0 in each case. (c) Distribution
function g(d) as extracted from the DFTB molecular dynamics run®
(top) and from ReaxFF molecular dynamics simulations (bottom). A
dashed horizontal black line is traced for g(d) = 1, which corresponds to
bulk water density. For comparison, dashed vertical orange lines indicate
the positions of the main peaks. (d) Zoomed-in image of a portion of the
NS surrounded by water. Undissociated and dissociated water are
marked in orange and green respectively. The blue dashed lines show
the H-bond network.

Regarding the NS in a droplet of bulk water, the behavior of
ReaxFF (green line) is very similar to that of DFTB/MM (red
line) simulations. In the g(d) distribution from the ReaxFF
simulation, we observe a tiny peak between 6 and 7 A, similar

This journal is © The Royal Society of Chemistry 2021
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to what the DFTB/MM feature, indicating that the force field
provides a good description of the long-range interfacial
effects. Finally, the comparison between 6 ML and bulk water
with ReaxFF description, shows a very similar profile up to 7 A,
which suggests that a water model of 6 ML around the NS is
sufficient to get a good description of NS in an aqueous
environment.

The integral area of the peaks in the rdf plots provides the
average coordination number of the atoms involved in the rdf
distribution. These values for the peaks at 1.9 A and 2.3 A are
0.26 and 1.04 using DFTB and DFTB/MM, while using ReaxFF,
the values are 0.42 and 0.83, respectively. The single values
differ but their sums are very close, i.e. 1.29 and 1.25. The first
peak is due to dissociatively adsorbed water, whereas the
second peak is due to molecularly adsorbed water. The differ-
ence in the area of each single peak can be explained based on
the results reported in Fig. S2,T where we correlate the adsorp-
tion energies of water on different sites of the 2.2 nm NP (dis-
sociated or undissociated) with ReaxFF or DFTB against those
obtained with DFT. Taking the DFT energies as the reference,
we observe that DFTB can well reproduce the undissociated
water adsorption but underestimates the dissociated adsorp-
tion energies, whereas ReaxFF describes both dissociated and
undissociated water adsorption energies on the NP quite well.
This explains why the value of the integral for the first peak
indicates more dissociation with ReaxFF than with DFTB (or
DFTB/MM).

Thus, we have shown that the force field, which was para-
meterized for bulk and for flat surfaces interacting with water,
can be successfully used also for curved ones.

3.2 Water adsorption/dissociation at the curved surface of a
spherical (2.2 nm) TiO, nanoparticle

In this section, we investigated the adsorption mechanism of
water on the 2.2 nm TiO, NS. First, we will show a general
mechanism which implies the formation of new OH groups on
the NS decreasing of the number of undissociated H,O mole-
cules around the NS. Then, we will focus on the atomistic
details of the mechanism of Ti-OH formation.

3.2.1 Dynamic evolution of water dissociation at increasing
drop size. Here, we study the evolution of the water dis-
sociation considering a model 2.2 nm TiO, NS surrounded by
a different number of water molecules ranging from 1 ML to
bulk water.

In Fig. 3, we first present the variation of the amount of
certain relevant species on the surface as a function of the
simulation time when the NS is decorated by 12 ML of water.
The species considered are: (1) the undissociated water mole-
cules around the NS (initial number is 1000, top panel), (2) the
clean O, sites on the NS surface (middle panel) and (3) the
total OH groups on the NS (bottom panel), taking into account
both the terminal OH (initial number is 20) and the bridging
OH superficial groups. From the plot, we observe a decrease in
the amount of undissociated water molecules correlated with a
decrease in the amount of the clean O,. and with an increase
in the total OH groups (terminal + bridging) present on the

Nanoscale, 2021,13, 4151-4166 | 4155
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Fig. 3 Evolution of the amount of fragment/species as a function of
time for a simulation of 6 ML of water around the NS system at 300.0 K.
Top: entire water molecules around the NS. Middle: O, sites on the NS.
Bottom: total, bridging and terminal OH groups on the NS.

