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ABSTRACT: The behavior of the first-adsorbed water layer at titanium dioxide surfaces is critical to the fundamental
understanding of titanium dioxide-based applications. Using classical MD simulations, we study the properties of first-adsorbed
water layers at four TiO, surfaces, including the density profile, the angular orientation distribution, the HB structural and
dynamic properties, and the vibrational spectra of water molecules in the first-adsorbed water layer. The calculation results reveal
the characteristics of water. (a) Rutile (110) has O,, atoms of water that are located at the top sites of Tis,, and two H atoms are
facing away from the surface. (b) Rutile (011) has water molecules that lean on the surface with one H atom directed toward the
surface O, atoms and the other one pointing toward the bulk water. (c) TiO,—B (100) has water that forms the “H-up” and “H-
down” configurations. The “H-up” configuration has the O,, atoms atop the Tij_ sites with two H atoms pointing toward the bulk
water. The “H-down” configuration has both H atoms pointing toward the surface O, sites. (d) TiO,—B (001) has water that
has a random distribution; yet, the in-layer HBs promote the formation of small water clusters near the surface. The vibrational
spectra, the HB network strength, and the HB lifetime are also analyzed in this work. A significant red shift of the vibrational
spectra suggests an enhanced HB network, which also results in a much longer HB lifetime. For the studied surfaces, the TiO,—B
(100) has the most stable HB network, which is evidenced by the slowest decay of the HB lifetime.

B INTRODUCTION

The behavior of molecules at titanium dioxide (TiO,) surfaces
is the key to successful applications, such as electronic devices,
catalysis, energy, and biomedicine related fields."™ For most
applications at ambient conditions or in the liquid phase, the
adsorbed water molecules at TiO, surfaces, as well as their
structural and dynamics properties, require a fundamental
understanding to achieve optimized processes and improved

a sensitive probe to the water—TiO, interfacial interac-
tions.” ™7

On the other hand, despite the fundamental importance and
the critical role of HB in catalytic reactions,”*’ protein
folding,g’o’?’1 molecular self—assembly,32’33 and proton transfer,**
the direct measurement of interfacial HB remains as a
challenge.”* Previously, water adsorption on TiO, surfaces
has been studied by scanning tunneling microscope (STM)®’
and infrared reflection—absorption spectroscopy (IRAS)*®
experiments. The adsorbed water molecules atop the five-
coordinated titanium (Tis.) sites form a one-dimensional water
chain via two types of HBs, namely, the weak HB between

manufacturing. From the structural point of view, the topmost
TiO, surface is composed of under-coordinated titanium (Ti)
and oxygen (O) sites, which in turn interacts strongly with

interfacial water molecules, and affects significantly the
configuration, distribution, and other structural and dynamic
properties of those water molecules at TiO, surfaces.”®™® A
number of experiments’~"* and theoretical studies®”"*** have
explored the interaction between water and TiO, surfaces.
Among the reported properties, the hydrogen bond (HB)
network, both the static network and the dynamic properties, is
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adjacent water molecules and the strong HB between water
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molecules and bridge-bonded two-coordinated (O,) sites. For
the rutile (110) surface covered by two monolayer water, quasi-
elastic neutron scattering (QENS) results showed that the first-
adsorbed water layer (FAWL) is stabilized by HB interactions
between the two water layers at the interface.”” In addition,
Goletto and co-workers'* reported high-resolution in situ STM
images of the rutile (110) surface exposed to bulk water. Their
results revealed that there is an ordered superstructure of water
molecules at the interface. The HB interaction between the
FAWL and other water molecules is attributed to such an
ordered structure, which is in accordance with the QENS
experiments.”” More recently, a phase-sensitive sum frequency
generation (SFG) spectroscopy study reported that chem-
isorbed and physisorbed water layers exist simultaneously at the
irradiated anatase TiO, surfaces.”® The spectroscopic data
revealed that there is a strong HB interaction between the two
water layers, which contributes to the superhydrophilic nature
of anatase surfaces. It is worth noting that, to the best of our
knowledge, no experimental study has been reported on
dynamic properties of interfacial HB, which in turn are essential
to understand the chemical and physical processes occurring at
TiO, surfaces.

