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Abstract: Defects and water generally co-exist on the surfaces of reducible metal
oxides for heterogeneous photo-catalysis in aqueous environments, which makes
quantification and understanding of their coupling essential for development of
practical solutions. To this end, here we explore and quantify the coupling between
water (H20) and hydrogen (H) induced electron-polarons on the TiO; anatase (101)
surface by means of first-principles simulations. In the absence of H>O, the hydrogen-
induced electron-polaron localizes preferentially around the energetically favored sub-
surface H site. Its hopping barrier to neighboring sites in the sub-surface is about 0.29
eV. Conversely, following H>O adsorption, surface trapping of the electron-polaron
becomes energetically favored, and the diffusion barrier from sub-surface to surface
decreases by 0.15 eV. H,O adsorption is shown to be effective also in decreasing the
proton diffusion energy barrier within the same layer by reducing the polaron-proton
coupling, and promoting diffusion towards the sub-surface in line with recent
experimental observation on water-dispersed anatase TiO2 nanoparticles [Nat Commun
2018, 9, 2752].



1. Introduction

Since Fujishima and Honda first discovered the decomposition of water on TiO>
electrode under ultraviolet light in 1972,! TiO, has become one of the most widely used
photo-catalysts. Defects are inevitably present in TiO> samples due to the synthesis
procedure, and known to drive the physical and chemical properties of the substrate.
The role of defects, such as oxygen vacancies, Ti interstitials and hydroxyls for the
surface reactivity of TiO has been extensively studied.?!® Excess electrons donated by
such defects can interact with lattice phonons to form (electron) polarons, which in turn
may affect the system’s charge carriers mobility as well as its chemical reactivity® !!-1°,
Understanding the formation and properties of polarons in TiO; is therefore crucial for
rational design of high-performance photo-catalysts based on this material.

Recently, extensive theoretical and experimental research has been devoted to the
behavior of polarons in transition metal oxides, especially on TiO2. The formation and
stability of polarons in anatase and rutile TiO2 have been widely discussed. > ¢ 20-33
Several computational studies have suggested that polarons in rutile are more stable
than that in anatase, with the details of the simulation protocol e.g. standard vs. hybrid
Density Functional Theory (DFT) being critical for the results of the simulations. >!%*
Setvin et al*! suggested that the excess electrons in rutile prefer to form a small polaron,
localized at any Ti atom, and that such small polarons can hop between neighboring
sites. In contrast, Scanning Tunneling Microscopy (STM) and Spectroscopy (STS)
results supported by DFT simulations indicate that excess electrons in anatase are found
to prefer a free-carrier state, and can only be trapped near oxygen vacancies. Perhaps

1.2 found that the calculated stability of polarons in TiO»

unsurprisingly, Spreafico et a
is sensitive to the amount of Hartree-Fock exchange. On the basis of random phase
approximation (RPA) calculations using PBEO functional with 30% Hartree-Fock
exchange, it was found that excess electrons can form stable polarons in anatase too, in

the absence of any defect.

The defects donated excess electrons can transfer from one site to another in TiO2,
thus affecting the chemical reactivity.> Kowalski et al found that the excess electrons
induced by the oxygen vacancy in rutile TiO; preferentially stay at the second sub-
surface layer. However, first-principles molecular dynamics (FPMD) simulations
indicate that they can also fluctuate from surface sites to the third sub-surface layer.?’
Reticcioli et al. found that polaron trapping in the bulk is energetically less favorable
than on surface and sub-surface sites, and that the polaron can easily hop from sub-



surface to surface. The same authors also suggested that the distribution of polarons
could affect the stability of TiO, surfaces based on first-principles calculations and
experimental surface characterization techniques.** DFT+U simulations by Selcuk and
Selloni indicate that the distribution of excess electrons is strongly affected by the
exposed anatase surface, its environment and the nature of the electron donor.?

