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1 Introduction

How the hydroxylation state of the (110)-rutile
TiO, surface governs its electric double layer
propertiest

Sebastien Groh, {22 Holger SaRnick,:" Victor G. Ruiz® and Joachim Dzubiella**®

The hydroxylation state of an oxide surface is a central property of its solid/liquid interface and its
corresponding electrical double layer. This study integrated both a reactive force field (ReaxFF) and a
non-reactive potential into a hierarchical framework within molecular dynamics (MD) simulations to
reveal how the hydroxylation state of the (110)-rutile TiO, surface affects the electrical double layer
properties. The simulation results obtained in the ReaxFF framework have shown that, while water
dissociation occurs only at the under-coordinated Tis. sites on the pristine TiO, surface, the presence of
point defects on the surface facilitates water dissociation at the oxygen vacancy sites, leading to two
protonated oxygen bridge atoms for each vacancy site. As a consequence of enhanced water
dissociation at the vacancy sites, water dissociation is quenched at the under-coordinated Tisc sites
resulting in two competitive hydroxylation mechanisms on the (110)-TiO, surface. Using non-reactive
MD simulations with hydroxylation states derived from the ReaxFF analysis, we demonstrate that water
dissociation at the vacancy sites is a central mechanism governing the structuring of water near the
interface. While the structuring of water near the interface is the main contribution to the electric field,
water dissociation at the vacancy site enhances the adsorption of the electrolyte ions at the interface.
The adsorbed ions lead to an increase of the effective surface charge as well as surface (zeta) potentials
which are in the range of experimental observations. Our work provides a hierarchical multiscale
simulation approach, covering a series of results with in-depth discussion for atomic/molecular level
understanding of water dissociation and its effect on electric double layer properties of TiO, to advance
water splitting.

computational and experimental studies, ranging from the sub-
monolayer and monolayer regimes,*® up to the interaction

Since the discovery by Fujishima and Honda' of the photo-
catalytic ability of titanium dioxide, TiO,, this system has been
extensively studied for hydrogen fuel production through water
splitting.”> Although the anatase TiO, was found to be the
polymorph with the most photocatalytic efficiency, the (110)-
rutile surface has become the prototypical oxide surface in
surface science, and its interaction with water a model system
for the water oxide interface.” The interaction of water with
(110)-rutile TiO, surfaces has been the subject of numerous
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with liquid water.”*°

Whereas the dissociation of water molecules on particular
surface sites drives the hydroxylation state of the rutile
TiO,(110) surface, the quality of the surface, for example the
presence of surface defects, defines the nature of these surface
sites. On a defect free (110)-rutile TiO, surface, water can
dissociate at the five-fold coordinated titanium site (Tis.)
according to the chemical reaction:

. -
T15c + Obr + HZOW ‘W TlScOwH + Oer7 (1)

where the two-fold coordinated oxygen sites on the surface are
noted Oy,.. As a result of the dissociation mechanism, one
hydroxyl pair is formed. One hydroxyl group is chemically
bonded to a Tis. site and the remaining proton protonates
an oxygen bridge atom. Such a dissociative mechanism is
reversible, and, therefore, a proton bonded to an oxygen bridge
atom may recombine with a hydroxyl group bonded to a Tis.
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Fig. 1 Molecular adsorption of a water molecule on (a) a defect-free, and
(c) a defective (110)-rutile TiO, surface prior to its dissociation (b) on a
defect-free surface to a hydroxyl group adsorbed onto an under-
coordinated Ti site and a proton bonded to an oxygen bridge, and (d) on
a defective surface to a pair of protonated oxygen bridge. Titanium atoms
are represented in light color, oxygen atoms in dark, and hydrogen atoms
in red color.

site to form a water molecule. Fig. 1a and b illustrate the
dissociation mechanism at the Tis. site. Whether a water
molecule is adsorbed as an intact molecule or in its dissociated
state is still a highly debated issue both experimentally'>'* and
in theory.>'>' On the other hand, surface defects such as
oxygen vacancies®*™"” and step edges'®>° among others, have
been clearly identified in experiments and theory as active sites
for water splitting. Therefore, the presence of an oxygen bridge
vacancy (noted Oy,.) may drastically modify the hydroxylation
state of the surface when interacting with bulk water. When
available on the surface, oxygen bridge vacancies are healed by
water molecules prior to their dissociation. Such dissociative
mechanism results in two protonated oxygen bridges along the
[001] direction according to the chemical reaction®"*>

3
Ovac + Opr + H10,, 2 20, H @)

Configurations of the adsorbed water molecule at the location
of the oxygen bridge vacancy site prior to its dissociation and
after dissociation are illustrated in Fig. 1c and d. Assuming the
interaction of a single water molecule in either a molecular
form or a dissociative form on both the perfect and defective
surfaces, it has been demonstrated that the dissociative
mechanism occurring at the oxygen bridge vacancy and leading
to the formation of two protonated oxygen bridge atoms is,
energetically, the most favorable.'” In addition, experimental
observations suggested that the diffusion of water controls the
reaction rate between water and the oxygen bridge vacancies.”®
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Thus, the presence of oxygen vacancies on the surface leads to a
competitive mechanism between water dissociation at the
location of the oxygen bridge vacancy and water dissociation
at the five-fold coordinated titanium surface sites in contact with
bulk water as reported experimentally.”® The concentration of
protonated oxygen bridge atoms increases after an oxygen vacancy
is healed by water dissociation. As a consequence, less oxygen
bridge atom sites are available to accept a proton resulting from
water dissociation at five-fold coordinated titanium surface sites.
Therefore, an increase of oxygen vacancies concentration
quenches water dissociation at the five-fold coordinated titanium
surface sites.