Molecular dynamics (MD) simulations, including ab initio
MD (AIMD), reactive MD (RxMD), and nonreactive classical
MD, can directly provide an electronic or atomistic level insight
of the structural and dynamic properties of HB at the liquid—
solid interfaces. For instance, comparing the FAWL at anatase
(101) and rutile (110) surfaces, a higher HB was reported for
the anatase (101) surface.”* Further HB dynamics analysis
demonstrated that the adsorbed water molecules of the anatase
(101) surface exhibit a longer HB lifetime.*” Moreover, a recent
study”™ of water wetting on the rutile (110) surface illustrated
that the HB lifetime for the second water layer is shorter than
that of the first water layer. As a result, water molecules from
the second layer escape from the HB network relatively easy
and exchange with water molecules from other layers. It is also
worth noting that for the HB structural and dynamic properties
of water at the TiO, surface, classical force fields provide a
satisfying description and can reproduce results from high level
AIMD calculations.®”'#171922725 1n addition, it has been
reported that the HB dynamics at the water—TiO, interface do
not depend strongly on polarizable models of water and TiO,
surfaces.

In a previous work,'> we examined the interactions between
water and TiO, surfaces. The RxMD results demonstrated that
water interacts strongly with the rutile (011), rutile (001), and
TiO,—B (100) surfaces, but weakly with the TiO,—B (001)
surface. Despite the density distribution analysis and the
discussions on near-surface water dissociation, no result was
reported for the HB properties. In this work, we perform a
series of MD calculations to revisit the interfacial HB properties
of water on the aforementioned four TiO, surfaces. Special
attention has been paid to the structural and dynamic
properties of HBs of the FAWL at surfaces. In particular, the
correlation between the HB interactions and the vibrational
spectra of water has been discussed in detail. The article is
organized as follows. Section 2 presents a brief discussion of the
simulation methods and the calculation setup. In the Results
and Discussion Section, we have a discussion about the
interfacial HB for water molecules at the surface, the relevant
vibrational modes, and the relationship between them.
Conclusions are summarized in the end.
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2. SIMULATION METHODS AND DETAILS

2.1. Surface Models. In this work, four titanium dioxide
surfaces are studied, namely rutile (110), rutile (011), TiO,—B
(100), and TiO,—B (001). All surfaces were cleaved from bulk
rutile with lattice parameters a = b = 4.593 A and ¢ = 2.959 A
(symmetry group P42/MNM) and bulk TiO,(B) with lattice
parameters a = 12.164 A, b = 3735 A, and ¢ = 6513 A
(symmetry group C2/M). The surface structures were
optimized and kept fixed during the simulation.*’** The
flexible extended simple point charge (SPC/E) model*’ was
used for water, in which the O—H bond and the H-O—-H
angle are described by harmonic potentials, bond constant, k;,
1108.57 kcal/(mol-A%) and angle constant, kg, 91.54 kcal/(mol-
rad?). For each calculation setup, the surface was fully covered
by a water film with a thickness of 2.0 nm. Periodic boundary
conditions were applied in all three directions. The box
dimension along the z-direction was fixed to be 10.0 nm, which
contains the thickness of the surface, the water layer, and a
vacuum to avoid the interactions between periodic images. The
Lennard-Jones (LJ) 12—6 potential was used to describe the
van der Waals (vdW) interactions of O,—O,, and O,—O (O,,
and O correspond, respectively, to oxygen atoms of water and
the TiO, surface). Meanwhile, the vdW interactions of Ti—O,,
and Ti—O were described via the Buckingham potential defined
as

ij ij
El.j = Aij X exp| —— | —

ij ij

where r;; is the distance between atoms i and j. The first term in
the right side represents the repulsive interactions and the
second term represents the attractive interactions. When it
comes to the force field, the one adopted in this work is from
the previous work by Bandura and Kubicki,"* who have
compared the optimized structures of liquid water at rutile
(110) surface from both classical and ab initio DFT
calculations. Their results demonstrated that the optimized
structure of water molecules at the rutile (110) surface using
the classical force field is in good agreement with the DFT-
based results. Therefore, we think that the force-field
parameters used here can provide reliable predictions to the
water molecules on the TiO, surfaces. In addition, the
Coulombic interactions between interaction sites are described
by the Coulomb’s law:

Ny Np

E=22

i=1 j=1

94,

477!801’ij

In which g; and g; are the charges for atoms i and j, and &, is the
dielectric constant. All L] and Buckingham parameters and
atomic charges used in this work are listed in Table S1 of the
Supporting Information.

