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ABSTRACT: Metal oxides (MOs) are the key materials in applications of
biomedicine industrial technologies due to their versatile features. Knowing their
possible toxicity level is crucial given some specific environments, particularly in
water. We have learned that their reactivity almost depends on the electronic
structure on the surface of the MOs. Thus, a detailed understanding of the
electronic structure on the surface and its reactivity processes is useful for
determining the toxicity in MOs and defining good descriptive parameters. We
simulated the interaction of ZnO and TiO, slab models with water and checked
their geometric and electronic structure changes from the bulk of the material to the
water interface. To this end, we used the density functional tight binding theory
coupled with finite temperature molecular dynamics. We have observed the
interaction of water with the MO surface in terms of electronic and geometric
parameters for several conditions, such as temperature, hydrogenated or clean, and
exposed surface. In doing so, we provide molecular-level insights into topographical

and electronic processes on MO surfaces besides finding critical points on the surface that can explain the initialization of dissolution
processes. Thus, we reveal information about potential toxicity descriptors in a systematic analysis approach.

1. INTRODUCTION

Currently, there are a lot of common applications that use
nanomaterials (NMs, particles that are smaller than 100 nm),
and the tendency has kept growing during the last few years.
These applications range from pesticides in the agricultural
field' to nanobased personalized medicine,” the design of
nanodevices based on nanoengineering,3 the use as food
coloring" or antibacterial implementation.”

The toxicity of NMs drastically differs from that of their
corresponding bulk material. Moreover, its toxicity is highly
dependent on the size distribution and dimension of the
NMs.° Due to the growing demand for NMs, it is critical to
study their toxicity in all different applications and possible
parameter configurations. The physicochemical properties of
materials are closely related to material toxicity. In the case of
NMs, the unique characterization of physicochemical proper-
ties is a challenging task due to the variability of these
properties with size, dimensions, and working conditions.
Moreover, it is also crucial to know the nanoparticle material
behavior in water since the interaction of the NMs surface with
water may change the physicochemical properties of the
material and the interaction in vivo conditions.”””

On the industrial scale, titanium dioxide (TiO,) is one of the
most important nanocompounds since it is in use in many
applications.'”"" Another similar example could be zinc oxide
(ZnO). Nevertheless, some studies suggest that ZnO and TiO,
could penetrate human skin, thus being potentially hazardous
to human health."”””"* TiO, and ZnO NMs are known as
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examples of toxic metal oxides NMs with their ion-shedding
ability.””~"” Accordingly, deducing the knowledge underlying
the physicochemical process of NM:s is essential for describing
their toxicology. For instance, one important chemical
connection to describe their cytotoxicity is the prediction of
forming Reactive Oxygen Species (ROS), which. Relates
directly to the material’'s bandgap value (i.e,, conduction and
valence band energy difference, a well-studied physicochemical
property).'*™*’

As much as electronic structure properties, the structural and
geometry (size, stoichiometry, exposed surface, and defects---)
features of NMs are another determinant factor in nano-
toxicology.”® As a particular example, the ZnO surface area is
in correlation with toxicity.29 For example, ZnO, smaller NMs
could generate more ROS than larger particles (100—1000
nm) due to the larger ratio of exposed surface area and the
increased ability to absorb UV light for photochemical
reactions and the creation of highly reactive ROS.**°

This study focuses on specific Metal Oxides (MO). We
explore frequently exposed, stable Wurzite ZnO (001) and
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Anatase TiO, (101) surface behaviors and water interactions.
Nevertheless, the mechanism of interaction between water-
MO and water—water molecules is a dynamic system at room
temperature that affects the electronic and geometry structures
of the interface and possibly the toxicity of the NMs. The
dynamic interaction of water with MO surfaces not only
influences the redistribution of electronic charge but also
affects ROS formation processes, which are directly linked to
the cytotoxicity and genotoxicity of these materials in aquatic
environments. While periodic boundary conditions simulate
infinite slabs, these surfaces represent commonly exposed
facets of ZnO and TiO, nanoparticles, making the results
relevant for understanding NM-water interactions.’"**