As the precise distribution of polarons between the surface and sub-surface region is
expected to strongly affect surface reactions, the interaction between polarons and
adsorbates has attracted wide interest. 338 DFT+U results by Deskins et al.>* suggest
that charge transfer from the reduced surface to the adsorbate occurs when the
electronegativity of the adsorbate is larger than the surface electronegativity. Reticcioli
et al.*> found that the CO adsorption on the rutile TiO2 (110) can induce polaron
diffusion from the sub-surface to surface region because of favorable polaron-CO
interactions. By interplay between STM measurements and DFT calculations, Yim, et
al.’® suggested that water adsorption could also affect the distribution of polarons.
Specifically, they found that surface adsorbed water and methanol can attract excess
electrons to the surface due to energetically favorable coupling between adsorbates and
polarons.

Water (H20) is invariably present on the TiO, surface in non ultra-high vacuum
condition, and it is known to dissociate into one hydroxyl (OH) and one hydrogen atom
(H) at ambient conditions.* The hydrogen atom can diffuse from the surface to the sub-
surface.!® ** Meanwhile the introduction of the hydrogen can also introduce excess
electrons and, potentially, polarons in the system, which could affect light absorption
properties by the corresponding gap states.*! TiO» hydrogenation under high Ha
pressure leads to formation of solar-light absorbing black TiO,.*? Using a combination
of in-situ Transmission Electron Microscopy (TEM) and DFT calculations, Lu et al
suggested that hydrogen treatment of TiO leads to accumulation of hydrogen into the
sub-surface region. They found that a thin nanoscale layer of amorphous hydroxylated
TiO; forms at the beginning of the photocatalysis in water environment, which greatly
affects Ha production.*® Although, these results clearly indicate that the distribution of
hydrogen in TiO> samples play a vital role for the catalytic reactivity of the substrate,
the details of the interactions between hydrogen contamination and excess electrons in
TiO, are fare from established in the currently available literature.

Motivated by these considerations, and the lack of previous results on the matter,**
38 here we quantify, by first principles simulations, the mutual effects that hydrogen-
induced polarons and adsorbed water molecules exert on one another at anatase (101)
surfaces, with special attention to the energetically favored trapping site of both the
hydrogen contamination and the polaron as well as their diffusion barriers. In the first
part of the paper, we investigate the dependence of the polaron distribution on the
surface or sub-surface adsorption of hydrogen. The changes in atomic and electronic
structure induced by the polaron are characterized and discussed in detail. In the second
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part of the paper, we quantify and discuss the coupling between the hydrogen-induced
polaron and water adsorption together with its role in affecting both the energetically
favored polaron distribution and diffusion of hydrogen in the system.

2. Computational methods

The DFT calculations were carried out using the CP2K package,* that describes
electrons’ wave functions by a hybrid Gaussian and plane wave approach. The cutoff
of the plane wave was 280 Ry. To investigate the properties of polaron in anatase TiO:
(101) surface, and following earlier results by Spreafico et al.’?, we used the PBEO
hybrid functional** * with 30% Hartree-Fock exchange. The Goedecker-Teter-Hutter
(GTH) pseudopotentials*® were used to describe the core electrons. The wavefunctions
of the valence electrons were expanded using the optimized double-zeta polarized basis
sets (m-DZVP).*’ The auxiliary density matrix method (ADMM)*® was employed to
reduce the cost of simulations. As discussed in the specialist literature, excess electrons
in anatase tend to be localized at small concentration,? as predicted by RPA. In Ref. 22,
30% Hartree-Fock exchange was used to obtain stable polarons.?? The anatase TiO>
(101) surface was modeled using four tri-layers following Ref. 25 with (1x4) (10.36 A
x15.06 A) surface supercells. A vacuum-buffer of 12 A is used to separate replicated
images of the slab along the non-periodic direction perpendicular to the plane of the
slab. The structures were fully relaxed with a SCF convergence of 2x10” Hartree.