2.2. Simulation Details. All simulations were performed
using a large-scale atomic/molecular massively parallel
simulator (LAMMPS) software package.”> The canonical
ensemble was applied where the number of molecules (N),
the volume (V), and the temperature (T) were fixed during the
simulation. The temperature (300 K) was maintained by the
Nose—Hoover method with a coupling coeflicient of 0.1 ps.
The initial velocities of the water molecules were assigned
based on the Boltzmann distribution. The Newton’s equation
was integrated by the velocity Verlet algorithm with a time step
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of 1.0 fs. A cutoff of 1.0 nm was applied for the nonbonded
interactions, while the long-range electrostatic interactions were
calculated by the particle—particle particle—mesh (PPPM)
method.* For each system, a calculation of 20.0 ns was
performed, where the first 10.0 ns was for equilibrium, and the
latter 10.0 ns was used for data analysis, in which the trajectory
was analyzed every 100.0 fs. After the 20.0 ns simulation, two
successive NVT simulations were also performed: one for the
vibrational spectra analysis and the other one for the HB
dynamic property calculation. For the vibrational spectra
analysis, the simulation was performed for 200 ps with a
smaller time step of 0.5 fs, and the velocity trajectory was
updated every 0.5 fs. For the HB property calculation, we ran
the simulation for 500 ps and collected the coordinate
trajectory every 5 fs. Accordingly, two separate NVT
simulations have been carried out for bulk water to obtain
the corresponding vibrational spectra and hydrogen bond
properties to be compared with those of the first-adsorbed
water.

2.3. Vibrational Spectra Analysis. Vibrational spectros-
copy is one of the most efficient and effective experimental
approaches to probe the structural and dynamic properties of
adsorbates at surfaces and interfaces, es;)e’cially for systems
involving hydrogen-bonded interactions.*’ ~>° This is mainly
because the vibrational signals have a sensitive response to the
change of local structure environments. For example, first-
principle MD calculations® of water adsorption on the TiO,
(110) surface revealed that the dissociative water adsorption at
the Tis, sites results in the terminal and the bridging hydroxyl
groups. The stretching frequency was observed for the terminal
hydroxyls but not for the bridging ones. This is due to the fact
that hydroxyl groups have broadening vibrational bands from
the strong HB interactions. Kumar and co-workers®” also
reported a similar broadening phenomena in their AIMD
calculations of adsorbed water at TiO, surfaces. They discussed
that the strong HBs formed between the adsorbed water and
the surface oxygen atoms can produce a noticeable broadening
effect in the vibrational band. The dynamic properties of the
adsorbed water on partially hydroxylated rutile (110) surface
has been investigated by Born—Oppenheimer MD simula-
tions.”® The results showed that for the adsorbed water, the
protons preferentially point to the bridging oxygen atoms, and
the resulting stable HB network can lengthen the O—H bonds,
leading to a significant red shift of the OH stretching frequency.
In this work, we use the vibrational spectra analysis to
understand the structure of the adsorbed water and the
correlation between its configuration and the interfacial HB at
the TiO, surfaces.

3. RESULTS AND DISCUSSION

3.1. Adsorbed Water Structure at TiO, Surfaces. To
reveal the configuration of the adsorbed water at various TiO,
surfaces, we first analyzed the water density distribution along
the z-direction. The position of the oxygen atom of water (O,,)
is used to represent the center of mass of the water molecules.
For TiO, surfaces, the topmost layer is defined as the reference
position, i.e., z = 0.0.

3.1.1. Rutile (110) Surface. As one of the most stable TiO,
surfaces, rutile (110) has been extensively studied for the past
few decades.”*"®** On this surface, there are four types of
atoms that directly interact with water, namely Tis., Tig, O,y
and O3, where the subscript denotes the coordination number.
Each under-coordinated Tis, atom has a dangling bond
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perpendicular to the surface, making those Tis. active sites
for water adsorption. On the other hand, the O, atoms are the
outmost from the rutile (110) surface, and are potential sites to
form HB with water molecules when they are moving closer to
the surface. As illustrated in Figure 1, for water molecules on
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—-—Rautile (011)
—-—Ti0,-B (100)
o TiOy-B (001)
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d, distance to the surface (A)

Figure 1. Density distribution of water molecules at different TiO,
surfaces along the z-direction. The surfaces are placed at d = 0.0 A.

the rutile (110) surface, there are two pronounced peaks, 0.83
and 2.37 A away from the surface, corresponding to a density
value of 7.39 and 4.34 g/cm?, respectively. It is worth noting
that the two densities are much larger than that of bulk water,
1.0 g/cm® Such high density near the surface implies that
interfacial water molecules are packed differently from that of
bulk water. The first peak at 0.83 A is mainly contributed to the
electrostatic interactions between the water molecules and the
substrate. This is evidenced, as shown in Figure S5, that O,
atoms of water molecules locate atop the positively charged Tis,
sites, with two H atoms pointing away from the surface. From
Figure SS, it is also obvious that water molecules from the
FAWL form a well-defined one-dimensional chain, which is also
reported in previous studies of the water—rutile (110)
system.”””>>7>" The second peak at 2.37 A is from the water
molecules that form HBs with the surface O, atoms and other
water molecules.