NS. The final number of (not dissociated) H,O is 955, with
45 molecules that have dissociated on the surface. The amount
of clean O,. decreases from 124 to 79 units and total OH
groups increase from 20 to 110 units. Thus, 90 new total OH
groups are formed on the surface of which 45 are formed on
the O,. sites (bridging OH groups) and 45 formed on the
undercoordinated Ti surface atom (terminal OH groups). This
is a clear evidence that dissociative adsorption is taking place
on the surface at the same time as molecular adsorption
(Fig. 2c, peak at 2.3 A and Fig. 2d orange water molecules).
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This mixed dissociated/undissociated adsorption mode was
observed experimentally by soft X-ray spectroscopies®*** and
by the electron yield in near-edge X-ray absorption fine struc-
ture (NEXAFS).>* In the next section, we will give details of the
dissociation mechanism.

As a next step, we varied the amount of water layers around
the NS to investigate whether a different behavior is observed.
The initial numbers of water molecules surrounding the NS
were 150, 250, 500, 1000, 2000 and 8958, producing 1, 1.5, 3, 6,
12 and 55 ML of water, respectively. Then, in Fig. 4a, we report
the variation of terminal OH groups is divided by the number
of total Ti adsorption sites on the NS as a function of time for
these six different initial amounts of water. An increase in the
OH groups on the NS with time is always clearly observed.
However, the shape of the curves for initial 150 and 250 water
molecules is different from that for initial 500, 1000, 2000 and
8958 water molecules surrounding the NS. For the second set
of data, we observe a more pronounced slope within the first
150 ps, which indicates a higher reaction rate. We rationalize
this with the fact that for these water concentrations, the
resulting aqueous environment is more condensate than for
the first two sets. We evaluate the extent of condensation by
counting the number of H-bonds, as normalized by the
number of water molecules in the model. For the first two sets,
we have less than 0.8 H-bonds per water molecule, whereas for
the last four sets, more than 1.2 H-bonds per water molecule
are computed. These results indicate that the reaction mecha-
nism may depend on the water concentration around the NS.
Similar conclusions were reached in a previous ab initio mole-
cular dynamics study on small TiO, (~1 nm) nanoparticles.>®
In the next section, we will discuss in detail different dis-
sociation mechanisms depending on the different water
concentrations.

Finally, in Fig. 4b, we present a graph of the final number
of OH groups (at the end of the simulation) on the NS surface
as a function of the initial number of surrounding water mole-
cules. Note that, for the case of 150 water molecules, the final
number of OH groups is 80, giving rise to an extent of water
dissociation on the surface is a = 0.29, which is close to the
value that was computed at the DFT(HSE06) level of theory of
a = 0.21.>° It can be seen that the number of OH groups
becomes constant for a number of initial water molecules
above 1000 (>6 ML). This result is in line with X-ray photo-
electron spectroscopy experiments, which show that the Ti-OH
species concentration is almost constant when a TiO, nano-
particle is exposed to different degrees of humidity (RH).>* Our
data can be nicely fit with a Langmuir isotherm, suggesting
that there is an adsorption/desorption equilibrium in the
system.> This adsorption/desorption equilibrium is observed,
at the atomic level, in terms of the protonation of some OH
superficial groups on the NS (forming new water molecules) or
in terms of the deprotonation of some adsorbed water mole-
cules (forming OH groups on the NS surface).

3.2.2 Atomistic details of the dissociation mechanisms.
During the ReaxFF molecular dynamics simulations, we found
two mechanisms of surface Ti-OH formation through water

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr07503e

Open Access Article. Published on 12 February 2021. Downloaded on 5/18/2026 9:36:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

o
o

a L -
304
(@]
503
i_L 150 H,0
S 0.2 —— 250H,0
pt —— 500 H,0
2 —— 1000H,0 |
@ 0.1 2000H,0 |
S ool 1 TN
0 100 200 300 400 500
Time (ps)

Fig. 4

View Article Online

Paper

ST T T 1 1
o | 4
- 100 =i
o o
8
Q 75 -
e =
(@]
e 50 =~
O - .
Tg o5 |- —— Langmuir fitting J
I 3 o
PR I TR I TR N T |

o
o

2000 4000 6000 8000
Initial number of HZO

(a) Evolution of the amount of the terminal hydroxyl groups on the 2.2 nm NS normalized by the number of total Ti adsorption sites as a

function of time for the simulations with different initial numbers of water molecules surrounding the NS. (b) Number of final hydroxyl groups on
the NS after 500 ps of simulations as a function of the initial number of water molecules around the NS. The red line shows a fitting with a Langmuir

isotherm.