It is clear that the hydroxylation state of the surface is
therefore a function of the quality of the surface, and thus on
the concentration of oxygen bridge vacancies on the surface
before being in contact with water or an aqueous electrolyte.
The hydroxylation state of the surface is a critical physical
property for photocatalytic properties. It was reported that
oxygen bridge vacancies on the surface enhance the hydro-
philicity of the surface,>® and improve the photocatalytic activities
of (110)-rutile TiO,.>**”

From a modeling perspective, the molecular dynamics (MD)
simulation framework is in the numerical world what high
resolution electronic microscopy is in the experimental realm,
and therefore, microscopic mechanisms can be monitored
directly. In addition, macroscopic properties can be obtained
by ensemble averaging these microscopic processes using
statistical mechanics. Thus, the MD framework is well suited
to establish structure-property relationships. Within this idea,
numerous in silico experiments in the MD framework were
performed to reveal structure-property relationships for the
rutile-(110) TiO,/water system.??%33

Although the hydroxylation of the surface was (i) explicitly
considered in classical, non-reactive MD approaches for
modeling charged surfaces,*** or (ii) dynamically evolving
using a reactive force field to analyze electrostatic properties of
the rutile-TiO,/water system®' or to quantify the surface
reactivity of different TiO, polymorphs,*® a defect-free titania
surface interacting with bulk water or aqueous electrolyte is the
common assumption to both classical MD studies and the ones
performed using a reactive force field. Recently, it was reported
that dissociation kinetics of a water molecule was around
20 times faster on a defective rutile-(101) TiO, surface than
on the defect-free surface.”” However, since the hydroxylation
state of the interface results from the collective dissociation of
water molecules near the interface, one has to model the
interaction of bulk water with a defective surface to physically
motivate the structure of the hydroxylation state.

While the electrical double layer properties of a solid surface
in contact with a solvent can be derived using a continuum
model based on the Poisson-Boltzmann theory, atomistic
modeling is a framework capable of establishing relationships
between surface chemistry and the electrical double layer
properties. Recently, Zhang et al.'® shed light on the micro-
scopic origin of the pH dependency that the Helmholtz
capacitance exhibits at the (110)-rutile TiO, interface. However,
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no defective surfaces were considered by these authors.
Wang et al.’ reported for the first time ab initio MD (AIMD)
calculations for a defective (110)-rutile TiO, surface interacting
with bulk water. The authors reported that oxygen bridge
vacancies did not enhance water dissociation. In contrast,
oxygen bridge vacancies have also been
experiments as active sites for protonation of the surface by

water molecules in vacuum for protonation of the surface by
15,38-40

identified in

water molecules in vacuum.

In this work, we propose a numerical, hierarchical multi-
scale methodology involving a specific bridge over two different
time scales, which intrinsically predicts the competitive mechanism
of water dissociation between the vacancy sites and the under-
coordinated Ti surface atoms. This methodology builds a clear
bridging approach connecting reactive force field and non-reactive
molecular dynamics. Reactive molecular dynamics simulations are
initially performed over a few hundred ps to generate an average
hydroxylation state of the surface. Subsequent non-reactive MD
simulations then use the topology of the hydroxylated surfaces
obtained in the reactive calculations to determine the electrical
double layer properties over hundred of nanoseconds, based on
static structures and non-equilibrium (NEMD) flows to determine
effective surface and zeta-potentials, respectively. Based on this
hierarchical multiscale scheme, we demonstrate that the electrical
double layer properties strongly depend on the hydroxylation state
of the surface.

2 Results and discussion

Structural properties of the hydroxylation state of defect-free/
defective surfaces

Since bond cleavage and bond formation are explicitly treated
in reactive MD simulations such as the ReaxFF framework,*
the hydroxylation state of the (110)-rutile TiO, surface resulting
from dissociation of water on the defect-free surface was
already reported in the literature.®® On a defective surface,
since dissociation of water at the oxygen vacancy (as given by
eqn (2)) and water dissociation at the five-fold coordinated Tis.
(as given by eqn (1)) compete with each other, different
hydroxylation states of the surface can effectively be generated
by tuning the concentration of oxygen bridge vacancies on the
surface (Fig. 2a). In our study, the hydroxylation state of a
surface is defined by (i) the amount of hydroxyl groups bonded
to undercoordinated Tis. sites and protonated oxygen bridge
atoms resulting from the water dissociation mechanisms at the
different sites, and (ii) the distribution of the chemically
adsorbed groups on the surface. These two structural
properties of the hydroxylated surfaces are the bridging step
of the proposed hierarchical multiscale framework. The structural
properties of the hydroxylated surface derived in the reactive
framework will then be used in a nonreactive framework to model
the electrical double layer properties. It should be noted that
although MD simulations performed in the ReaxFF framework
contain more information on the kinetics occurring at the inter-
face than those conducted in a nonreactive framework, the latter
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Fig. 2 Interface structure between (110)-rutile TiO, and bulk water modeled
in the ReaxFF framework. (a) Ball-stick model revealing the adsorption of
molecular water, dissociated water at the Ti sites and at the former vacancy
sites of the defective surface. (b) Radial distribution function of adsorbed
hydroxyl groups and water molecules at the Ti sites, and protonated oxygen
bridges, OpH, on defect-free (solid line) and defective surface (dashed lines)
initially containing 18.75% of oxygen bridge vacancies. (c) In-plane radial
distribution function between hydroxyl groups (the hydroxyl groups being
independently O, H or Oy, H).

provides a compromise between atomistic description and
computational cost allowing for a larger and sufficient sampling
of the electrolyte configurations.”> Such strategy disables both
intrinsic proton diffusion on the oxygen bridges atoms along the
[001] direction®>** and water assisted proton diffusion.**

By increasing the concentration of oxygen vacancies from 0
to 25% (the percentage of oxygen vacancy being defined as the
ratio of number of vacancy to the total number of oxygen bridge
on the defect-free surface), the amount of dissociated water was
monitored, and averaged over the simulation run. The probability
density distribution of hydroxyl groups on the surface and water
molecules are plotted in Fig. 2b for both the pristine surface and a
surface containing 18.75% of oxygen bridge vacancies. On the
pristine surface, around 30% of water is dissociated at the Tis.
sites according to eqn (1) resulting in a well balanced amount of
hydroxyl groups bonded to undercoordinated Tis. sites and
protonated oxygen bridges. Water molecules are adsorbed at the
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remaining undercoordinated Tis. sites (around 70%). Such
amount of dissociated water is in agreement with previously
reported calculations.>*>*® On the defective surface, however,
the distribution of surface groups is drastically changed as a
consequence of two mechanisms for water dissociation. The
results reveal that 15% of the available Tis. sites are bonded to
hydroxyl groups. Knowing that these are the signature of a water
dissociation mechanism occurring at the Tis. sites, the remaining
85% are surface Tis. sites where molecular adsorption of water
can occur. Out of the resulting 52% of protonated oxygen bridge
atoms, 15% are in consequence a result from the dissociation of
water at Tis. sites, meaning that the remaining 37% result from
the dissociation of water molecules occurring at the oxygen bridge
vacancies.