To calculate the polaron transfer energy, the polaron hopping mechanism based on
the Marcus/Emin-Holstein-Austion-Mott (EHAM) theory was employed.**->* In this
approach, the electronic states are described in form of parabolic energy surfaces. The
transition state is the cross point of the energy surfaces for the initial states and final
states. A linear interpolation scheme™ was used to fit potential energy surfaces and
quantify the energy barrier for polaron hopping between adjacent (Ti) sites. Energy
barriers for proton diffusion were computed using the climbing-image nudged elastic

band (CI-NEB)** method as implemented in CP2K with a spring constant of 0.2 eV A
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Figure 1. The atomic structure and crystallographic directions of the anatase (101)
surface in the presence of surface and sub-surface H adsorption. (a) Schematic model
of the TiOg unit. (b) The sur-6¢ site for the polaron induced by a surface adsorbed
hydrogen. (c¢) The polaron sur-5c site for surface hydrogen. (d) The sub-1 site for sub-
surface hydrogen. () The sub-2 site for sub-surface hydrogen. (f) Schematic model of
the TiOs unit. The blue, red and white balls represent Ti, O and H atoms, respectively.
The purple octahedrons show the calculated the crystal fields for the given Ti ion. The
yi and z; axes (i=1,2) run parallel to the (101) slab-plane. Conversely, the x; axes are
perpendicular to the slab-plane.

3. Results and discussion

3.1. Polaron induced changes in the octahedral crystal field

In order to investigate how the H adsorption affects the catalytic properties of
transition metal oxides, the anatase TiO2(101) surface is taken as model system. The
anatase (101) surface present two kinds of surface oxygen atoms with two- and three-
fold coordination (Fig 1b and c). The adsorption sites for H have been previously
investigated.” ' When H is adsorbed on the surface, the polaron induced by the H
typically prefers to stay at the surface rather than at the sub-surface region. On the
surface, the polaron can trap either at the five- fold coordinated (sur-5c¢) or the six-fold
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coordinated (sur-6¢) site.

When the H is adsorbed at the sub-surface. The polaron introduced by the sub-surface
H typically sits at three sites in the surface (sur-6¢) and sub-surface (sub-1, sub-2), as
shown in Fig. 1. The relative and adsorption energy of each considered site is listed in
Table 1. Our simulations indicate that H prefers to adsorb on the surface rather than at
the sub-surface by about 0.41 eV, which is in agreement with previous work.” '° For
surface H, the energy of the sur-5c or sur-6¢ are nearly degenerate to within 10 meV.
Thus, the simulations indicate that the polaron on the surface can nearly equivalently
sit on the sur-5c or sur-6c¢ site. For the sub-surface H, the polaron prefers to stay in the
sub-surface rather than on the surface by about 0.16 eV.

Table 1. Comparison of the calculated energy for the considered systems with surface
and sub-surface H-adsorption as a function of the polaron trapping site. Same labeling
as in Fig. 1. The energy of the most stable structure is set to zero. (Eyeative = E —

EStable . Eadsarptian =E- Epe}ffécl -1 / 2EH2 )
H-surface H-sub-surface
sur-5¢ sur-6¢ sub-1 sub-2 sur-6¢
Erelative (€V) 0.01 0 0.44 0.41 0.57
Eadsorption (€V) -0.31 -0.32 0.12 0.09 0.25