3.1.2. Rutile (011) Surface. For the rutile (011) surface,
previous studies have demonstrated that water can interact
strongly with the surface.”°~%* At the interface, O, atoms
reside at the apexes, and Tis, atoms are located at lower
positions. Both of them are exposed to water molecules, which
results in two distinct peaks at 1.03 and 2.68 A with a density
value of 9.86 and 3.53 g/cm’ respectively. For the first peak
here, it is primarily from the electrostatic and HB interactions
between the FAWL and the surface. As shown in Figure S6,
water molecules are distributed above the Tis. sites, which
favors electrostatic interactions between O, and Tis. In
addition, each water molecule of the FAWL has one H atom
pointing toward one surface O, atom. It is worth noting that
ab initio DFT calculations and STM experiments "’ reveal
that at room temperature, water can dissociate on the rutile
(011) surface. After the dissociation, the H atoms are bonded
with the O, atoms and the hydroxyl groups are bonded with
the Tis. atoms. Due to the use of the nonreactive force field, we
did not observe any water dissociation, but the strong HB
interaction between the water and surface O, atoms reveals a
similar trend and agrees with the literatures. The second smaller
peak at 2.68 A is due to HB interactions of the water molecules
from the adjacent layers.
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3.1.3. TiO,—B (100) Surface. For the TiO,—B (100) surface,
previous calculations,>**°" revealed that compared with rutile
(110) and (011) surfaces, it has a modest interaction with
water. On the surface, there are also four types of atoms directly
interacting with the FAWL, namely Ti,, Tig, O, and Oj_ sites.
Similar to the distribution on the rutile (011) surface, the O,,
atoms are at the edges, and the Ti;, sites are at lower positions.
For the density distribution in Figure 1, there is one well-
developed peak at 1.51 A and one less pronounced adjacent
peak at 1.79 A. Such a result indicates that at the TiO,—B (100)
surface, there are two configurations for the water molecules of
the FAWL. As illustrated in Figure S7, we denote the two
configurations as “H-down” and “H-up”, respectively. For the
“H-up” configuration, H atoms point away from the surface,
with O,, atoms at the top of the Ti_ sites through electrostatic
interactions. But for the “H-down” configuration, H atoms
point to the surface, which facilitates the HB formation with the
interface O, atoms. By comparing their relative distance to the
surface, we conclude that the first peak is from the “H-up”
water molecules, while the second peak is due to the “H-down”
ones.

3.1.4. TiO,—B (001) Surface. Lastly, for the TiO,—B (001)
surface, there are Ti, O, and Oj_ sites at the interface, and
our previous study observed a weak interaction of water at this
surface.'” The density profile of Figure 1 shows that there is
only one distinct peak at 2.15 A for the TiO,—B (001) surface.
Comparing the four studied surfaces, the peak from the TiO,—
B (001) surface is much lower and broader. The peak position
is also the furthest from the surface. This suggests that water
interacts weakly with the TiO,—B (001) surface, and the FAWL
is less ordered. As shown in Figures S5—7, water molecules on
the other three surfaces form one- or two-dimensional
structures, but the distribution of water molecules on the
TiO,—B (001) surface is random, see Figure S8. Nevertheless,
as shown in Figure 2, because of the weak interaction between
the water and the substrate, at the TiO,—B (001) surface, water
molecules of the FAWL can easily reorganize and form small
clusters via HB interactions. In particular, the C(2 X 2) and P(3
X 2) patterns appear to be quite stable at the studied room

Figure 2. Top view of the FAWL on the TiO,—B (001) surface at ¢ =
20.0 ns. HB-assisted water clusters. The HBs are in green, while the Ti
and O atoms are colored by gray and blue, respectively.
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temperature. Similar HB-assisted water clusters have been also
reported on other metal oxide surfaces.””