dissociation. For initial low water coverage of 150 and
250 molecules, the mechanism is that described in Fig. 5.
Here, a water molecule (highlighted with green atomic spheres
in panel (a)) is initially molecularly adsorbed, with a Ti-O,
bond around 2.3 A (green line in the distance graph of
Fig. 5d). One of the H atoms of this water molecule is forming
a H-bond with an 0O,. of the surface with a distance of ~1.6 A
(red line in Fig. 5d). Then, this H atom migrates from the
water molecule to the surface O,. (panel (b)) forming a brid-
ging OH (with the H,,-O,. distance decreasing to 1 A), with the
O atom of the water forming a terminal Ti-OH species with a
Ti-O distance of ~1.8 A (panel (c)). Clearly, this mechanism
implies the involvement of just one water molecule, which
simply dissociates on the NS surface.

In contrast, when the amount of water around the NS is
larger (>500 molecules), we observe a different mechanism
involving two water molecules, as described in Fig. 6. Panel (a)
shows two water molecules (marked in orange and green)
interacting with the surface. The ‘green’ water molecule is
forming a H-bond of ~1.5 A with an O,. site (red line in the
distance graph of Fig. 6d), while the ‘orange’ water is molecu-
larly adsorbed on a Ti site (Ti-O bond is 2.3 A, black line in
Fig. 6d) and is H-bonded to the ‘green’ water with a H-bond
distance of about 1.7 A (blue line in Fig. 6d). From panel (b) to
(c), two proton transfer reactions can be observed: the first one
from the water molecules marked in green to the O,. site
forming a bridging OH and the second one from the ‘orange’
to the ‘green’ water molecule, which form a terminal OH and a
new water molecule. In this way, we observe that the molecule
marked in green acts both as a donor of a proton towards an
O, site and as an acceptor of another proton from another
water molecule (orange), which then binds to a Ti atom
forming a terminal OH on the surface. In other words, the

This journal is © The Royal Society of Chemistry 2021

proton transfer proceeds through a Grotthuss-like mecha-
nism,> with a transient hydronium ion formed during the
reaction. A similar mechanism was recently shown for water
on an anatase (101) TiO, surface using molecular dynamics
with an ab initio-based deep neural network potential'® and
also for different rutile faces by ab initio molecular dynamics
(AIMD).>*>® We also observe reactions where several protons
transfer take place to end up with two OH groups on the NS
surface, as can be seen in Fig. S4 in the ESL{ Other authors
have found that ReaxFF can correctly reproduce DFT reaction
mechanisms on the TiO, surface for other types of reactions.*’

The change in the mechanism going from low to high water
coverage around the nanoparticle just discussed can also
explain the different shapes in the curves of Fig. 4a. While for
a higher number of water molecules around the NS (500 to
8958), the reaction of water dissociation is assisted by a second
water molecule as a donor/acceptor moiety, at low water cover-
age (150 to 250 water molecules), the mechanism taking place
just involves one water molecule whose dissociation is not
assisted, changing the shape of the curve going from low to
high water concentrations.

3.3 Electrostatic properties of the hydrated spherical TiO,
nanoparticle (2.2 nm)

In the previous section, we have observed some water chem-
istry on the surface of the spherical TiO, nanoparticle, which
we expect to cause charge redistribution at the TiO,/water
interface and, consequently, variations in the resulting electric
field and electrostatic potential. In this section, we will discuss
these effects for the case of the nanoparticle of 2.2 nm dia-
meter size.

First, we have calculated the charge distribution profile
(o(r)) from the center of the NP across the water layers (shown

Nanoscale, 2021,13, 4151-4166 | 4157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr07503e

Open Access Article. Published on 12 February 2021. Downloaded on 5/18/2026 9:36:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale

<
®2.5
O
=
S 2
R
T
- 15
&
o
m

54
Time (ps)

55 56

Fig. 5 Details of the main mechanism observed for water dissociation on the NS surface at low coverage regimes involving one water molecule at
300 K. Panels (a), (b), and (c) show the evolution of the reaction of the water marked in green (see text). Panel (d) shows the evolution of the main

bond distances during the reaction as a function of the time.