To gain a better view on the adsorption pattern of the
hydroxyl groups, the in-plane radial distribution function
(RDF) between hydroxyl groups (hydroxyl group here refers
indifferently to hydroxyl group on Tis, sites and to protonated
oxygen bridge atoms) was calculated, and reported in Fig. 2c.
Based on the crystallographic structure of the (110)-rutile TiO,
surface, the first nearest distance between two oxygen bridge
atoms (and between two undercoordinated Tis. atoms) on the
surface is, on average, 0.29 nm along the [001] direction. The
first and the second nearest distances between an oxygen
bridge atom and an undercoordinated Tis. atom are 0.36 nm
and 0.47 nm, respectively. According to Fig. 2c, the first and
second nearest neighbouring hydroxyl groups are separated by
0.27 nm and 0.34 nm, respectively, on the defect-free surface.
Therefore, the location of the first maximum of the in-plane
RDF is correlated to two consecutive protonated oxygen bridge
atoms (or two hydroxylated Tis.), and the second maxima
corresponds to the nearest protonated oxygen bridge and
hydroxylated Tis.. On the defective surface, the averaged
shortest distance between two hydroxyl groups is about
0.29 nm (Fig. 2c¢). Since the presence of oxygen vacancies
quenched the water dissociation at the undercoordinated
Tisc, the location of the first maxima on the in-plane radial
density function between hydroxyl groups is mainly controlled
by two nearest protonated oxygen bridge atoms when considering
the defective surface containing initially 18.75% of vacancy sites.
The second nearest distance between two hydroxyl groups on the
defective surface corresponds to the second nearest distance
between a protonated oxygen bridge atom and a hydroxylated
undercoordinated Tis. atom.

Finally, the changes of the different groups physically and
chemically adsorbed on the surface as a function of the initial
concentration of oxygen bridge vacancy sites are plotted in
Fig. 3. The increase of the initial concentration of oxygen bridge
vacancy sites enhances water dissociation at the location of the
vacancy sites resulting in an increase of protonated oxygen bridges.
Since less oxygen bridges are available to host the remaining
protons from water dissociation at the undercoordinated Tis, sites,
the efficiency of the water dissociation mechanism at the
undercoordinated Tis. sites is thus reduced, as illustrated by the
decreasing amount of hydroxyl groups bonded to undercoordi-
nated Tis, sites. As a consequence, molecular adsorption of water is
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Fig. 3 Physically or chemically adsorbed group B (B = OH or H,O or H) at

the adsorption site A (A = Tisc or Oy on a (110)-rutile TiO, surface
containing an initial vacancy concentration cy,c. Lines are guide to the eye.

more likely to occur on the defective (110)-rutile TiO, surface than
on the defect-free surface. The variation of the adsorbed groups on
the (110)rutile TiO, surface as a function of the initial
concentration of oxygen bridge vacancy is in agreement with the
experimental trends,* thus confirming that the hydroxylation
states modeled in the ReaxFF framework are representative of the
experimental observations.

From the structural properties of the interface to a macroscopic
definition of the interface

Following Stern’s model of the electrical double layer (EDL), the
EDL is decomposed in two specific regions: the inner region
known as the Stern layer, and the outer part, also called the
diffusive layer. In contact to the diffusive region in which
mobile ions are treated according to the Poisson-Boltzmann
equation in bulk-like water, the Stern layer is the interface
region where specific adsorption caused by the partial release
of the solvation shell and/or surface complexation caused by
the high affinity of attracting counterions can occur. It should
be noted that the water structure in the Stern layer is controlled
by the interface, and thus the dielectric properties of water in
the Stern layer differ drastically from the ones obtained in the
bulk water.*””*® In electrokinetic phenomena, the zeta-
potential, {, is defined as the potential at the location of the
shear plane, ysp. Up to the shear plane, the interfacial water and
some of the ions of the electrolyte solution bind strongly to the
solid, and thus are immobile under the effect of an external and
tangential electric field. The zeta-potential is therefore a critical
property of the solid/liquid interface since it represents the
effective surface charge of the interface. A direct numerical
measurement of the zeta-potential for the system (110)-rutile
TiO, surface interacting with aqueous electrolyte was obtained
by electro-osmosis experiments.***> In such experiments, the
zeta-potential is proportional to the flow velocity, vy, and the
applied electric field, E,, according to®°

P Yon
=— 3
: eeEyx G)

where ¢ and # are the relative permittivity and viscosity of water,
respectively. In this work, the viscosity and the relative permittivity
are the ones of SPC/E water, i.e. 0.321 mPa s and 70, respectively,
at 298 K and 1 bar.>"*** It should be noted that both the viscosity
and the relative permittivity do not account for the presence of
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Table 1 Hydroxylation state of the surface used in the non-reactive MD
simulation

Surface type Adsorption mechanism

MA Adsorption of water molecule at the Tis.
D Adsorption of hydroxyl groups the Tis. and protons at Oy,
H Adsorption and dissociation of water molecule at the Oy,

ions in the aqueous solution nor for the structuring of water near
the interface.® These two effects could drastically alter the
magnitude of the viscosity and relative permittivity in the inter-
facial region. In addition of providing direct measurements of the
zeta-potential, the electro-osmosis flow profile provides the
location of the shear plane. By convention, we refer to the
interface’s location (y = 0) as the position of the upper most
undercoordinated Tis. atoms in contact with water. The y-direction
is the direction perpendicular to the surface.