In order to complement the present studies in the MO-water
interface description, we decided to study at quasi-electronic
structure methods the dynamic behavior of water on MO
surfaces, without the present restrictions of density functional
theory (DFT) that localize the study for static calculations of
single or small clusters of water, or at most using one or two
water adsorption layers on the surface at the DFT level. For
instance, in recent studies, Zeng et al. explored the adsorption
and reaction splitting of water on the TiO, surface but limited
the molecular dynamics (MD) simulation to only two water
adsorption layers for 2.0 ps,33’34 or Li et al. performed the MD
exploration of adsorbed single water molecules on TiO, for 4.0
ps.
Density Functional Tight Binding (DFTB) is a computa-
tionally eflicient alternative to DFT that has shown consistent
results with DFT in electronic structure calculations, including
bandgap predictions. In some cases, DFTB has provided more
accurate electronic interactions in periodic boundary con-
ditions (PBC) calculations due to its parametrization approach
using Hybrid functional calculations at the DFT level.’**
Therefore, using MD simulations at the DFTB level, we were
able to go a step further. We analyzed the interaction of water
with the MO through the redistribution of the geometry and
electronic charge on the MO and the water interface. With
such a method, no limitations on electronic structure
redistribution or chemistry are imposed, as in the case of
classic or reactive force field MD simulations.

2. RESULTS

In this section, we report results referring to our electronic and
geometric analyses of the studied systems after MD
simulations. Figures 1 and 2 represent the oxygen atom
population and the electron charge distribution on species,
respectively, for water interacting with slabs of ZnO and TiO,
at different temperatures and surface hydrogenation con-
ditions. Because of PBC, we visualized two unit cells on plots.
The topography of the O atoms in Figure 1 allows the location
of the slab layers as well as distinguishing water adsorbed on
the interface and free bulk water in the simulations. On the
other hand, Figure 2 represents the net charge on elements in
identically overlapping unit areas of Figure 1.

Figures 1 and 2 follow the same scheme of 6 insets
distributed in 3 rows and 2 columns. Each column is dedicated
to one base material, i.e,, ZnO or TiO,, respectively. The top
row shows results for bare MO-water systems at 300 K; the
middle row is for bare MO-water systems at 600 K; the bottom
row shows results when the surface is fully hydrogenated at
300 K. Consequently, each row represents the MO-water
interface for different chemical conditions: first row at mild,
room temperature conditions; middle row at very aggressive
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Figure 1. Oxygen atom population of the MO-water simulation
systems at 300 K, 600 K and hydrogenated 300 K. Distance of the O
atoms with respect to the center of the water bulk.

high temperature and pressure conditions; and bottom row at
room temperature, at a hydrogen-terminated surface. This less
stable slab model with a hydrogenated surface may resemble
low pH conditions with an H* saturated solution; however, in
our models, we do not take into account charges on the surface
or negative counterions, which would be required for better
modeling in low pH conditions, due to the limitations in
computational capacities of the methodology.

Figure 2 displays computed charges for Zn, Ti, O, and H. In
fully ionic systems, expected charges are +2, +4, —2, and +1.
However, Figure 2 shows values near +0.55, +0.95, —0.5 to
—0.7, and 0.35 e~ for these species, indicating significant
covalency in bonding, together with an underestimation of
absolute formal charges by DFTB. For further clarity, an
example of a single-point calculation is provided in Figure S1
in the Supporting Information.

2.1. Analysis of Interactions of MO Surface with
Water at 300 K. In Figure 1, insets depict the geometry
profile of the desired of each molecular system. Since all our
MD simulated structures were constructed with oxygen atoms,
counting the oxygen atom population permits the numerical
representation of structure topography. Figure 2 involves the
same visual structure of atomic charge for each atomic species
through the system. In both approaches, Figures 1 and 2 plot
show the separate layers of crystal in the slab, two interaction
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Figure 2. Formal charge of elements on the MO-water simulation
systems at 300 K; 600 K and hydrogenated 300 K. Red for metal, blue
for oxygen, black for hydrogen. Distance of atoms with respect to the
center of the water bulk.

domains on the top and bottom sites of water-MO regions
(interfaces of MO-water), and bulk solvent (H,O) molecules.