Next, we analyze how the polaron affects the crystal structure for the different
systems considered. As mentioned above, the polaron can nearly equivalently sit at
either the sur-5¢ or sur-6¢ site for the energetically favored surface adsorption of H.
When the polaron is trapped at the sur-6¢ site, its Ti-atom is reduced from a pristine
Ti*" state into a Ti** one. As shown in Fig. 1 and Table 2, the x; vector marks the Ti-O
bond towards the surface, whereas the x» vector represents the Ti-O bond towards the
sub-surface. The x; bond is obviously shorter than the x» one because of the surface
relaxation, which compresses inter-layer distances (also known as “surface effect”).
The x1 vector of the Ti atom in the sur-6¢ site is elongated from 1.823 A to 2.106 A
because of Jahn-Teller effect (JT), while the y> and z; ones are increased by 0.1 A. The
other bond vectors of the Ti atom at the sur-6¢ do not change substantially. As shown
in Fig. 2, the orbital occupied by the polaron corresponds to the 3dx,. When the polaron
stays at the sur-5c site, the z; vector of the octahedral field centered on the sur-5c¢ Ti-

atom is increased from 1.804 A to 2.015 A, and the x» axis is elongated from 1.753 A
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to 1.935 A. The changes on the other bonds change are minimal.

As for the sub-surface H adsorption, there are three possible sites for the polaron to
trap. One is the sur-6¢ site, similar to the surface case. The other two, sub-1 and and
sub-2 in Table 1 and Fig. 1, are just beneath the oxygen atom bound to the sub-surface
H. We refer the the sub-surface Ti-atom closest to the surface Ti as sub-1. The other is
referred to as sub-2. When the polaron stays at the sub-1 site, the main changes are
induced on the x; Ti-O bond, which is elongated by about 0.2 A. If the polaron lies at
the sub-2 site, the length of the z; Ti-O bond is also increased by about 0.2 A. When the
polaron stays at the sur-6¢ site, the main change is along the x» vector, again with an
extension of about 0.2 A. As shown in Fig.2, we calculate the polaron to have tye
character, in accordance with crystal field theory for local octahedral coordination.
These results indicate that although the H-adsorption induced polaron can sit at several
different sites, the bond elongation and structural relaxation are determined by the
trapping site of the polaron rather than the adsorption site for the H-atom.
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Figure 2. The calculated Ti*" 3d orbital-resolved DOS (left) and corresponding real-
space distribution of the polaron spin-density (right) for the different polaron trapping
sites in the presence of both surface and sub-surface hydrogen adsorption. The
isosurface for the spin density is 0.08 [a.u.].

Table 2. The calculated bond lengths (A) around the Ti ion for the perfect hydrogen-
free anatase (101) surface (P), and following hydrogen-induced polaron formation,
together with the corresponding 3d occupied orbitals (last row). H(x,y,z12) indicate that
the H-atom adsorbs along the (X,y,z1.2) axis of the crystal field centered on the Ti** atom.

sur-5¢ sur-6¢ sub-1 sub-2 sur-6¢
structure

P H (z1) P H (x1) P H (x1) P H (z1) P H (x2)
X1 - - 1.823  2.106 1.863 2.066 1.966 2.049 1.823 1.878
X2 1.753  1.935 2.045 2.038 1.983 1.965 1.835 1.907 2.045 2.221
vi 1.961 1.967 1.927 1.931 1.929 1.972 1.93  2.005 1.927 2.007
Y2 1.961 1.977 1.927 2.028 1.929 2.022 1.93  2.002 1.927 2.031
Z1 1.804 2.015 1.971 2.073 1.952  2.001 1.971 2.182 1.971 2.021
Z 2.021 2.026 2.082 2.062 1.975 2.003 1.96 1.983 2.082 2.133

orbital - dx, - dx - dyy - dy, - dy,

3.2. The role of water adsorption for the polaron localization

In addition to the structural changes caused by localization of the polaron, its
interaction with molecular adsorbates is also expected to play an important role for the
system’s photo-catalytic activity. Since TiOz is a promising substrate for decomposing
water and photo-degradation of organic contaminants in waste water, understanding of
the interactions between water and defect-induced polaron is essential for rational

development in the field.