With the knowledge gained from the adsorption of water on
defect-free and defective surfaces performed in the ReaxFF
framework, three interfacial structures were considered to
characterize the EDL in the non-reactive framework, as
summarized in Table 1. The interfacial structure labeled MA
is representative of the one resulting from the interaction
between defect-free (110)-rutile TiO, surfaces and bulk water
with only adsorption of water (adsorption of water molecule at
the undercoordinated Tis.) occurring at the interface. The
interfacial structure D is obtained by balanced adsorption of
hydroxyl groups on the undercoordinated Tis. and protonated
oxygen bridge atoms on a defect-free surface according to
eqn (1). Finally, the interfacial structure H is representative of
a highly defective (110)-rutile TiO, surface containing 25% of
oxygen bridge vacancies interacting with bulk water, and
assuming that dissociation of water at the vacancy sites leading
to two protonated oxygen bridges given by eqn (2) is the only
adsorption mechanism. Since these interfaces were obtained
assuming different adsorption mechanisms at the interface,
they have different hydroxylation states. When considering
concentration of approximately 16% of oxygen vacancies, a
transition from a (1 x 1) termination to a (1 x 2) reconstruction
occurring for a surface maintained at low temperature and in
ultra high vacuum was reported both experimentally and
theoretically.”* However, their DFT calculations show that the
reconstruction does not appear in the phase diagram if an
explicit relaxation of the sites around the polaronic Ti* * site is
neglected. This suggests that, in contact with a liquid phase at
high temperature, this process is probably in competition with
water dissociation occurring at vacancy sites given that both
processes happen at similar timescales.>® In addition, it was
recently reported protonated oxygen bridges formed at the
interface between (110) rutile TiO, and water without observing
a reconstruction of the surface.’® For these reasons, we believe
that the assumption of an unreconstructed surface is valid
given the experimental and theoretical evidence.

When interacting with an aqueous electrolyte solution, ions
are adsorbed at the interfaces leaving a surplus of counterions
in the solution. Under the effect of an external electric field
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applied along a direction parallel to the interface, the surplus of
counterions in the aqueous electrolyte solution is moving.
Since the water molecules have no net charge, the moving
counterions drag their surrounding water molecules resulting
in an electro-osmotic flow, expressed by the position-dependent
mobility u(y) = vo(y)/E, of the aqueous solution. To illustrate
such a phenomenon, a representative electro-osmotic mobility
profile u(y) obtained with an interfacial structure type H inter-
acting with a NaCl aqueous solution, averaged over 100 ns, is
plotted in Fig. 4. The electro-osmotic mobility can be
decomposed in three distinct regions. Up to a distance of
0.48 nm from the interface plane, the electro-osmotic mobility
fluctuates around a near zero mean value, suggesting that the
aqueous solution is not flowing. In the center region of the slab,
between 1.56 nm and 4.84 nm, the aqueous solution is flowing with
a constant electro-osmotic mobility around —38 nm?® ns~ ' vV ..
According to eqn (3), the zeta-potential is then estimated
to be around 45 mV. A transient region connecting the
immobile aqueous solution and homogeneous flow is visible.
The analysis of the MD snapshots extracted from the
simulation revealed that some of the Na'-ions are adsorbed
in the immobile region. However, spikes in the electro-osmotic
mobility are also visible in the immobile region, suggesting that
adsorbed Na'-ions are not fully immobile as expected by
definition of the shear plane. Using microelectrophoresis cell
measurements, the temperature and the pH dependencies of
the zeta-potential were quantified at the rutile/aqueous inter-
face for two concentrations of NaCl salt.>” At room temperature,
it was found that the zeta-potential decreased from about

b, ool s 30 @0 B oo gt ong ot
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Yy
Fig. 4 Electro-osmotic mobility profile uly) = vo(y)/Ex in the capillary (a).
The interface structure (b) is representative of a defective surface with
25% of vacancies is interacting with an aqueous solution at 0.3 nm~>
concentration of NaCl salt (purple and cyan balls represent Na and Cl™ -
ions, respectively). The vertical lines are the location of the shear planes on
the left and right interfaces. The reference origin is the location of the
upper Tisc atom in contact with water on left solid/liquid interface. The
electro-osmotic flow profile, uly), was obtained under the external electric
field, E, applied along the x-direction.
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40 mV to —70 mV when the pH was increased from 3 to 8. In
non-reactive MD simulations, the effect of pH on the interface
cannot be modelled directly due to the nondissociative nature
of the water model. To model this dependency in the presence
of ions, it has been proposed to use a correspondence between
solution pH and surface charge density observed in macro-
scopic titration experiments of rutile powder dominated by
(110) surfaces.”® Since our current work focuses on the effect
of oxygen bridge vacancies and our setup does not carry a
surface charge density, a pH value cannot be either defined nor
directly related to the surface charge, and thus a direct
comparison of the zeta-potential with experimental values is
not available. According to microelectrophoresis experiments,
the value of 45 mV that we have obtained in our simulations,
corresponds to the zeta potential of the interface at a pH
solution of approximately 3 at 298 K and 1 bar, which in
turn would correspond to a positive surface charge density
according to the relation derived by titration experiments.

From the structural properties of the interface to a macroscopic
analysis

To gain a global view of the interface properties, the density
profiles as a function of the position along the direction normal
to the interfaces were computed from the trajectories as an

ensemble average as p,(y) = <Z 6(y,~—y)>, where ¢ is the
o
Dirac delta-function, and the sum index i runs over atom types
a. The oxygen and hydrogen density profiles are plotted in Fig. 5
for the three representative interfacial microstructures, in
addition to the corresponding electro-osmotic flow profiles.
For the pristine surface (Fig. 5a), the first maximum visible
on the oxygen density profile represents the location of oxygen
bridge atoms bonded to the solid. The second maximum
located at y = 0.19 nm from the surface in combination with
the first maximum visible on the hydrogen density profile are
linked to the adsorption of water molecules at the under-
coordinated Tis. sites. Finally, the third maximum of the
oxygen density profile together with the second maximum of
the hydrogen density profile correspond to the second hydration
layer on the (110)-rutile TiO, surface. By correlating the maxima
of the oxygen and hydrogen density profiles with the electro-
osmotic mobility profile, the location of the shear plane is
found to be at 0.45 nm from the interface. Such location is
between the second and the third hydration layer. In addition,
the location of the Gibbs dividing surface,>® ygps, obtained
numerically by solving the equation [{py 6/ Pm,0puxdy =
ﬁZDS (Pr,0/Pr,0pux — 1)dy is found to be at 0.34 nm from the
surface. This location is between the first and the second
hydration layer. The same analysis was performed for the other
two interfaces carrying a different hydroxylation state. While our
data suggest that the location of the Gibbs dividing surface is
independent of the hydroxylation state of the interface, the
Gibbs dividing surface underestimates the location of the shear
plane. Furthermore, whereas the electro-osmotic mobility for the
hydroxylation state representative of a highly defective surface
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Fig. 5 Electro-osmotic mobility profile in a capillary, u, and corres-
ponding oxygen and hydrogen density profiles, poly) and pnly), obtained
from the interaction between an aqueous solution with salt concentration
ranging from 0.25 nm~> to 0.32 nm~> and (a) a pristine surface with only
molecular adsorption, (b) a pristine surface with both molecular and
dissociative adsorptions, and (c) a defective surface with 37% of protonated
oxygen bridge. The vertical dashed lines show the location of the shear
plane, ysp, and the Gibbs dividing surface, ygps.

was found to be around —40 nm® ns™* V!, the same quantity for
the pristine surface interacting with an aqueous solution of
0.44 nm™? salt concentration amounts only to —15 nm”> ns ™"
V. This finding demonstrates that the zeta-potential depends
on the hydroxylation state of the (110)-rutile TiO, surface.