Figure 1 inset 1.1 shows the oxygen atom distribution in the
ZnO-water system at 300 K. The zinc oxide for this calculation
was made of four layers of ZnO, which are easily observed in
the figure, corresponding to the four double peaks between
—20 and —8 A, as well as the reproduction of the unit cell (in
red) in the four double peaks between 8 and 20 A. The peak at
—8.3 A corresponds to the Zn-terminated (001) surface,
whereas the peak at 8.5 A corresponds to the O-terminated
surface (001). The distance between the two internal ZnO
layers in the slab is 2.59 A, close to the bulk distance of 2.60 A.
Around —7.8 A appears a monolithic peak corresponding to
H,O molecules forming a first solvation layer on the surface,
indicating a strong interaction of the Zn-terminated (001)
phase and the aqueous phase. This peak is reproduced on the
O-terminated face at 7.5 A, as a first solvation shell; at 4.2 A, it
is observed as a second weaker solvation layer. Those peaks
indicate that first solvation shells are occurring as frozen-like
stationary layers with a retention time on the surface far
beyond the simulation time in this work. The rest of the region
between —7 and 4 A corresponds to liquid water molecules.
The average distances between the first solvation layer and
ZnO layers are 1.99 and 2.28 A, for Zn-terminated and O-
terminated surfaces, respectively. These values are in
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accordance with DFT static®”*® calculations and MD

simulations,” in the range of 1.97-2.20 A, being the
interaction between Zn and O of the water molecule more
stable; explaining why the O-terminated surface shows a longer
distance.

The same analysis for TiO,-water is in inset 1.2 of Figure 1.
The TiO, model consists of six layers with symmetric
terminations. These layers coincide on the tetra-furcate peaks
between —30 and —12 A (centered at —30.5, —27.1, —23.55,
—20.05, —16.35, and —12.8 A, respectively), which reproduces
due to the periodicity between the 13.4 and 31 A (at 13.4,
16.59, 20.3, 23.8, 27.45, and 31.15 A) Peaks at —10 and 10 A
are the interacting frozen-like water molecules of the first
solvation shell on the surface. A weak second shell is at —7.5
and 7.5 A. The distance between the first solvation layer and
TiO, is 2.01 A with respect to the outermost Ti atoms. Ti—O
bonds in the literature range from 2.10 to 2.25 A.*>*' This
difference probably arises from the Ti plane definition in our
model since Ti atoms are not perfectly on a straight plane but
are corrugated.

Figures 1 and 2 are replicas of the same frame of the analysis
approach. Therefore, the two sets of figures are super-
imposable. Figure 2 inset 1.1 displays the electron charge
distribution on the whole ZnO-water system. We observe Zn
(red) and H (black) charges in the positive ordinates, which
are mutually excluded since water does not enter the MO
region. On the negative side, O (blue) from the MO and water
molecules are present. As a mirror of Figure 1 inset 1,1, the O
atom charge accumulates in a pattern of four successive bars
(in blue), indicating O atoms localization (ZnO layers) in the
slab, and due to the structure organization of the MO, on this
positive side, bars in red correspond to the Zn atoms’ charge.
Black ones represent the H atoms, associated with water
molecules, between —8 and 8 A. In the range of —8 to —4 A in
Figure 2 inset (1,1), we observe a solid surface influence on
water molecules. In parallel, black and blue lines slightly
change the slope. With respect to the higher slope from —8 to
—6 A (at =7 A charge is 0.33 e7), black lines become a plateau
between —6 and —4 (at —S A charge is 0.32 7). Between —4
and 4 A (along the interval, the charge is 0.31e”), the line
indicates that molecules behave as bulk water. Also, on the
other face, the interaction zone reproduces itself with slightly
different characteristics in the range 8—4 A (charge at 7 and S
Ais 0.33 ¢ and 0.32 7).