in Fig. 7a), according to the H and O atomic distributions
(Fig. S51) and computed charge average, which are obtained
from the simulations (it is important to note that in
ReaxFF-MD calculations, the charges are not fixed but change
during the simulation). In the plot of Fig. 7a, we observe an
oscillation of the charge density in the region close to the
surface up to 7 A (18 A from the center of the NP), but above
that threshold, the charge density gets very close to zero,
especially when we move towards the water bulk region.
Similar charge oscillations in the region close to the surface
have been previously observed for anatase flat surfaces, gener-
ating an electric double layer at the interface.>**°

As a further step, we obtained the intrinsic electric field
profile, E(r), through the integration according to the Poisson’s
equation:

ma:lr

€0 Jr,

o(r)dr (2)

We performed a numerical integration from the middle of
the bulk water region (r,,) to the TiO, surface with the bound-
ary condition of E(ry,) = 0. In Fig. 7b, we report the resulting
electric field. In the region close to the surface, the electric

4158 | Nanoscale, 2021, 13, 4151-4166

field changes from —0.42 to 0.55 V A™. These high magni-
tudes evidence the charge changes occurring in the interface
region because of the adsorption of water (dissociated and
undissociated) on the TiO, surface atoms.

Finally, we calculated the electrostatic potential, ¢(r),
through the integration of the electrostatic potential according
to the following equation:

p(r) = - Jr

Tw

E(r)dr (3)

The potential curve on the NP is shown Fig. 7c. The poten-
tial drop (surface potential) across the interface is found to be
0.47 V. Previous theoretical reports with the COMPASS poten-
tial and the SPC/E water model give values of 0.14, 0.28 and
0.62 V for water on anatase TiO, (001), (100) and (101) sur-
faces, respectively.>® With ReaxFF, a value of 0.24 V for water
on the anatase (101) surface was reported.** Since we expect a
strong dependence on the force field used to perform the cal-
culations, only direct comparison of ReaxFF data is meaning-
ful. Thus, comparing the value for the anatase (101) and for
the NP, i.e., 0.24 vs. 0.47 V, we observe an increasing effect of
the surface curvature on the potential drop. A recent experi-

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Details of the main mechanism observed for water dissociation on the NS surface at high coverage regimes involving two water molecules at
300 K. Panels (a), (b), and (c) show the evolution of the reaction of the water molecules marked in green and orange (see text). The orange water
acts as an acceptor and a donor of a proton. Panel (d) shows the evolution of the main bond distances during the reaction as a function of the time.

mental work reports a value of 0.18 V of surface potential for
an amorphous TiO, with 100 nm diameter immersed in
water.®! The difference with respect to the computed value can
be attributed to the different size and phase of the NP (100 nm
vs. 2.2 nm and amorphous vs. anatase TiO,).

An interesting parameter to extract from the simulations is
the C-potential, which is defined as the difference in the
electrostatic potential at the shear plane (the “slipping plane”)
between relatively immobile and mobile layers of water adja-
cent to the solid surface and can be measured experimentally,
for example by electrophoresis.®” The unambiguous definition
of the slipping plane (which separates surface-bound fluid
from bulk) from simulations is nontrivial. Based on the dis-
tance distribution function (Fig. 2d), we observe a big effect of
water on the surface up to distances of 7 A. However, no sharp
distinction between immobile and mobile layers can be rigor-
ously made, except for the first adsorbed layers of water mole-
cules. Beyond 7 A from the surface (18 A from the NP center),
the oscillation of the electrostatic potential becomes close to 0
V in Fig. 7c. Experimentally, for anatase TiO, NPs with a dia-
meter below 20 nm, the {-potential at pH 7 is found to be
around —20 mV (-0.02 V),*> which is within the oscillation
range of our electrostatic potential plot. This prevents us from
extracting a precise {-potential value from the plot.