As previously found, the diffusion of hydrogen from surface to subsurface becomes
much easier with the water adsorption on the surface.*’ In addition, thin hydroxylated
layers of TiO2 can be formed in the real photo-catalysis processes. These layers have
been shown to be critical for the production of H».*’ Previous work has also shown that
adsorbates can change the distribution and properties of polarons because of the
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physical coupling between the adsorbates and the polarons.**3® In spite of these
published results, the coupling between adsorbed water and the polarons due to
hydrogen contamination, and the role of such coupling for the trapping and diffusion of
both protons and polarons, remain unquantified. To contribute to this knowledge gap,
in the following we disentangle and quantify the water-hydrogen-polaron coupling at
anatase TiO2(101) surfaces, together with its role for polaron/proton trapping and
diffusion.

We start analyzing, the role of water adsorption for the localization of hydrogen-
induced polarons. The results in Table 1 for the (101) surface in the absence of adsorbed
H>O indicate that the polaron prefers to trap at the sub-surface region in the presence
of sub-surface H-atoms (sub-2 site). This polaron-localization geometry is about 0.16
eV more stable than the one at the surface (sur-6¢). Conversely, when a H>O molecule
adsorbs over the sur-5¢ Ti-site, the energy-favored site for polaron-trapping changes
from the original sub-2 to sur-5¢ (Table 3), being sur-5c favored by 0.02 eV over sub-
2. These results indicates that the H>O adsorption can change the distribution of the
polaron. More importantly, the polaron moves from the sub-surface to the surface. The
novelty of these results stem from the fact that, although evidence of adsorbate-induced
changes in the polaron distribution have been previously reported in Refs. %, these
studies focused predominantly on excess electrons induced by oxygen vacancies or
interstitial Ti-atoms, neglecting hydrogen contamination and related excess electrons
(polarons).

As shown in Table S2 in the Supporting Information, the calculated water-induce
inversion in the relative energy of the polaron trapped at the sur-5c site with respect to
sub-2 localization is, not unexpectedly, sensitive to the amount of Hartree-Fock
exchange (HFX) included in the simulations. Reduction of HFX from 30% to 25% leads
to the sub-2 polaron trapping site remaining favored by 30 meV over the sur-5c one
even in the presence of H>O, in contrast with the 30% HFX result. However, the 25%
HFX sub-2/sur-5c energy difference is nevertheless by a factor of over five with respect
to the analogous difference for the bare surface (from 0.16 eV, Table S1, to 0.03 eV,
Table S2). These results indicate that the main qualitative conclusion of the manuscript
remains valid regardless of the amount of HFX included in the simulations: by changing
the relative trapping energies, H>O adsorption can alter the distribution of H-induced
polarons in anatase TiO>(101).

To understand why water adsorption changes the energy-favored distribution of the
polaron, we analyze the atomic structure of the systems under study before and after
water adsorption (Fig. 3). The initial bond angle of O-Ti-O for the sur-5c¢ site in the
polaron and adsorbate free surface is about 164.96°. When the polaron localizes at the
sur-5c site, the bond angle increases to 168.72° because of the previously mentioned
elongation of the Ti-O by 0.2 A (Table 2). Similarly to polaron trapping, also water
adsorption increases the bond angle to 174.61° with parallel ~0.1 A elongation of the
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Ti-O bond opposite to the HoO molecule. Thus, both polaron trapping and water
adsorption help to release the effect of surface strain, contributing to partial recovery of
the perfect octahedral crystal field for the Ti-atom at the sur-5c site. When both the
polaron and water sits at the sur-5c site, the O-Ti-O angle becomes 178.51°. Overall
these results demonstrate that the coupling between water adsorption and polaron
trapping is effective in turning the underlying TiOg unit into a nearly prefect octahedral
crystal field, reducing the strain energy.