In Figure 2 inset (1,1), at —10.2 A, Zn atoms become less
positive and O atoms become more negative on the first ZnO
layer. Redline initiates 0.59 e™ (a typical value for DFTB oxides
value in ZnO),* at 10.7 A, and drops after —10.2 A to 0.50 e~
(between —10.2 and —8.9 A). Correspondingly, the population
of the O atoms (blue line) takes —0.56 e~ at 10.7 A, —0.67 e~
at —10.2 A, and —0.66 e~ at —8.9 A. This drop in 0.1 e is in
the same line as found for single water molecules on ZnO for
DFT calculations, indicating a charge transfer in the
system.”’42 As a consequence, on water molecules at —7.2
A, the charge on the O atoms increases from —0.56 e~ (at —8.2
A) to —0.68 ¢ (=7.0 A).

Figure 2, inset (1,2), covers the complete inspection
components of TiO,-water at 300 K. The MO-water
interaction zone is observed in the H atoms line (in black),
from —11.6 to —10.1 A (charge is 0.36 e¢”) and until —=7.6 A
(charge is 0.32 e7). In a reciprocal sense, between —13.5 and
—11.8 A, Ti atoms (red line) on the surface lose their positive
electronic value in two intermediary step sections. Tiis 0.93 e~
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at —13.5 A, and it drops 0.85 at —12.6 A, and 0.89 e™ at —11.8
A. This drop is less than 0.1 e, and DFT studies show a
change from Ti*" to Ti’" is dictated by a charge transfer of 0.4
e;* therefore, Ti atoms are influenced by the presence of water
molecules in the top layer, although not enough for a formal
reduction of Ti atom. Charge of the O atom population at
—13.5 A (TiO, outer slab layer) is —0.50 e~, and at —12.6 A,
subtends to —0.46 e”, in good agreement with the reduction of
water molecules at DFT calculations on TiO, (from —0.56 to
—0.47 7).

In general, for all shown cases, a reduction of the formal
charges on atoms of the MO crystal and an increase of water
molecule charges are observed. This interactive relation is
evident in Figures 1 and 2 (e.g., in insets 1,2 of Figure 2, from
—12.6 to —=7.6 A). In the —13.5 to —7.6 A range, where the
interaction is clearly observed, the absolute charge change from
the two directions to the midpoint is 0.20 e~ on both sides. At
that point, charge pack-like compartments are noticeable.

As a final remark in this section, water interacts strongly with
the MO surface, and the first layers of water bulk sides gain a
“frozen” like behavior. In ZnO there exists a polarization of
water molecules on surfaces for Zn-terminated (—7.65 A) or
O-terminated (7.1 A) slab layers. Surface charge reduction on
metal atoms leads to a reciprocal increase in the charge of
interacting first solvation layer water molecules. That ends up
with a greater polarization of water molecules of the first layer
on the surface. In the TiO, model, both sides of the slabs are O
terminated and that polarization is less present due to the
symmetry of the slab.

2.2. Analysis of the Interaction at Reactivity
Conditions. 2.2.1. Analysis of the Interaction of the MO
Surface with Water at 600 K. In order to explore chemical
reactions on the surface in the short time framework of our
simulations, the temperature was increased up to 600 K;
therefore, this section aims to explore the effect of temperature
on the structure of water on MO crystals that are changed by
temperature. This temperature was chosen because is typical in
water-shift reactions on ZnO.**** To be able to make direct
comparisons with the systems at 300 K, the unit cell and water
molecules were kept identical.

The effects of the temperature rise in the water simulations
over MO are shown in the two middle insets of Figures 1 and 2
when compared with the corresponding above insets. In
general trend, the mobilization of system components
increased, particularly in bulk water and the solvation layers
on the interfaces. When comparing inset 1.1 to inset 2.1 in
Figure 1 (for ZnO), O atom peaks become symmetric on both
terminations of the slab (between —8 and 8 A). This
phenomenon arises from less stable “frozen” water layers
adsorbed on the interface. Peaks corresponding to the solid
ZnO slab are barely affected by the rise of temperature in
Figure 1. The liquid phase of the system (roughly through 6 A
to each side of the reference line) improves its plateau form by
increasing temperature.