3.2. Orientation Analysis of Adsorbed Water. To
further understand the structure details of adsorbed water
molecules, we analyzed the orientational distributions of water
molecules from the first density profile peak. As illustrated in
the inset of Figure 3, the orientational angle @ is defined as the

0.08
—— Rutile (110)
—— Rutile (011)
——Ti0,-B (100
0.06 | o
——TiO-B (001)
< $:808:8:808:8:8:8
~ 0.04 |
=% - |
0.02
0.00 il S |
| 180

0 (degrees)

Figure 3. Angular distribution of the FAWL at TiO, surfaces. u; is the
unit vector normal to the surface. u, is the vector pointing from the O
atom to the H atom. 6 is the angle defining the two vectors.

angle between the OH vector and the unit vector normal to the
surface in the z-direction. For the FAWL on the rutile (110)
surface, the orientation angle analysis in Figure 3 shows that
there is only one sharp peak at about 55°, indicating that each
water molecule in the FAWL has two H atoms pointing away
from the surface, which confirms the simulation snapshot of
Figure SS. While for the rutile (011) surface, two orientational
angles were identified at 107 and 35°. This suggests that water
molecules have one H atom pointing toward the surface and
the other H atom pointing toward the bulk water, as also
suggested by Figure S6. Such orientation facilitates the HB
formation for both FAWL—surface and FAWL—other water
molecules. Moreover, for water molecules at the TiO,—B (100)
surface, there are two pronounced peaks at 54 and 128°.
Together with the snapshots in Figure S7, we can deduce that
the two peaks correspond to the “H-up” and “H-down”
configurations. When it comes to the TiO,—B (001) surface,
the orientation distribution is different. One broad peak around
90° was observed, which agrees with our previous RxMD
results.”> Such an orientation suggests that the O—H bonds are
parallel to the TiO,—B (001) surface, and the water molecules
from the FAWL can form HBs easily with each other.

3.3. Vibrational Spectra Analysis of Adsorbed Water.
Vibrational spectra analysis is a very useful tool to characterize
the structures of water molecules at interfaces. It can be also
calculated from MD simulations by employing the Fourier
transformation of the velocity autocorrelation function
(VACF). In this study, we calculated the vibrational spectra
of water molecules from the FAWL at the four TiO, surfaces, to
explore the correlation between the spectra information and the
H§32ftwork of water. The normalization of VACF is defined
by™”

.y = TOTO)

 (5(0)7(0))

where T,(t) represents the velocity of an atom of type i (H or
O,, atoms) in the defined interfacial region at time t The
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Figure 4. Fourier transformation vibrational spectra analysis of the hydrogen atoms of FAWL at the (a) rutile (110), (b) rutile (011), (c) TiO,—B
(100), and (d) TiO,—B (001) surfaces. For comparison, the result from pure water is also shown.

angular brackets denote the ensemble average, which is
evaluated at different initial reference times. The vibrational
density of states (VDOS) can be calculated from the Fourier
cosine transformation of VACF:**®®

S(w) = fo " C.(H)cos(wt)dt

In this work, we mainly focus on the stretching mode of O—H
bonds in the high-frequency region. For the water molecules at
the TiO, surface, such as, the water—rutile (110) system, the
results in Figure S13 illustrate that the intensity of S(w) for H
atoms is much higher than that of O atoms, suggesting that the
dominant contribution to the O—H stretching vibration results
from the S(w) of H atoms. Therefore, here the normalized
VACEF is calculated only for the H atoms in the FAWL, so the
calculated VDOS contains only the characteristic peaks of H
atoms.