Table 3. Comparison of the calculated energies for the considered systems with sub-
surface H-adsorption as a function of the polaron trapping site after water adsorption of
water on the surface.

site sub-1 sub-2 sur-5c¢ sur-6¢
Erelative (€V) 0.07 0.02 0.00 0.25
Eadsorption (€V) 0.15 0.10 0.08 0.33
164.96° 168.72°
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Figure 3. Schematic diagram of the H>O-induced structural changes before and after
the polaron localization at sur-5c. The isosurface for the polaron spin densities (right
panels) is 0.12 [a.u.].
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As first step towards inclusion of solvation effects in the simulations, we modeled
also adsorption of 1 mono-layer (ML) H20 (8 molecules). These simulations reveals
further details of the role of H,O adsorption in altering the relative energies of polaron
trapping at anatase. As shown in the Supporting Information (Table S2), for 1 ML H>O
coverage polaron trapping at the sub-2 site is about 0.05 eV more stable than at the sur-
5c one. Although in qualitative contrast with the 1/8 ML results (sur-5c favored over
sub-2 by 0.02 eV), the 0.05 eV energy difference for 1 ML is three times smaller than
what calculated in the absence of H>O adsorption (Table 1 and Table S2: sub-2 sites
favored by 0.15 eV over sur-5c). These observations reiterates the main point of the
manuscript: by changing the relative trapping energies, H>O adsorption can alter the
distribution of H-induced polarons in anatase TiO2(101).

To further investigate the effects of water adsorption on the polaron properties, we
extended our study by considering also polaron hopping among the four typical (101)
trapping sites, namely sur-6¢, sur-5c, sub-1, and sub-2. Fig. 4(a) reports the possible
transfer pathways we considered both in the presence and in the absence of adsorbed
water. The energy favored paths are displayed in Fig. 4 (c).

The lower energy of the structures with sub-surface polaron trapping with respect to
those with surface polaron localization in the absence of H>O adsorption (Table 1)
indicates a clear tendency for the polaron to diffuse from the surface to the sub-surface
region. As shown in Fig.4, the energy barrier from sur-6¢ to the sub-1 is about 0.33 eV,
and that of reverse process is about 0.46 eV. The energy barrier from sur-6¢ to sub-2 is
about 0.38 eV, and the one from sub-2 to sur-6¢ is 0.54 eV. The energy barrier from sur-
Sc to sub-2 is 0.27 eV, while that from sub-2 to sur-5c¢ is 0.42 eV. These results clearly
indicate that, in the absence of H>O adsorption, diffusion of the polaron from the surface
to the sub-surface is energetically favored. The (over 0.12 eV) larger diffusion barriers
for the inverse process, suggest that, once transferred, the polaron should remain in the
sub-surface region, especially at room temperature. The nearly identical energies and
lower diffusion energy barriers between different structures with the polaron trapped in
the same layer (sur-6¢/sur-5c¢ and sub-1/sub-2 in Fig. 4(d) suggest that the polaron could
transfer forth and reverse in the same layer.

Next, we quantify the extent to which H,O adsorption affects polaron diffusion. As
previously discussed (Table 3), in the presence of H»O, the sur-5c¢ site is the
energetically favored polaron trapping site. As shown in Fig. 4(d), the calculated
hopping barriers from sur-6¢ to sur-5¢ becomes 0.11 eV, which is about 0.21 eV smaller
than the one without water adsorption. In addition, the adsorption of water changes the
energy-favored polaron-transfer direction between sur-6¢ and sur-5c. Moreover, the
energy of sur-5¢ becomes lower than that of sub-2. Thus, water adsorption induces
polaron transfer from the sub-2 to the sur-5c site, promoting its diffusion from the sub-
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surface to the surface with a relatively low energy barrier of 0.27 eV. The other transfer
pathways do not change significantly in the presence of H>O adsorption.