In the case of TiO,—water (Figure 1 inset 1,2 at 300 K, and
inset 2,2 at 600 K), the increased mobility in the system is
reflected in the TiO, itself, with broader peaks in the slab
(between —32 and —12.5 A), indicating a greater excitation in
the phonons. Peaks at 10 A far from the reference line on the
positive and negative sides get broadened, indicating a major
mobility of water molecules in the first solvation layer. The rest
of the bulk water shows similar behavior in both cases in those
simulations for the O-counting distribution.
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In Figure 2 (inset 2,1), the ZnO-water interaction is
recognized between —8 and —4 A, and at 8 to 4 A. The 9 A
tick reflects the H atoms’ position kept around surfaces and
depolarization of charge, which coincides with the escalating H
charge line form in black. Furthermore, related to this charge
delocalization, we observe more negatively charged oxygens
and more positively charged zinc atoms.

The same representative organization was followed on the
TiO, crystal in Figure 2 (inset 2,2), with six layers of the solid
phase between —31.95 and —11.25 A and also on the positive
side by system periodicity. Toward —15 to —11.1 A (and as a
mirror in the positive site), charge delocalization is visible
between the three basis atom types in the system. The overall
increase of mobilization in the system due to temperature
decreases the vertical lines in solid phase representation. In
parallel, water molecules’ H atoms may be found englobed in
the first, water-facing metal layers. This fact points to highly
mobilized individual molecules and reciprocal crystal oscil-
lations through calculation trajectories.

A remarkable effect of increasing the temperature was some
water molecules split on the ZnO system at 600 K, forming
Zn—OH groups on the surface after 8.7 ps of simulation. As an
extrapolation to long-term simulation, this may affect the
stability of the surface and become the seed for the dissolution
of the surface, ie., Zn—O—Zn bonds being broken in the slab
to form ZnO,_,(OH),, species in solution®'. In the case of
TiO,, no reactivity of water on the surface was observed. This
may be related to the much lower solubility of TiO,* with
respect to ZnO due to the difficulty of starting the breaking of
Ti—O bonds.

Finally, in both ZnO and TiO,, there exists an increase in
the distance between the metal atoms forming the first and last
layers of the MO crystals, from 10.1 to 10.5 A, for the ZnO
slab, and from 18.9 to 20.7 A for TiO,, indicating a clear
thermal expansion of the solid structure.

2.2.2. Analysis of the Interaction of the Hydrogenated
MO Surface with Water at 300 K. We modified the O-
terminated surface on the slabs to mimic low pH regimens in
the system, limited to noncharged surfaces. An H atom was
situated on top of each O atom of the corresponding surface (1
monolayer (ML) of H atoms) to saturate the surface with O—
H bonds. In the case of ZnO, only the O-terminated surface
was saturated with H; for TiO, the two symmetric surfaces
were saturated with H. This model does not englobe all the
features of a low pH medium; nevertheless, it is a first step to
studying the interaction of water with hydrogenated MO
surfaces.

For TiO,, the saturated surfaces (with 8 H atoms per side)
were stable during the whole MD simulation, and we could
make an analogous analysis as in the previous sections.
However, for ZnO, simulations led to a very different result.
The formation of O—H bonds on the surface led to the
instability of the internal ZnO bonds and the slab structure
changed; this led to systems that chemically did not follow the
same perfect crystal surface structure, and the systematic
analysis performed in previous sections could not be extended
in this case. Furthermore, to try to avoid the effects of
disrupting the ZnO slab with the H saturation, we made tests
decreasing the amount of H on the surface for 1, 0.5, 0.25 ML,
-+ down to the minimum saturation of one single H atom on
the O-terminated surface, corresponding to 0.125 ML. In all
cases, the internal ZnO slab structure was affected by the
presence of the O—H bonds of the surface, indicating a
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potential initial step for the ZnO surface dissolution. It is
noteworthy to mention that this difference in the chemistry of
ZnO and TiO, surface with respect to H saturation may be
related to the different solubility of both metal oxides, being
the ZnO 3 orders of magnitude more soluble than TiO, and
indicating an initialization of the dissolution mechanism.**™**
This is again in agreement with the previous section, where
reactivity on the ZnO surface was observed, whereas TiO, was
inert with no reaction starting.