This journal is © The Royal Society of Chemistry 2021

Another clear fingerprint of a negative {-potential comes
from the analysis of the total charge of the NP, which is
found to be negative along all the simulation in water, as
reported in Fig. S6,1 in contrast to what is observed for the
NP in vacuum, where the total charge is neutral along the
whole simulation. These observations evidently agree with
the experimentally observed negative {-potential value at pH
7 for TiO, NPs.%*

3.4 Increasing the size of the hydrated spherical TiO, nano-
particles: from 2.2 nm to 3.0 and to 4.4 nm

In this section, we extended our analysis to more realistic NS
models of diameter from 3.0 to 4.4 nm, which we surrounded
by 1500 and 2500 water molecules, respectively, i.e. 6 ML of
water (insets in Fig. 8). Based on the MD simulations data
(500 ps), we extrapolated the distance distribution function
g(d) for the two different NSs. In Fig. 8, we compare the g(d)
distributions for the 2.2, 3.0 and 4.4 nm NSs. The behavior for
the three models is very similar. Two peaks corresponding to
dissociated (Ti-OH) and molecular water adsorption (Ti---OH,)
are observed at 1.9 A and 2.3 A, respectively. Then, there is a
third peak at 3.9 A, related with the H-bond between the water
molecules and surface O atoms or to Ti-OH groups. A tiny
decrease in the peak at 4.5 A (water molecules H-bonded to Ti-
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OH groups or Ti---OH, through the Oyacr atom) is observed as
the NS increases from 2.2 to 3.0 and to 4.4 nm. Finally, for all
three NSs, at a distance between 6 and 7 A, a small peak is
observed before the density starts to slowly decrease.
Therefore, we showed that the behavior of a water multilayer of
a similar thickness (6ML) does not change with the increasing
size of the NS from 2.2 to 4.4 nm.

In order to compare the capacity of water adsorption (mole-
cular and dissociated) of each NS, we have integrated the first
two peaks of the distribution function, which give an averaged
number of molecules adsorbed by each undercoordinated Ti
on the surface. The sum of the integrals for the 1°* and 2™
peaks gives a value of 1.25, 1.35, and 1.20 for the 2.2, 3.0 and
4.4 nm NSs, respectively, suggesting a similar capacity of water
adsorption of the three NSs.
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shown in Fig. 2 for a 6 ML. The insets show the final structure after
ReaxFF molecular dynamics simulation of 500 ps. The overall stoichio-
metry is (TiO2)399:1500H,0 and (TiO3)1265:2400H,0 in each case.

In the case of the 3.0 nm NS, we also performed a compara-
tive study of the mechanisms of water adsorption with respect
to what is observed and discussed for the 2.2 nm NS in the pre-

This journal is © The Royal Society of Chemistry 2021
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vious section. Again, we have performed simulations varying
the number of water molecules around the 3.0 nm NS. The
amount of the terminal OH groups divide by the number of
total Ti adsorption sites on the NS as a function of the time
and the initial amount of water around the 3.0 nm NS is
shown in Fig. 9a. An increasing number of total OH groups on
the surface parallels a decreasing number of undissociated
water molecules around the NS. As in the 2.2 nm NS, two
different mechanisms emerge from the plot. Based on the
shape of the curves, one mechanism is observed at low H,O
concentrations (200 and 350 initial water molecules) and
another at higher concentrations (750 and 1500 initial water
molecules). As we explained before, the difference is due to the
different reaction mechanism at different concentrations.
While at low coverage, the main mechanism implies a single
dissociation of a water molecule, at higher concentration, an
assisted proton transfer reaction (involving at least two water
molecules) is observed. For comparison with Fig. 4a, it can be
seen that the fraction of Ti-OH groups on the surface at 500 ps
for 3.0 nm NP is little lower to the 2.2 nm NP. Fig. 9b shows
the final amount of the OH group as a function of initial water
surrounding the 3.0 nm NS. Also, in this case, the data can be
fitted with a Langmuir isotherm, which suggests an adsorp-
tion/desorption equilibrium in the system.>*

3.5 Water desorption under thermal annealing

In this section, we investigate the desorption process of the
water multilayers around the NSs of different size. The goal of
this part is assessing the ability of the ReaxFF to describe the
desorption process of water from the NSs when the tempera-
ture of the whole system is increased. For that we have taken
the final geometry of each NS surrounded by 6 ML of water as
the starting point for the study of the desorption process at