3.3.1. Rutile (110) Surface. As shown in Figure 4, the peaks
around 3690 and 3750 cm™" are characteristic of the stretching
mode of the O—H bonds in bulk water, which agrees with the
experiments and other calculations.** For the interfacial water,
the results show that there are two characteristic peaks for the
O—H bond stretching mode of the FAWL at the rutile (110),
rutile (011), and TiO,—B (001) surfaces but not the at the
TiO,—B (100) surface, where three characteristic peaks were
identified in the same region for the interfacial water. In detail,
Figure 4a shows that the peaks for OH vibration modes at the
rutile (110) surface are located around 3700 and 3770 cm™.
Compared with the bulk water vibration modes, there is a blue
shift of 10 and 20 ecm™}, respectively. It is worth noting that
similar results have been observed by Xantheas and Dunning®®
and their DFT calculations demonstrated that the vibrational
modes of the hydrogen-bonded O—H bonds in the water dimer
have a characteristic peak at 3712 cm™" (aug-cc-pVDZ) or 3748
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cm™" (aug-cc-pVTZ), quite close to the experimental value of
3718 cm %" We performed an analysis to use the HB
assignment to do the vibrational analysis based on the type of
HB that involves the H atoms. That is, the assignment for the
O—H bonds at the rutile (110) surface should be the donor
bridge H stretch accordinﬁg to the normal modes definition
stated in previous studies.”® The results (3690 and 3750 cm™)
here agree well with those reference values. While for the same
water—rutile (110) system, experimental inelastic neutron
scattering (INS) spectra results show that the OH vibration
modes have two peaks at 412 (3322 cm™) and 416 meV (3354
em ™). The difference between the experimental values and
the calculation results is probably from the different temper-
atures. In this work, the MD simulations are performed at 300
K, while the temperature of the INS spectra experiments is at 4
K. As for the calculated frequency values, when one compares
the calculation with the experiments, it is important to consider
the following factors. (a) The temperature: For example, the ab
initio MD (AIMD) simulations by Mattioli et al.'” They
performed AIMD calculations to investigate the structural and
vibrational properties of a water bilayer adsorbed on the anatase
(101) surface at different temperatures. Their calculated results
demonstrated that at 50 K, the stretching mode of the O—H
bonds of water has three distinguishable vibrational frequencies
at 2530, 2970, and 3290 cm™!. On the other hand, when the
temperature is 300 K, the spectra show an unresolved broad
band at around 3400 cm™' for the O—H stretching modes.
Such an observation demonstrates that the increase in the
temperature will result in a higher O—H vibrational frequency.
(b) The nature of the surface: One other factor that affects the
vibrational spectra is the structural and chemical properties of
the pristine surface. As discussed, the four studied TiO, surfaces
have their unique configurations. The anatase (101) surface is
different from the rutile (110) surface, which results in different
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Table 1. Average Number of HBs of the FAWL with (A) Substrate, (B) FAWL, and (C) Other Water”

surfaces

rutile (110)

rutile (011)
TiO,~B (100)
TiO,—B (001)

bulk water
“The calculated HB number for bulk water is 3.58.

HB with substrate (A)
0.07
1.00
1.00
0.45

HB within FAWL (B)
0.02
0.12
0.10
1.82

HB with other water (C)
1.62
0.61
1.70
0.89

total HBs (A + B + C)

1.71
1.73
2.80
3.17

interactions with near surface water molecules. Therefore, the
vibrational spectra of water on the two surfaces shall be
different from each other. (c) The computational model and
force fields: Kavathekar and co-workers’® applied a flexible
simple point charge (SPC) water model and calculated the
vibrational spectra of water at different TiO, surfaces. They
found that the O—H vibration modes at the rutile (110) surface
have a broad band at 3453 cm™. While for other TiO, surfaces,
the corresponding modes generally have two characteristic
peaks, rutile (101): 3571 and 3663 cm™; rutile (001): 3538
and 3656 cm™'; anatase (101): 3600 and 3669 cm™'; and
anatase (001): 3584 and 3674 cm™'. Considering the results
from our flexible SPC/E model, it is obvious that the choice of
the computational model and force field can influence the
calculated vibrational spectra results. It is also worth noting that
calculated v1brat1onal frequencies are typically larger than those
from experiments.”' Very often, a scaling factor is applied to
account for the offset when one directly compares the
vibrational spectra between simulation and experiment.”*”"’

3.3.2. Rutile (011), TiO,—B (100), and TiO,—B (001)
Surfaces. For the FAWL at the rutile (011) surface, the result
in Figure 4b demonstrates that the O—H bonds have two peaks
at about 3660 and 3760 cm™'. Compared with bulk water, the
two modes have a red shift of 30 cm™ and a blue shift of 10
cm™!, respectively. When it comes to the TiO,—B (100)
surface, two peaks around 3635 and 3710 cm™' are the
characteristic O—H vibration modes, displaying significant red
shifts of 55 and 40 cm ™, respectively. It is worth noting that the
splitting peak at 3760 cm™" is from the dangling O—H bonds of
water. Lastly, for the FAWL at the TiO,—B (001) surface, the
O—H bond vibration modes are close to that of bulk water,
except for a small red shift around the 3680 cm™ mode.