When analyzing MD simulations at 300 K changes of the
hydrogenated structure in TiO, (Figures 1 and 2, insets (3,2))
with respect to bare TiO, (insets (1,2)) with water, unit cells
were increased by 2 A to accommodate the two extra H layers
on the surface. Therefore, all peaks were displaced 1 A to the
sides with respect to the bare system. As a general trend,
neither the bulk of water nor the inner slab peaks were affected
by the presence of the H layer, and only the interface region
showed changes referring to the bare surface.

In Figure 1 inset (3,2), peaks at —12.5 and 12.5 A decreased
in intensity and split into secondary small peaks at —12.25 and
12.25 A. Also, the double peaks corresponding to the first
solvation layer at —10.5 and —9.5 A, and the corresponding at
the other surface of the slab, got broader and less spiky,
indicating that water-slab interaction was less effective when
the TiO, surface got saturated with H; corroborated by the
almost disappearing of the second solvation layer, which was
present in the bare surface.

For the electronic structure analysis, Figure 2 (3,2) shows
that peaks and lines corresponding to slab TiO,, and bulk
water, are barely affected by the H layer; nevertheless, one
observes significant changes in the interface regions between
—15 and —10 A (and the symmetric correspondence at
positive x-axis values). Ti atoms electrons (red line) in the first
TiO layer of the surfaces (—13.5 and 13.5 A, on both faces of
the slab) decrease from 0.9 e~ on the bare surface down to
0.55 e” to the most exposed ones. This is associated with the
reduction of Ti** to Ti**, as observed in DFT calculations.** In
the case of H (black line), the surface of the O—H layer is at
—12.5 A (and the corresponding at 12.5 A). This layer affects
water H atoms; for the bare surface, there was an accumulation
of H charge at the surface (baseline in the bulk of 0.35 e~
converted into a peak of 0.4 e”); nevertheless, for the
hydrogenated surface this feature of accumulation is lost, and
one observes two tiny peaks (a variation in the baseline of <0.1
e”) at the interface of the H line corresponding to the O—H
bond and the first water solvation layer on the slab. Finally,
Oxygen electronic distribution shows in the bare surface
(Figure 1(3,2)) an empty zone at —11.5 and 11.5 A, due to the
ordering and orientation of the waters on the first solvation
layer; this feature is lost in the hydrogenated surface probably
due to the weaker interaction between the hydrogenated
surface and water molecules in the first solvation layer.

3. DISCUSSION

In this study, we performed SCC-DFTB/MD calculations in a
systematic way to explore the electronic and structural
dynamics of water and zinc oxide/titanium dioxide interfaces
(as an example for a more general perspective for MO
materials) under realistic conditions (temperature and
density). Furthermore, as a result of our methodology, we
provided information about the stability and convergence of
simulation models under specific chemical conditions at the
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DFTB level, although longer simulation periods may be
necessary to explore further chemical reactions on the surfaces.

The first group of models in this work represents MO
surfaces in aqueous conditions at 300 K, with the TiO, slab
being symmetric, whereas the ZnO is asymmetric. There exists
a first solvation shell on the surface and a weaker second
solvation layer. Distances of peaks representing the slab MO
surface and the first water solvation shell agree with previous
literature’” >’ for single and double water molecules adsorbed
on the surfaces, as well as models with only one solvation layer
at the DFT level. At 600 K, those second water layer peaks
become flat, as expected from a higher kinetic energy regimen.