This journal is © The Royal Society of Chemistry 2021

500 K. We have run the simulation for 1 ns in order to desorb
the largest possible portion of water molecules from the
surface. Fig. 10 shows the final structure after 1 ns of simu-
lation for each NS. Clearly, the resulting NSs are hydroxylated
with some water molecules that are still undissociatively
adsorbed after the thermal annealing. This is in agreement
with previous experimental results by Matsumoto and co-
workers, who have reported that water adsorbates on spherical
TiO, nanoparticles are very strongly bound to the surface and
they cannot be completely eliminated even through an anneal-
ing process up to 700 K.>® We observed that these molecularly
adsorbed molecules form two H-bonds with two different OH
groups on the surface of the NS. This adsorption mode mostly
takes place at the equatorial region of the NS. Also, we
observed that the crystallinity of the NSs is kept after the
annealing process. The final number of water molecules
(undissociated and dissociated) is 128, 229 and 378 for the 2.2,
3.0 and 4.4 nm NS, respectively, i.e. an average of 1.06, 1.07
and 0.81 molecules per undercoordinated Ti on the surface,
respectively. These values show a better water adsorption
capacity of the smaller NSs after annealing, which is expected
because in these NSs, the percentage of reactive sites on the
surface is higher.”® For all the three NSs, we observe an
increase in the diameter of about 0.4 nm, which is related with
the water layer directly bonded to the surface.

3.6 Comparing curved vs. flat surfaces

Finally, we present a comparison of the reactivity of water on
curved vs. flat surfaces. We consider the flat anatase (101)
surface since it is the most stable anatase surface and has
been extensively studied with respect to water reactivity both
theoretically'' 7% and experimentally.'®>*** Much effort was
devoted to the understanding of the reactivity of water on this
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surface, going from low coverage to the full monolayer to inter-
facing bulk water. A mixed molecular/dissociated water adsorp-
tion is the generally accepted mechanism on this surface.
However, the degree of dissociation is still an open issue, since
different types of experiments (from vacuum, few water mono-
layers, bulk water), or different surfaces (defect-free, reduced)
or theoretical approaches (DFT, AIMD, DFTB, and ReaxFF)
have been considered, leading to different results. Our goal in
this part of the work is not to explain such differences but
more simply to compare the capacity of water adsorption of
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this flat surface with respect to the curved surfaces of the NSs
considered in the previous sections.

The details of the model used to perform these calculations
are reported in the Computational details above. Inside the
periodic box, the bulk water density of 1 g em™ is reached by
inserting 1000 water molecules. The final interface structure,
after MD, is shown in Fig. 11a. After 500 ps of simulation at
300 K, we extracted the distribution p(Az) of the vertical dis-
tances between the O atoms of the H,O molecules and the Tis
plane of the surface, as shown the Fig. 11b. We observe four
main peaks in the distribution (at 2.03 A, ~2.70 A, ~3.75 A and
a broad peak between 5 and 6.5 A). For distances above 7 A, a
constant p(z) of 0.033 is observed, which is consistent with the
bulk water density. A similar profile is observed on both sides
of the slab (Fig. S7t). The position of peaks is comparable with
that calculated for a trilayer of water on the same surface by
Tilocca and Selloni'? with DFT MD simulations (~2, ~2.75, ~4,
and ~5.5 A) and by Fazio et al. with the DFTB method."” This
confirms a similar distribution of water on the surface as
obtained by ReaxFF in comparison with the DFT-based
method, in agreement with previous studies.*

In Fig. 11c, we present the radial distribution function for
O of water (O,,) and Ts. on the surface and the H of water (Hy)
and O,. on the surface. For Tis.Oy, the first peak is observed
between 1.8 A and 2.5 A, where three components centered at
1.92 A, 2.16 A, and 2.33 A can be identified. A broader peak is
observed between 3.5 A and 4.8 A in agreement with previous
reports.'*'®** For the 0,.H,, distribution, we observe a similar
profile as the one for the three NSs above is observed, with
three main peaks centered at 1.0, 1.6 and 3.0 A, corresponding
to the O-H bond, i.e. OH groups formed in O,. sites, the
H-bond between water molecules and O,. surface atoms and
the last peak indicating the long-distance interaction between
H atoms of the second water layer with the surface O,. atoms.
Regarding the first peak in the Ts.O,, distribution, a closer
inspection shows that the first component at 1.92 A corres-
ponds to the Ti-OH bond, where the OH group forms only one
H-bond to the surrounding water molecules. The peak com-
ponent at 2.16 A is also related to a Ti-OH moiety, but the OH
group is forming two H-bonds with the water molecules of the
second layer. Finally, a small component at 2.33 A corresponds
to Ti-OH, indicating molecular adsorption. The formation of
OH groups follows the same mechanism as that for the NS
with a water molecule acting as an acceptor and a donor of a
proton (Fig. 6). It is important to highlight an evident differ-
ence in the rdf plot of the Ti-O,, distribution, around the first
peak, when comparing the curve for the anatase (101) slab and
for the NP. We rationalize the difference in the rdf plots as due
to the different types of surface Ti atoms present in the slab
and NP models: while on the slab, only fivefold coordinated
Ti5c atoms are present, on the NP surface, there are Ti5c, Ti4c,
Ti3cOH and Ti4cOH. The rdf plot of the NP is the result of
(dissociated or undissociated) water adsorption on all these
types of superficial Ti atoms. The Ti4c and Ti3cOH can even
bind up to two water molecules. Additionally, in general, the
water adsorption energies on the NP are higher that on the