The reversal of the relative energies between initial state and final state for the
polaron diffusion, together with the smaller barriers, altogether suggest that the water
adsorption promote the diffusion of the polaron transfers towards sur-5c. These results
demonstrate that HoO adsorption can change the distribution of hydrogen-induced
polarons in anatase (101) surfaces. Fig. 4(c) shows the lowest-barrier path of the
polaron from the sub-surface to the surface in the presence of water: following hops
between the sub-1 and sub-2 sites, the polaron eventually transitions from sub-2 to sur-
Sc.
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Figure 4. (a) The calculated polaron-hopping pathways without water. (b) The
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calculated polaron-hopping pathways in the presence of adsorbed water. (¢) The lowest-
barrier diffusion path of the polaron from sub-surface to surface in the presence of
adsorbed water. Panel (d) reports the calculated energy barriers for the hopping
processed displayed in (a) and (b). For clarity, inter (left) and intra (right) processes
have been separated.

As discussed above (Tables 1 and 3), for sub-surface H adsorption, H,O adsorption
changes the preferred polaron trapping site from the sub-surface to the surface region.
Here, we discuss the coupling between the polaron and the proton (H) diffusion.
Different proton transfer processes were considered with the hydrogen in the sub-
surface, and the polaron in either the surface or sub-surface region. The proton transfer
barriers between adjacent sites were modeled without and with water adsorption, and
the calculated results are shown in Fig. 5.

Firstly, when the polaron stays around the hydrogen at sub-2 without water
adsorption, the calculated proton diffusion barrier is 0.96 eV (Fig. 5b). With a calculated
barrier of 0.95 eV in the presence of H>O (Fig.5d), the simulations indicate sub-surface
H-diffusion to be effectively insensitive to water adsorption in the presence of sub-
surface (sub-2) polaron localization. Notably, when the polaron becomes localized at
sur-5c following water adsorption, the proton-transfer barrier becomes 0.82 eV (Fig.
5¢), which is 0.13 eV smaller than that for the polaron trapped at sub-2 (Fig.5d).

These results clearly indicate that proton diffusion in anatase (101) is significantly
affected by the distance between the proton and the polaron because of electrostatic
interactions. Based on the calculated reduction of the diffusion barriers, it can be
concluded that water adsorption helps to decrease the coupling between the polaron and
proton. As a result of such decreased coupling, the proton has greater freedom and
tendency to diffuse between the different sites at the sub-surface region. These insights
enable rationalization of recent experimental observations that H>O adsorption on
anatase TiOz leads to diffusion of protons from the surface to the subsurface regions.*
Based on the simulations presented, H>O adsorption induces decupling of polarons and
protons, altering the relative energy of different polaron and proton trapping sides as
well the energy barriers for proton and polaron diffusion. These changes cooperatively
lead to preferential diffusion of protons and polarons towards opposite sides of the
TiO2/H>0 interface, as observed in the experiments,*® and needed for surface formation
of molecular hydrogen (Hz) by polaron-fuelled reduction of protons in the system.
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Figure 5. The transfer paths and related calculated barriers in the presence of sub-
surface proton for different polaron localizations and H>O adsorption: (a) sur-5c¢ site,
no H>O; b) sub-2 site, no H>O; c) sur-5¢ site, with H>O; d) sub-2 site, with H>O.

4. Summary and conclusions

In summary, we have quantified by first principles simulations the coupling between
water and proton-induced polarons at the anatase (101) surface. Analysis of the results
reveals that water adsorption not only affects the distribution of polarons, but it also
favors decoupling between the polaron and proton, which should be vital for the
production of molecular hydrogen (H:) in water-based reaction environments. The
energetically favored trapping site for the polaron is around the H atom in the absence
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of water adsorption. Conversely, water adsorption attracts the polaron from the sub-
surface to the surface region. Water induced decoupling of the polaron from the H site
leads to enhanced diffusion of the proton within the layer. These results demonstrate
that water adsorption does not only affect the distribution of H-induced polarons in
anatase (101), but also diffusion processes for polarons and H-contamination.

Supporting Information:

Tests of the basis sets, the cutoff, the amount of Hartree-Fock exchange, the van der
Waals correction and the water coverage.
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