As reported in Fig. 6, the adsorption sites of Na'-ions were
analyzed for the different hydroxylation states through the
density profile along the direction normal to the interface,
and by calculating the survival time correlation function. The
lTl:Zl:J 7]\7(;’/2[—; ) of the adsorbed
ions in the immobile region, where N(¢,¢ + 1) is the number of
adsorbed Na'-ions in the immobile layer during the time
interval [t,t + 7], and N(¢) is the total number of Na'-ions in
the immobile layer at time ¢.°° The characteristic decay time
(survival time), t,, is obtained by fitting the time correlation
function to an exponential decay P(r) ~ exp(—7/7.).>* Based on

latter one is defined by P(t) =
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Fig. 6 Number density distribution, p/{y) with (@) Na* and (b) Cl~, normalized by
the bulk density, p;1, as a function of y from the top undercoordinated Tis. atom
of the surface in contact with the aqueous electrolyte solution with concen-
tration co = 0.26 nm > obtained for the MA, D, and H-type of hydroxylation

state of the surface. The location of the Gibbs dividing surface, Ygps, and the
location of the shear plane, Ysp are given by the vertical dashed lines.

the maxima of the density profiles (Fig. 6), Na'-ions are
adsorbed between the first and the second hydration layers
independently of the hydroxylation state of the surface. This
finding is in agreement with the adsorption of ions at a generic
solid/liquid interface treated by classical MD simulation.®"
However, the exact location of the adsorption sites with respect
to the interface depends on the hydroxylation state of the
surface. Thus, for an interfacial microstructure representative
of a highly defective surface healed by a water molecule, Na*-
ions adsorb at 0.3 nm from the interface, while Na*-ions adsorb
at 0.34 nm from the interface when considering an interface
without any hydroxyl groups or protonated oxygen bridge
atoms. For an interfacial microstructure representative of a
hydroxylation state resulting from the dissociation of 30% of
water molecules at the undercoordinated Tis. atoms, the density
profile of Na'-ions is well described by a bimodal distribution
with the two maxima located at 0.3 nm and 0.34 nm from the
interface. In response to the adsorption of Na'-ions at the
interface, Cl -ions adsorbed near the interface as reported in
Fig. 6b. However, although the Na'-ions strongly adsorbed in the
region up the shear plane, Cl -ions systematically adsorbed in
the region starting after the shear plane, independently of
the hydroxylation state of the surface. From a microscopic
perspective, Na'-ions are adsorbed directly above the oxygen
bridge atoms on the MA-type of interface, whereas adsorption
at bidenate sites between two adjacent oxygen bridge atoms,
with at least one of them being protonated, is observed on the H-
type of interface.
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The adsorption sites of Na'-ions reported in our study
differ drastically from the ones previously reported.®*>®¢
Such difference is attributed to the different hydroxylation
states of the (110)-rutile TiO, surface, and thus to the different
partial charges of the protonated oxygen bridge atoms.
For example, Predota et al>® reported a tetradenate site
between two hydroxylated undercoordinated Tis. and two
bridging oxygens as a possible adsorption site for Na'-ions.
Since dissociation of water at the two consecutive undercoordi-
nated Tis;. atoms was not observed in the analysis of the
hydroxylation state performed in the reactive framework, such
configuration was not introduced in the non-reactive
simulation.

By analyzing the survival time correlation function of Na'-
ions between the first and the second hydration layers (Fig. S1
in the ESIt), it appears that adsorption on the pristine surface
is less stable than adsorption on the surface with protonated
oxygen bridge atoms, e.g., the survival time of the Na'-ions
between the first and the second hydration layers being differ-
ent by almost two orders of magnitude. For the interface with
protonated oxygen bridge atoms, the survival time of the Na'-
ions in the immobile region is in agreement with the one
obtained when considering the adsorption of ions to a generic
solid/liquid interface.®*

We note that our microscopic analysis was obtained using
trajectories with a fixed topology of the hydroxylation state, and
therefore surface diffusion of protons on the surface was not
included. Different mechanisms of surface diffusion of protons
are possible, but these mechanisms are assumed to depend
on the hydroxylation of the surface. Thus, for an interfacial
structure type H with only protonated oxygen bridge atoms and
adsorbed water at the undercoordinated Tis., protons can
diffuse intrinsically along the [001] direction®"*® or the
diffusion can be water-assisted with a water molecule from
the second hydration shell.** In the latter case, a water
molecule would transfer a proton to an oxygen bridge atom
before capturing another proton from a different oxygen bridge
atom. Such mechanisms are explicitly included when
characterising the hydroxylation state of the solid surface
interacting with bulk water in the reactive framework. The
feedback of the adsorbed ions on the hydroxylation state,
however, is not included, and therefore the survival time of
adsorbed Na'-ions is potentially altered by the proton diffusion.
In our study, different topologies for each specific state of
surface hydroxylation were investigated, and the survival time
was found to be independent of the initial configuration.
However, further work to reveal the coupling between
the survival time of Na'-ions on the surface and the surface
diffusion of protons is envisioned.

Comparison of the electrostatic properties of the EDL with
diffusive model

To shed light on the relation between the hydroxylation
state of the interface and the electrostatic macroscopic
properties, the intrinsic electrostatic potential profile was
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derived by integrating twice the Poisson equation according to:

o) =-[ B0 winEe) = e @

with A(y) = > z;p; where z; and p; are the partial charge
S
valencies and the densities of element i, respectively.