This journal is © The Royal Society of Chemistry 2021
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and water (O or H atoms).

slab. This produces a stronger interaction between the water
molecules and the NP surface, causing a much slower water
exchange between molecules at the interface and in the bulk,
resulting in sharper peaks in the rdf around the NP than over
the slab.

From the fragment analysis and the peaks of the rdf, we
infer the formation of 102 total OH groups of which a fraction

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

of 0.45 are terminal Ti-OH and the 0.55 are bridging OH (see
Fig. S8t). This indicates that a degree 0.72 of the Tis. is
bonded to OH groups. These results are in agreement with pre-
vious ReaxFF calculations,* but the extent of dissociation
(0.72) is much higher in comparison with that obtained for
the NPs (~0.4) which is not expected due to the well-known
higher reactivity of the curved surfaces with respect to flat
ones. Previous DFT calculations'® and X-ray photoelectron
spectroscopy experiments® indicate that a mixed dissociated
and undissociated water adsorption takes place, in line with
what we found by ReaxFF calculations. However, the relative
extent of dissociated water reported is 0.25. Based on a mole-
cular dynamics study using an ab initio-based deep neural
network potential, other authors observe only a 0.056 fraction
of dissociated water after 25 ns of simulation time.'® We may
conclude that the exact degree of water dissociation on the
anatase (101) surface is still under debate, but seems to be
lower than what we found here with ReaxFF. This discrepancy
is probably due to a different evaluation of the relative energy
gain associated with molecular/dissociated water adsorption
on the anatase (101) surface, as detailed in Table S1.}
Molecular adsorption is preferred in ReaxFF calculations in
agreement with DFT ones; however, the difference with respect
to the dissociated mode is smaller than that with DFT
methods. A similar effect was observed previously, where
ReaxFF overestimated the reactivity of H, on the anatase (101)
surface favoring the dissociative adsorption with respect to
what was found with DFT.*®

We wish to recall that for curved surfaces, due to their
overall higher reactivity, a general better agreement between
ReaxFF and DFT results has been reported and discussed
above in sections 3.1.2 and 3.2.1. This shows that for the more
reactive systems such as spherical TiO, NP (or for instance,
reduced flat TiO, surfaces), the force field gives more satisfac-
tory results than for systems with a lower reactivity. This is a
valuable information for future investigations.

However, as we aforementioned, the goal here is the com-
parison of the overall capacity of water adsorption (molecular +
dissociated) between flat and curved (NS) surfaces. The inte-
gral of the first peak in the T5.0,, distribution for the anatase
(101) model gives an average of water molecules adsorbed on
undercoordinated Ti of 0.8. This value is lower than those cal-
culated for the NSs, which are in the range between 1.20 and
1.35, indicating a higher water adsorption capacity of curved
surfaces in comparison with the flat ones. This is probably
because curved surfaces in NSs present more reactive low co-
ordinated sites (Tise, Tise, Tisc(OH), Tiz.(OH)) and defects,
which can, in average, bind more water molecules, thus
increasing the whole capacity of water adsorption.

4. Conclusions

In this work, we have presented a ReaxFF molecular dynamics
investigation of realistic spherical anatase TiO, nanoparticles
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(NSs) of 2.2, 3.0 and 4.4 nm of diameter immersed in different
models of aqueous environments.