The second group of models deals with the interaction of
MO surfaces with water at 600 K. Peaks corresponding to
second solvation water shells vanish, whereas those for the first
solvation layer are less intense. Charge distribution lines of
metal atoms decrease as a general trend, associated with the
larger atomic mobility in ZnO, the general profile of the charge
peaks remains, whereas in the TiO, model, a significant
decrease shows up on both surfaces, and this effect weakens
from the MO surface toward the interior.

The last group of simulations was a first approximation to
simulate low pH conditions, with a hydrogen layer on top of
the MO surfaces; although the hydrogenated TiO, model
converged under those conditions, the hydrogenated ZnO
model was not stable. Due to the geometric and electronic
calculation steps, which are not naturally possible (at initial
steps of MD, hydrogenated structures showed negatively
charged Zn atoms) that occur with the inclusion of hydrogen
atoms in the system, results had to be excluded from the
analysis. However, this may be a sign of an initialization
mechanism for ZnO surface dissolution and the release of Zn
ions to the medium.

For hydrogenated TiO, simulations, the direct surface
interaction of water molecules was reduced by the H shielding
with respect to the bare TiO, surface. In charge analysis, at
—11.7 and 11.5 A, peaks due to H new layer on the surface
appears by hilling in the black line. As a consequence, the
shielding of H atoms makes the TiO,—water interaction less
effective, and the charge transfer from the TiO, slab surface
water molecules is less effective.

As a final remark, no reactivity causing surface modification
was encountered in the models at room temperature, beyond
the aforementioned case of the hydrogenated ZnO surface. On
hydrogenated surfaces and high-temperature conditions, oxy-
gen atoms on the surface could torsion, and on hydrogenated
surfaces, the hydrogen atom layer was stable on the surface.
The method used combining DFTB/MD offers a good
capability to study the dynamics of MO-aqueous interfaces at
room temperature conditions in combination with a lower
computational cost than DFT.

4. METHODS

This work was performed in the framework of density
functional tight binding (DFTB), a method based on the
truncation of the Taylor expansion of the electronic structure
calculations, which results in good agreement with ab initio
density functional theory (DFT) calculations. In this manner,
it is two to three orders of magnitude faster than DFT
methods.*”*° The method provides qualitatively correct results
for the electronic and geometrical structures. Because of its
advantages, the DFTB method is increasingly demanded, in
exploring chemistry besides ab initio or DFT methods.”' ™"
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Currently, the synergetic use of MD simulations and DFTB
brings the possibility of describin§ dynamic systems as liquid
water.”>** In a previous study,”””> DFT (on VASP)***® and
DFTB (on DFTB+)’""” methods showed consistent qual-
itative results and trends for anatase and rutile crystals,
referring to the reliability and robustness of the less costly
methods.”

4.1. Computational Details. In this work, DFTB+"""’
software was employed to perform DFTB/MD simulations at
the self-consistent charge (SCC)DFTB technique (also known
as DTFB2).°*7° Code version 20.1°" of DFTB+ was executed.

The energy of the systems was evaluated in the first Brillouin
zone on the I'-point. System components are described with
the atomic interaction usin§ the Slater-Koster files from the Ti-
org,62 Zn—org,63 and Mio® parameter sets. Those SK files do
not include the correction for dispersion forces in the system
because the dispersion parameters for Ti are not publicly
available. Therefore, to maintain consistency in calculations, all
parameters used in this work are at the DFTB2 level, including
Zn, O, and H. All included simulation systems in this study
were carried out in periodic boundary conditions (PBC).

Constant temperatures at 300 and 600 K were applied for
simulations using the Nosé—Hoover chain thermostat
algorithm®® in the NVT ensemble. All MD simulations were
carried out using the velocity—Verlet algorithm. All atoms were
allowed to move freely due to kinetic energy coming from
finite temperature MD.*® Simulations were run from 10
(simulations for bare systems at 300 K) to 15 ps (simulations
at 600 K or hydrogenated surfaces at 300 K) with 1.0 fs
timesteps. To compute the time average properties, the first 2
ps of simulations were discarded as pre-equilibration time, as
shown in Figure S2 in the Supporting Information. The total
electronic energies converged through a maximum of 1000
SCC cycles or until a difference of 107 eV or lower in
consecutive SCC cycles was found, ensuring the numerical
stability. Electronic charges were calculated using the Mulliken
population analysis implemented in the DFTB+ software. The
Ewald summation procedures were automatically activated in
DFTB+ to correct the existence of permanent dipoles in the
system.