Fig. 7a illustrates the variation of the intrinsic electrostatic
potential profile as a function of the distance normal to the
interface obtained with the interface of type H in contact with an
aqueous solution containing 0.19 nm ™ of NaCl. For symmetry
reasons, the electrostatic potential was averaged over the two
interfaces of the slab to increase the statistics. The location of
the surface, y = 0, is again defined as the location of the
undercoordinated Tis. in contact with water. The location of
the shear plane, ygp, derived from the electro-osmosis flow
profile is plotted for comparison purposes. As represented in
Fig. 7, the electrostatic potential in the aqueous electrolyte
can be represented by the superposition of two exponential
functions, each of them having a characteristic decay length.
In the interfacial region, up to 1.25 nm away from the interface,
the decay length is about 0.16 nm. In the bulk liquid, between
1.25 nm and 2.5 nm, the decay length is about 0.9 nm.
The origin of the screening of the electrostatic potential in the
interfacial region differs from the one in the bulk liquid.
The structural ordering of water molecules at the interface leads
to the formation of an interfacial dipolar moment. Since the bulk

— 0.191 nm™
- 3.11e-X/0.16
... 0.03e7X/0.90
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100}
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Fig. 7 Calculated profile of the intrinsic electrostatic potential obtained
for a (110)-rutile TiO, surface interacting with an agueous solution con-
taining a NaCl salt with concentration cq. (a) The interface is a H-type and
Co = 0.19 nm~3 The solid and dashed lines are plot of exponential
functional forms with decay length of 0.16 nm and 0.9 nm to represent
the near and far field, respectively. (b) The salt concentration, cq, is
between 0.26 nm~> and 0.32 nm~3, and the three type of interfaces are
considered. The origin is located at the top most undercoordinated Tisc
atom in contact with water. The vertical dashed line (---) is the location of
the shear plane obtained by electro-osmosis calculation.
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water has no net dipolar moment, an order to disorder transition
occurs in the interfacial region. As a consequence, a decrease of
the electrostatic potential is observed in the interfacial region
with its exponential decay length correlated closely to the dipolar
correlation length.®® In the bulk aqueous electrolyte, the origin
of the screening is different. Although no surface charge was
applied at the TiO, surface, the adsorption of Na and Cl -ions at
the interface (Fig. 6) causes an effective surface charge, leading
to the formation of a diffuse layer.®#®® Therefore, the electro-
static potential can be derived by solving the Poisson-Boltzmann
equation (PBE).”° For a planar surface and potentials lower than
kgT/e, the linearized PBE is valid, reading d*®/d = k2@ with x
being the inverse of the Debye screening length. Assuming that
@, corresponds to the surface potential and that the potential
should vanish at large distances from the interface, the variation
of the electrostatic potential in the aqueous electrolyte can be
written in the generic form ®(y) = @, exp(—x«y). By correlating the
generic form of the electrostatic potential with the intrinsic
potential, a decay length of 0.9 nm was found. Such a value is
in good agreement with the Debye length
e Y piget
1

kB Te
the bulk reservoir) obtained for an aqueous solution containing
0.19 nm* of NaCl salt (see Fig. S2 in the ESI?).

However, the definition of the surface potential is subject to
interpretation. Since two mechanisms govern the variation of
the electrostatic potential in the liquid, one could define in
principle, at least, two surface potentials. Assuming a clear
definition of the surface, the question of the value for the
surface potential arises. Specifically, whether the magnitude of
the potential at the location of the surface corresponds to that
of the intrinsic potential or to the solution of the linearized PBE.
When considering the surface potential as the magnitude of the
intrinsic electrostatic potential, the surface potential is around
340 mV and 300 mV at the location of the Gibbs dividing surface
and at the location of the shear plane, respectively. However,
these surface potentials drop to 20 mV and 17 mV when
considering the magnitude of the electrostatic potential
obtained for the bulk liquid and extrapolated at the location of
the Gibbs dividing surface and the location of the shear plane,
respectively. Thus, independently of the definition of the exact
location of the effective surface, the intrinsic surface electric
potential is more than one order of magnitude higher than
the one resulting from the electrolyte contribution. Since the
intrinsic potential contains both the contribution of the water
ordering at the interface and the one of the electrolyte, one
can conclude that the electrolyte contribution is a first order
correction to the electric field resulting from the water ordering
near the interface. Similar conclusions have been drawn recently
also for other interfacial systems in aqueous electrolytes.®*

As plotted in Fig. 7b, the total intrinsic electric potential is
not significantly altered by a change of the hydroxylation state
of the surfaces, assuming the same concentration of salt in the
bulk solution. However, although the overall trend of the
electrostatic potential in the diffusive region is recovered by

inverse

where p;, is the density of ion of type i in
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Fig. 8 Summary of the zeta potential derived from electro-osmosis
calculations (open symbols), and from the extrapolation of the solution

of the linearized Poisson—-Boltzmann equation at the location of the shear
plane (filled symbol).

double integration of the Poisson equation containing the total
partial charges (water and salt), large fluctuations of the
electrostatic potential caused by structural fluctuations of water
molecules in the bulk water region annihilate any attempts of
quantifying the effect of the hydroxylation state on the surface
potential resulting from the extrapolation of the far field at the
location of the shear plane or the Gibbs dividing surface. Such a
difficulty in extracting the surface potential from the total
charge density was already reported in the literature.**
To reduce the uncertainty caused by the fluctuation of the bulk
water in the diffusive region, we calculated the electrostatic
potential therefore also by a double integration of the charge
density of the salt only, embedded in a continuum water model
with relative permittivity ¢,. The obtained electrostatic potential
was then correlated with the functional form solution of the
linearized Poisson-Boltzmann equation. The fitting procedure
was validated by a good agreement with theoretical prediction
of the screening as a function of the salt concentration (see
Fig. S2 in the ESIT). The surface potential caused by the salt was
then obtained by evaluating the fit electrostatic potential at the
location of the shear plane (Fig. 8). As a consistency check,
these zeta-potentials are compared to those calculated from the
(non-equilibrium) electro-osmosis calculations in Fig. 8.
We indeed see that the variation of the zeta-potential as a
function of the salt concentration is independent of the
method, even quantitative. While such an agreement is initially
surprising, it is somehow natural when considering that the
relation between the zeta-potential and the electro-osmosis
mobility given by eqn (3) is obtained by double integration of
the electric potential.