First, we have focused the attention on the validation of the
existing force field, which has been parametrized for TiO, bulk
and flat surfaces, for its application to curved surfaces and
water interacting with the curved surfaces. For that we
adsorbed an increasing number of water molecules going from
a single isolated one up to water multilayers around the
2.2 nm NS, and compared the results with previous QM and
QM/MM calculations.?® We found a very good agreement both
for the molecular binding energy on the different sites of the
NS and for the global behavior of multilayers surrounding the
NS, which can be assessed by the position of the peaks in the
distance distribution function g(d) of the water O atoms from
the surface Ti atoms.

Then, we have analyzed the effect on the water adsorption
mechanism of increasing the thickness of the water multi-
layers around both the 2.2 and the 3.0 nm NSs. We have
observed that an increase in the number of OH species on the
NS surface is accompanied by a decrease in the resulting total
number of undissociated water molecules. This behavior, i.e.
the final number of total OH species as a function of the
initial water molecules, can be fitted with a Langmuir iso-
therm indicating an adsorption/desorption mechanism. A
closer inspection of the simulations has proved that the for-
mation of OH on the surfaces depends on the water concen-
tration. At lower water coverage, the direct dissociation of one
water molecule is observed, whereas at high water coverage, an
assisted proton transfer mechanism governs the OH formation
on the NS surface, in agreement with higher level calcu-
lations.'® The same conclusions hold for both the 2.2 and the
3.0 nm NSs.

The analysis of the charge density around the NP has indi-
cated the formation of an electric layer in the interface NP/
water with an oscillating profile of the electric potential up 7 A
from the NP surface. We have also observed that the originally
neutral NP in a vacuum becomes negatively charged when
immersed in water, which agrees with the experimentally
reported negative {-potential at a pH of 7.

When changing the diameter size of the NSs from 2.2 to 3.0
to 4.4 nm, we did not observe a big difference in the capacity
of water adsorption (which is in the range between 1.2 and
1.35 water molecules per undercoordinated surface Ti atom),
considering both molecular and dissociated water.

We have also performed the thermal annealing of the nano-
particle/water systems (NS + 6ML) at 500 K for 1 ns, to simulate
a desorption experiment. We have found that several water
molecules (both dissociated and undissociated) remain bound
to the NS surface, in agreement with what has been experi-
mentally reported.”® The capacity of adsorption is higher for
the 2.2 and 3.0 nm NSs (~1 water molecule by undercoordi-
nated Ti atom) than for the 4.4 nm NS (0.8 water molecule by
undercoordinated Ti atom).

Finally, we have compared the behavior of the anatase NS
curved surfaces with that of a flat anatase (101) surface. First,
we have confirmed a similar water vertical distribution to that
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reported by previous ReaxFF*! and ab initio MD studies,"* and
a radial distribution function in agreement with a previous
ReaxFF simulation for water on the anatase (101) surface.’*
Also, the percentage extent of dissociation, around 72%, is
close to what was previously reported with ReaxFF;*"**
however, it is much higher than 5.6% that was recently
obtained through a molecular dynamics study with an
ab initio-based deep neural network potential,'® probably due
to a different estimation of the relative adsorption energy for
the molecular/dissociated adsorption modes. The capacity of
water adsorption (undissociated + dissociated) of the flat
anatase (101) surface is found to be lower than that registered
in this work for the nanospheres. On average, the flat surface
adsorbs 0.8 water molecules per Tis. site, while for the NSs,
this average is between 1.2 and 1.35. Clearly, defects, steps and
more undercoordinated Ti atoms in the NS improve the water
adsorption.

In conclusion, our present work with the ReaxFF method
has allowed (1) the investigation of the water interface with
TiO, nanoparticles of realistic size (up to 4.4 nm), (2) the deter-
mination of the role played by the thickness of the water multi-
layer on the extent of dissociation at the curved surface, and
(3) the identification of the mechanisms of dissociation at
different water coverages. In particular, the ability of ReaxFF to
correctly reproduce the reaction mechanisms, as observed
before through higher level DFT-based calculations, is an extre-
mely important result since it proves the reliability of this
approximate and computational affordable method for the
investigation of other chemical processes involving proton
transfer reactions at the metal oxide surface in an aqueous
environment.
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