3.4. Hydrogen Bond Network of Adsorbed Water. It
has been reported that the vibrational spectra modes of water
are correlated with the HB network and its dynamic
properties.”””*™*" In this work, the HB of water from the
FAWL is calculated based on the geometry criteria:*"*

R°° < RO and 6°°H < 9°OH

where RO° is the distance between two O atoms, one of which
serves as the HB acceptor and the other one is regarded as the
HB donor, while #°°" represents the angle O--O—H.
Similarly, R and §°°" correspond the upper limit distance
and the angle for the HB formation, respectively. The two
thresholds are 3.5 A and 30°, respectively.®”

3.4.1. Rutile (110) Surface. For water molecules from the
FAWL, they can form HBs from three groups of acceptor—
donor: (A) FAWL-substrate, (B) FAWL—FAWL, and (C)
FAWL—other water. The calculated average HB number for
each type is listed in Table 1. For example, the results show that
for the FAWL at the rutile (110) surface, the average HB
number is negligible for type A (0.07) and type B (0.02), but it
is 1.62 for type C. The percentage analysis in Figure 5 shows
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Figure S. Analysis of averaged HBs between: (a) FAWL—substrate;
(b) FAWL—FAWL; and (c) FAWL—other water. Note that in the
system of TiO,—B (001), the percentage of more than 2.0 HB is
included in the percentage of 2.0 HB for clarity.

that for the FAWL at the rutile (110) surface, less than 7% of
the water molecules can form HBs with the substrate.
Meanwhile, only about 2% of the water molecules from the
FAWL can form HBs with each other. For the type C HB,
around 32 and 64% of the water molecules in the FAWL can
form 1.0 HB or 2.0 HBs with other water molecules beyond the
FAWL, which returns an averaged number of 1.62 for type C
HB.

3.4.2. Rutile (011) Surface. For the average HB number at
the rutile (011) surface, the results in Table 1 show that the
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values for type A, B, and C HB are 1.0, 0.12, and 0.61,
respectively. Together with the distribution analysis in Figure S,
nearly all water molecules from the FAWL form 1.0 HB with
the substrate surface. This result confirms the aforementioned
water structure analysis, that is, each water molecule has one H
atom pointing to the surface O, atoms, and the other H atoms
are located away from the substrate. Furthermore, about 88% of
water molecules from the FAWL do not form any HB
interaction with each other, and about 11.3% of water
molecules form 1.0 HB within the layer. For water molecules
from different layers, about 41.5% of water molecules from the
FAWL cannot form any HB with other water molecules, and
the other 56.0% of water molecules form 1.0 HB with water
molecules from outside of the FAWL.

3.4.3. TiO,—B (100) Surface. For the average HB number on
the TiO,—B (100) surface, it is 1.0 and 0.10 for type A and type
B, respectively, which is similar to the result of the rutile (011)
surface. As plotted in Figure Sa, for the FAWL at the TiO,—B
(100) surface, 50% of water molecules cannot form HB with
the substrate, but all of the other 50% of molecules form 2.0
HB with the surface O,. atoms. Therefore, the averaged HB
value for type A is 1.0. Together with the aforementioned
configuration analysis, we conclude that the “H-up” water
molecules do not form any HB with the surface, but the “H-
down” water molecules can form exactly two HBs with the O,
atoms of the surface. In addition, according to Figure Sb, we
can see that over 90% of the water molecules of the FAWL
cannot form any HB with each other, resulting in a negligible
HB value for type B. For the HB between the FAWL and other
water molecules, the results in Figure Sc show that 27.7% of the
water molecules of the FAWL can form 1.0 HB, while the other
~70.0% will form 2.0 HBs. This suggests that over 27% of
water molecules with the “H-up” configuration have dangling
O—H bonds, resulting in the O—H vibration modes with a
higher frequency around 3760 cm™.

3.4.4. TiO,—B (001) Surface. Finally, for water at the TiO,—
B (001) surface, the average HBs are 0.45, 1.82, and 0.89 for
type A, B, and C, respectively. This indicates that each water
molecule has 3.17 HBs by average. This averaged HB is close to
that of bulk water and is much higher than what are observed at
other three surfaces. In particular, while the other three surfaces
show a negligible type B HB, for the TiO,—B (001) surface, the
averaged type B HB is 1.82. Such a large value also explains the
formation of HB clusters at the surface. To summarize, the
dominating HBs are type C for the rutile (110) surface, type A
and C for both the rutile (011) and TiO,—B (100) surfaces,
and type B and C for the TiO,—B (001) surface.