Finally, the trends in Fig. 8 can be rationalized as follows.
According to the data plotted Fig. 6, the density of Na'-ions
adsorbed on the surface depends on the hydroxylation of the
surface. In addition, the density of adsorbed ions defines the
effective charge of the surface. Based on a linearized version of
the Grahame equation®® an increase of the surface charge leads
to an increase of the surface potential. Thus, at constant salt
concentration, the increase of the Na'-ions adsorbed at the
interface while changing the hydroxylation state of the surface
from a MA-type to a H-type, is in agreement with the increase of
the surface potential reported in Fig. 8.
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3 Conclusions

In this study, we have proposed a hierarchical multiscale
modeling framework to shed light on the role played by the
solid surface structure, in particular defects and hydroxylation,
on macroscopic properties such as the electric field and the
zeta-potential. The structural properties of the water structure near
the interface is revealed using molecular dynamics in the frame-
work of a reactive force field. In agreement with experimental
findings, competitive mechanisms for water dissociation at the
interface was observed in our simulations. While undercoordinated
Tis. sites are the only opportunity for water dissociation on
the pristine surface leading to approximatively 30% of water
dissociation, the presence of point defects on the surface drastically
alters the structure of the hydroxylated surface. When increasing
the concentration of point defects on the surface, dissociation
occurred at the point defects, changing the mechanism of water
dissociation. While the dissociation of a water at an oxygen vacancy
site leads to two protonated oxygen bridge atoms, the increasing
concentration of protonated oxygen bridge atoms quenched water
dissociation at the undercoordinated Tis. sites. In our hierarchical
multiscale framework, the interface structure, such as the amount
of dissociation water at the interface, and the distribution of the
hydroxyl groups on the surface were used as a bridging
link between reactive and non-reactive molecular dynamics
frameworks.

Using the information gathered from the reactive MD,
representative hydroxylated surfaces were built and used as an
input setup for the MD simulations in the non-reactive frame-
work to elucidate the critical role played by the hydroxylation
state of the surface on the electric potential in the aqueous
electrolyte solution when considering the interaction between
the surface with a bulk aqueous electrolyte. To this end, both
equilibrated MD and non-equilibrium MD calculations were
performed to quantify the electric potential. The overall shape
of the electric potential in the aqueous electrolyte solution
was analyzed, and two main contributions were identified.
The structuring of water near the interface was found to be the
most significant contribution to the surface potential, while the
contribution from the electrolyte resulting from an effective
surface charge is a first order correction to it. This result has a
significant implication in the theoretical modeling of solid/
liquid interfaces. Ionic centric concept embedded in a homo-
geneous water is the classical way of modeling EDL using
Poisson-Boltzmann theory. Since the electrostatic potential
profiles near the interface are mainly controlled by the water
structure, independently of the ionic concentration and the
hydroxylation state of the surface, the variation of the water
dielectric properties near the interface must be included in the
theoretical modelling of the EDL.

Finally, from a methodological perspective, the idea of
hierarchically coupling reactive to non reactive MD simulations
allowed us to integrate the physical chemistry properties of
surface hydroxylation into longer simulation time scales
(up to hundreds of nanoseconds) of the solid/liquid interface
to analyze the effects on the EDL interfacial properties.
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Although the results presented in this work focussed on the
(110)-rutile titanium dioxide surface, which is a prototypical
oxide in surface science, the methodology that we have used
here is completely general and can be applied to a wide range of
other materials.

4. Simulation and analysis methods

In this work, three distinct types of calculations were performed:
(i) equilibrium MD of the (110)-rutile TiO,/water system in the
ReaxFF framework to characterize the hydroxylation state of the
surface as a function of the initial concentration of vacancy sites,
(ii) non-equilibrium (NEMD) of the (110)-rutile TiO,/aqueous
electrolyte system using a non reactive framework with hydroxyla-
tion state of the surface motivated by the data gathered in (i) to
identify the location of the shear plane and to quantify the
magnitude of the zeta potential, and (iii) equilibrium MD using
the same setup as in (ii) to quantify the effect of the hydroxylation
state on the structural properties near the interface compared the
magnitude of the zeta-potential obtained using a Debye-Hiickel
(DH) approach extrapolated at the location of the shear plane with
the ones measure from the NEMD calculations.

Hydroxylation state in the ReaxFF framework

The total energy, E, of an atomic system modeled in the ReaxFF
framework!' is given as the sum of the partial energies
according to:

E = Epond t Eval t Etor T Eoy + Eun t Elp + Evaw t Ecoul

(5)

where Epond, Eval, Etors Eovy Eun, and Ej, are the bonded
contributions representing the bonding, valence, torsion, over-
coordination, undercoordination, and lone-pair energies, and
E.aw and E.,, are the non-bonded contributions representing
the van der Waals and Coulombic energies, respectively. In this
work, we employed the Reaxff parameterization of Ti/O/H
proposed by Monti et al.®” This potential was initially proposed
to model the dynamics of glycine and diglycine on TiO,. The
material database used to correlate the potential included
equation-of-state of different TiO, polymorphs, surface energies
and water-dissociation energy barriers. The excellent agreement of
the amount of dissociated water on defect-free rutile (110) surface
predicted with the potential and the one modeled by ab initio MD
(AIMD) as a function of water coverage validated the transfer-
ability of the potential.*> Furthermore, the parameterization was
already used extensively to model the interaction between
defect-free TiO, and bulk water.>"*¢*>%8 The adsorption energies
of a water molecule, either in a molecular or dissociated form,
adsorbed at different sites of a defect-free and defective surfaces
were calculated to validate the transferability of the ReaxFF
potential to model the interaction between water and a defective
TiO, surface. We have found (Table S1 in the ESIt) that the
dissociated water with its hydroxyl group healing the vacancy site
of the defective surface has the highest adsorption energy, while
the adsorption energy of the non-dissociated water at the same
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surface site is higher than the adsorption energy of both
dissociated water and molecular water on the defect-free surface.
Since such a trend is qualitatively similar to the one obtained
from first-principles calculations,***”° we have assessed the
transferability of the ReaxFF potential, validating it for its use in
large scale simulations of bulk water interacting with a defective
rutile (110) TiO, surface.