Finally, for the analysis of the obtained data, we built a script
that plots a distribution figure for species’ electronic charge
and O atom accumulation per unit area. The analysis was
based on the time-averaged analysis of all time steps in the
perpendicular axis to the surface in a grid sectioned in the
intervals of 6z = 0.0 A. In the final plot, two consecutive unit
cells of periodic calculation were maintained, exposing solvent
interactions between solid layers of MOs. In order to accelerate
the analysis without losing information, only one trajectory
every five steps was taken into account in the time-averaging
process.

Finally, in order to compare electronic structure parameters,
we computed time-averaged bandgap values from energetically
equilibrated trajectory frames (Supporting Information,
Section S3). DFTB shows for bulk ZnO wurzite and TiO,
anatase®"*>%® band gaps of 4.1 and 3.2 €V, closer to band gap
experimental values (3.3 and 3.2 eV, respectively) than pure
DFT GGA calculations (0.9 and 2.1 €V,*® respectively). The
simulation of band gaps in our solvated systems showed band
gaps of ~32-3.3 eV for ZnO-H,0 and ~2.6—-3.0 eV for
TiO,—H,0, close to those of bulk materials. It is noteworthy
that the hydrogenation of the TiO, surface makes the system a
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conductor and the band gap vanishes due to the presence of
hydrogens on the surface.

4.2. Simulation Models. The ZnO (001) wurtzite surface
slab model used in our calculations consisted of 128 atoms (64
Zn, 64 O), which was formed by a supercell with the lattice
parameters of a = b = 12.99 A, ab = 60° angle, and ¢ = 27.46 A.
The TiO, (101) Anatase surface slab model consisted of 288
atoms (96 Ti, 192 O), which was formed by a supercell with
the lattice parameters of a = 15.08, b = 10.28, and ¢ = 43.87 A.

Due to the PBC calculations, slab models were naturally
grouped in tiers. H,O molecules were then included in the unit
cell as liquid components of the system. Concurrently, 2.0 A of
the interaction zone between the added water boxes and water-
facing solid surfaces was preserved for the initial MD steps.
Allocated water boxes in unit cells have been framed in lattice
vector sizes. Total water heights (on the Z-axis) were 15 and
20 A for ZnO and TiO, setups, respectively.

The size of the supercell, the thickness of the water box, and
the adjustment of lattice parameters were determined after
conducting prior simulations on bulk material and water boxes
that analyzed specific details such as density, average energy,
and simulation temperature, as determined in previous
work.””**

To mimic natural system conditions, the water density was
maintained at its natural density (p = 1 g-cm™) by including
the proportional number of water molecules (73 and 112 H,O
molecules for ZnO and TiO,, respectively). Figure 3 illustrates
the studied models in their initial configurations.
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Figure 3. TiO, (a), hydrogenated TiO, (b) anatase, and ZnO (c)
wurtzite models. Red is for oxygen, blue for titanium, gray for zinc and
white for hydrogen.

Finally, we hydrogenated the terminal O atoms of the ZnO
(001) and TiO, (101) surfaces to examine chemical
modifications on the MO surface for simulations at 300 K.
Hydrogen atoms were placed at 1 A outward from the surface
oxygens (16H for each MO). For TiO, hydrogen atoms were
placed on both sides. For ZnO, hydrogenation occurred only
for the O-terminated side of the ZnO (001) surface. Each
Hydrogenated surface is reflected as an additional 1 A to ¢
dimension of the aforementioned unit cells. Further
clarification regarding models, the data collection process
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described in the reference data set,”” and Supporting
Information (Figure S3).
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