3.5. Hydrogen Bond Dynamics of Adsorbed Water.
The HB strength is also calculated by the continuous time
correlation functions (TCFs), Syp(t), defined as®***

(h(0)h(t))
(h(t))

where the population variable of h(t) is a unity when a tagged
HB pair is maintained for the time period from 0 to ¢, otherwise
zero. Figure 6 shows the calculated Syg(t) variations for types A
and C HBs, with the result for type B of the TiO,—B (001)
shown as the inset in Figure 6a. For the type C HBs of the
rutile (110) surface, the Syg(t) curve decays slightly faster than
that of bulk water, indicating a relatively weaker HB strength.
This agrees with the blue shift of the OH stretching modes
shown in Figure 4a. For the type A HB of the rutile (011)

Sup(t) =
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Figure 6. Continuous time correlation function, Syg(t), for the HB
network between (a) FAWL—substrate and (b) FAWL—other water
on different TiO, surfaces. The inset in (a) is the Syp(t) for the HB
network between FAWL—FAWL on the TiO,—B (001) surface. For
comparison, the result from bulk water is also shown.

surface, as illustrated in Figure 6a, the Syp(t) curve decay is
significantly slower than that of bulk water, suggesting a
stronger and more stable HB network. Regarding the type C
HB of the rutile (011) surface, the Syz(t) curve decays quickly,
suggesting a weak interaction between the FAWL and other
water molecules. It is also worth noting that for the red and
blue shifts of the O—H stretching modes at the rutile (011)
surface illustrated in Figure 4b, the former is from the enhanced
interaction of type A HB, and the latter is due to the decreased
strength of type C HBs.

Similarly, for type A and C HBs of the TiO,—B (100)
surface, the Sy5(f) decays slower than that of the bulk water,
which further confirms that both types A and C HB strengths
are enhanced. This enhanced HB strength results in the red
shift of the OH stretching modes as shown in Figure 4c.
Additionally, for the type C HB on the TiO,—B (001) surface,
the Syp(t) curve decays faster than that of the bulk water,
demonstrating a slight strength decrease of the type C HBs. For
the type B HB on this surface, the Sy(t) curve, as shown in the
inset of Figure 6a, decays significantly slower with respect to
that of the bulk water, suggesting a greatly enhanced strength of
the type B HBs. Overall, the HB strength for the FAWL on the
TiO,—B (001) surface is enhanced, and this is why a red shift
of the OH stretching modes is observed, see Figure 4d.
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4. CONCLUSIONS

In this work, classical MD simulations have been carried out to
systematically investigate the properties of FAWL at four TiO,
surfaces. The water density profile, water angular orientation
distribution, the HB structural and dynamic properties, and the
vibrational spectra have been calculated and discussed. Our
calculation results show that different water structures can be
formed near the TiO, surfaces. (a) Rutile (110) has O,, atoms
atop the Tis. sites and two H atoms facing away from the
surface. (b) Rutile (011) has water molecules leaning on the
surface with one H atom directed toward the surface O, atoms,
and the other one pointing toward the bulk water. (c) TiO,—B
(100) has water that forms two configurations, “H-up” and “H-
down”. The “H-up” configuration has the O,, atoms atop the
Tis. sites with two H atoms pointing toward the bulk water.
The “H-down” configuration has both H atoms pointed toward
the surface O,. sites. (d) TiO,—B (001) has water that has a
random distribution; yet, the in-layer HBs promote the
formation of small water clusters near the surface.

Based on the structural and orientational information on the
FAWL, the vibrational spectra, the HB network, and the
lifetime are also analyzed. Both blue and red shifts of OH
vibration modes have been observed for the rutile (011)
surface. The blue and red shifts have been identified for the
rutile (110) and TiO,—B (100) surfaces, respectively. The
slightly red shift from the TiO,—B (001) surface is probably
due to the HB assisted clusters formed in the FAWL. The HBs
are classified as three types: type A, the ones from the FAWL—
substrate interaction; type B, the ones from the FAWL—FAWL
interactions; type C, the ones from the FAWL—other water
interactions. The calculations reveal the dominating HBs for
the studied TiO, surfaces: rutile (110), type C; rutile (011),
type A and C; TiO,—B (100), type A and C; and TiO,—B
(001), type B and C. The vibrational spectra, the HB network
strength, and the HB lifetime are correlated; a significant red
shift of the vibrational spectra suggests an enhanced HB
network, which also results in a much longer HB lifetime. For
the studied surfaces, the TiO,—B (100) has the most stable HB
network, and the HB lifetime is also the longest. The
relationship between the vibrational spectra and interfacial
structures and dynamics provides a new perspective of using
vibrational spectra experiments to qualitatively characterize the
HB properties at the water—TiO, interface.
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