Modeling the interaction of (110)-rutile TiO, with bulk water
was performed using a system composed by two parallel blocks
of TiO, separated by water. Since the system is fully symmetric,
two identical solid/liquid interfaces are modeled, and thus, the
properties reported here are the average over both interfaces.
The dimension of each solid block is 5.32 nm x 1.33 nm x
4.59 nm along (110), (110), (001), respectively, and the normal
to the interface is along (110). Thus, each defect-free solid
surface interacting with bulk water contains 128 five-fold-
coordinated Ti sites and 128 two-fold-coordinated O sites.
A distance of 11.18 nm along (110) separates the two solid
surfaces interacting with water. Such a distance is large enough
to model bulk like water in the center of the slab, and to prevent
interaction between the two surfaces. The liquid region of
dimension 5.32 nm x 11.18 nm x 4.59 nm was filled with
9216 water molecules resulting in a bulk water density of about
1 g em™®, Periodic boundary conditions were applied along
(110) and (001), and fixed boundary condition was applied in
the direction normal to the interfaces. Bulk crystal atoms of
the solid blocks together with five-fold and six-fold surface
titanium atoms were kept immobile. The temperature was
maintained constant at 298.15 K by application of a Nosé-
Hoover thermostat.”"”? All calculations presented in this work
were performed using the software package LAMMPS.”® A time
step of 0.25 fs was applied. Following 125 ps of equilibration,
4000000 MD steps were performed, resulting in simulation
time of 1 ns. Long-range electrostatic interactions were
evaluated using the charge-equilibration scheme with a 1 nm
real-space cutoff and a relative precision of 10°.

Oxygen vacancies were artificially introduced on the surface
by randomly removing two-fold-coordinated oxygen bridge
sites. Oxygen vacancy concentration of 0, 6.25%, 12.5%,
18.75%, and 25% corresponding to 0, 8, 16, 24, and 32 oxygen
vacancy sites per surface, respectively, were considered. Once
the oxygen vacancies were introduced on the surface, the local
charges around the vacancies were equilibrated using the
charge-equilibration scheme of the ReaxFF potential.

EDL properties in the non-reactive framework

The total potential energy, E, of a molecular system modeled in
the non-reactive framework is evaluated as the sum of bonded
and non-bonded energies according to:

1
E = Z Ekb,j(l'i — ro,‘,-)2 + Z koi(0; — 00,)*

bonds angles
6
N-1 N 12 6 ()
P () ()
= S Anmeory | \ry i
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where the first two terms on the right hand side represent the
bonded energy associated to bond stretching and angle
bending, respectively. The non-bonded part (third term) is
represented as the sum of the Coulombic and Lennard-Jones
interactions, where g; and g; are partial charges or interacting
pairs 7 and j at distance 7, and ¢ and ¢ are the Lennard-Jones
(L) parameters. For dissimilar atoms, Lennard-Jones
parameters are evaluated by Lorentz-Berthelot mixing rule. In
this study, the non-bonded LJ parameters and bonded para-
meters for both the solid phase and the aqueous electrolytes are
the ones published in ref. 32. Furthermore, surface charges
around the hydroxyl group bonded to the Ti site and the
protonated oxygen bridge resulting from water dissociation
described by eqn (1) were taken from ref. 8. Finally, the local
charges around the protonated oxygen bridge atoms resulting
from the dissociation of a water molecule at the site of an
oxygen bridge vacancy described by eqn (2) were rescaled to
reflect the charge transfer obtained in the reactive framework.
The amount of rescaling was characterized by analyzing the
charge transfer occurring near two adjacent protonated oxygen
bridge atoms in vacuum and calculated in the ReaxFF frame-
work. The obtained local charges are summarized in Table 2.

To validate the parameterization of the interatomic
potential, the oxygen and hydrogen density profiles obtained
for a (110)-rutile TiO, surface interacting with bulk water
were calculated using the parameterization of the nonreactive
framework, and compared to their ReaxFF counterparts (Fig. S3
of the ESIT).

Equilibrium MD and NEMD were performed using the same
setup of the (110)-rutile TiO,/aqueous electrolyte interface, the
difference between the two calculations being the application
of an external electric field along a direction parallel to the
interface when performing NEMD calculations. A slab geometry
system with two parallel (110)-rutile TiO, walls separated by an
aqueous electrolyte was build to model the structure of the
rutile-aqueous electrolyte interface. Therefore, two identical
interfaces are modelled, and the properties are taken as
averages over both interfaces. A representative snapshot of
the simulation cell is given in Fig. 4. The dimension of each
solid block is 3.25 nm x 1.33 nm x 2.95 nm along (110), (110),
and (001), respectively. The normal to the interface is along
(110). Thus, each defect-free solid surface interacting with bulk
water contains 50 undercoordinated Ti sites and 50 oxygen
bridge sites. A distance of 4.91 nm along (110) separates the
two solid surfaces interacting with the aqueous electrolyte.
Such a distance is large enough to model bulk like water in
the center of the slab, and to prevent interaction between the
two surfaces. The liquid region with the dimensions 3.25 nm x
4.91 nm x 2.95 nm was filled with 1603 water molecules
resulting in a bulk water density of about 1 g cm ™. Periodic
boundary conditions were applied along (110) and (001), and
fixed boundary condition was applied in the direction normal
to the interfaces. The long-range Coulombic interactions were
calculated with a particle-particle particle-mesh
Although non-periodic along the direction normal to the
interface, the slab-slab interactions are effectively turned off

solver.
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Table 2 Partial charges of the surface atoms calculated with ReaxFF, and
used with the non-reactive force field. The TiO, surface is neutral,
independently of the hydroxylation state. All the partial charges are given
in units of e

Surface group ReaxFF Non reactive
Non hydroxylated

Tise 1.43 2.196
O3 —0.815 —1.098
Ose —0.605 —1.098
Tige 1.589 2.196
Osc —0.815 —1.098
Water dissociation at Tis.

Hydroxyl group adsorbed on Tis.

Tis, 1.59 2.429
O3 —0.79 —1.064
Hhydrosyl 0.38 0.527
Ohydroxy!l —0.669 —0.948
Remaining proton bonded to O,

Hhydroxyl 0.313 0.425
Ose —0.814 —1.359
Tige 1.55 2.131
O3, —0.77 —1.077
Water dissociation at Oy,

H 0.3506 0.4873
Oyac filled 0.815 —1.4794
Ovac,lstneighbours 0.634 —1.1509

by considering a periodic system in all three directions with an
empty volume between the slabs. The temperature was maintained
constant at 298.15 K by applying a Nosé-Hoover thermostat.”"”?
A time step of 1 fs was applied. Prior to the production run of
100 ns, an equilibration run of 10 ns was performed. When
considering NEMD calculations, the external electric field was
applied along (110). An applied electric field of 0.01 V A~" was set.
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