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ABSTRACT: Hydrogen production in photoelectrochemical
cells constitutes an important avenue toward carbon-free fuel.
The most convenient process for hydrogen production is the
splitting of water molecules, which necessitates a catalytic
reaction involving a semiconductor. Here, we introduce a
framework for the study of photocatalyzed reactions on
semiconductor surfaces based on time-dependent density
functional theory that explicitly accounts for the evolution of
electronically excited states. Within this framework, we
investigate the possibility of hole-mediated splitting of
molecularly adsorbed water on a representative metal oxide
surface—the rutile TiO,(110). We find that oxidative dehydro-
genation of water is possible in synergy with thermal effects at
temperatures between 60 and 100 K only when defects like Ti

interstitials are present in the subsurface region. This study presents a general computational strategy for describing photoexcited
semiconductor/adsorbate interfaces and also demonstrates that the occurrence of water dissociation on the rutile TiO,(110)

surface depends sensitively on the local atomic environment and external parameters such as temperature.

B INTRODUCTION

Light-assisted hydrogen production in photoelectrochemical
cells (PECs) constitutes an avenue toward solar energy
conversion for the production of carbon-free fuel.! Upon
illumination the oxygen evolution reaction (water oxidation
reaction) occurs on the anode electrode, which can be
described by the overall reaction

2H,0 + 4h* - O, + 4H"

with hydrogen being evolved on the cathode. The conversion
efficiency of the PEC depends critically on the catalytic
performance of the electrodes. Nanostructured devices based
on titanium dioxide (TiO,) are promising candidates for wide
use in photon-induced reactions because of this material’s
photochemical stability, nontoxicity, and natural abudance.*
TiO, is a semiconductor metal oxide with an optical band gap
of ~32 eV in its bulk rutile form and band gap edges that
straddle the water redox potentials; that is, the involved
chemical reactions become thermodynamically accessible upon
photon absorption. The catalytic activity of TiO, can be
enhanced by cocatalysts or by metal dopants or defects due to
ambient contamination during catalyst preparation.”” "' The
effect of such structural modifications on the thermochemistry
at the surface/adsorbate interface has been discussed
extensively in the literature,”>'* but a comprehensive atomistic
description of dynamic processes, such as the transport of the

-4 ACS Publications  © 2014 American Chemical Society

photogenerated charge carriers in the surface, is lacking even
for pure TiO,. Photon-induced water dissociation on the rutile
TiO,(110) surface has recently been reported in the scanning
tunneling microscope study of Tan et al,'* which demonstrated
a very low rate (few events per hour) O—H bond-breaking in
water upon irradiation with ultraviolet (UV) light under
ultrahigh-vacuum conditions at 80 K. However, according to
density functional theory (DFT) calculations reported by Patel
et al,'* the highest occupied molecular orbitals of molecular
water are 1.40 eV below the valence band maximum (VBM) of
the surface, which raises the question whether the reported
dissociation of water is light-driven.

The measured properties of real materials depend on the
preparation methods and conditions, which makes the
identification of universal structure—property relationships a
challenging task and hinders a systematic approach to catalyst
optimization. Atomistic modeling and simulation of surface/
adsorbate interfaces can provide insights into the microscopic
physicochemical processes that control catalysis,">">~"” an
inherently atomic-scale phenomenon, as well as interfacial
charge-carrier transfer.'"®™>° Previous theoretical studies of
photon-mediated catalysis on rutile TiO, surfaces used
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ground-state calculations to investigate the effect of excited
electronic states on reaction energetics and neglected the
details of charge-carrier motion which can strongly affect the
overall reaction rate. This highlights the need for computational
methods to investigate charge—carrier dynamics in materials
accurately and realistically.*' ~>* Here we use ab initio electronic
structure calculations within DFT** and its time-dependent
version (TDDFT)* to develop a framework based on the
concept of localized and delocalized electronic states for the
study of photocatalytic reactions on semiconductor surfaces.
Within this framework we evaluate the possibility of splitting of
molecularly adsorbed water by photogenerated holes on rutile
TiO, surfaces with (110) orientation, which provides insights at
the femtosecond time scale (107'° s). In addition, the time-
domain description of the interaction of the hole with the water
molecule could elucidate the reaction mechanism of other
photochemical reactions where water is present.

From our simulations we find that whether the first step of
water dissociation is photon-induced or thermal depends
sensitively on the local atomic environment and external
parameters such as temperature. Specifically, oxidative dehy-
drogenation of molecular water by a photogenerated hole is
possible in synergy with thermal effects only on surfaces with
defects, such as subsurface interstitial Ti atoms which act as trap
sites for the hole. Our explicit time-dependent modeling
provides useful guidelines for the rational design of efficient
light-driven catalysis through careful control of the active site
on the surface.

B MODELS AND METHODS

TiO, in its rutile form is a tetragonal crystal in the
crystallographic space group P4,/mnm (No. 136) and has 2
formula units in the unit cell. Its most stable low-index surface
is the one with (110) orientation (the calculated surface energy
for the relaxed surface is 15.6 meV/au?).** We used a unit cell
of 2 Ti and 4 O atoms to model the bulk structure of rutile
TiO, and an extended, 4 trilayer thick slab containing 162
atoms to model the (110) surface (Figure 1). The latter was

Figure 1. Structural model of the rutile TiO, surface with (110)
orientation. Blue, red, and white spheres represent Ti, O, and H atoms,
respectively. (a) Simulation cell of the stoichiometric surface with
nearest O atoms in the surface plane. (b) A portion of the simulation
cell, identified by the dashed area in (a), with a Ti interstitial defect in
the subsurface region. The surface S-fold coordinated Ti atom (Tis,)
and bridging O atom (O,,) are identified.

constructed by trunctation of the bulk structure along the (110)
crystallographic plane. The obtained unit cell was augmented
by a void region with width 8 A on each side of the slab (z-
direction) to ensure that the wave functions vanish smoothly
away from the surface along the nonperiodic direction, as
would be required in a model of the isolated system. To model
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the catalyst surface, we used supercells with (3 X 2) periodicity
relative to the primitive unit cell. One side of the slab was
terminated with additional hydrogen atoms (bonded to the
exposed O atoms) and hydroxyl (—OH) ions (bonded to the
exposed Ti atoms) in order to eliminate spurious localized
states associated with the dangling bonds of O and Ti atoms,
respectively, and emulate the bulk region of the catalyst. The
positions of all atoms were optimized while keeping the lateral
dimensions of the unit cell fixed to the corresponding bulk
values and the terminating —OH groups constrained in the
direction perpendicular to the surface.

We performed total energy calculations using the GPAW
code,”” a grid-based implementation of the projected
augmented-wave (PAW) method for all-electron calculations
within the frozen core approximation.”® The PAW setup for Ti
(O) accounts for 12 (6) valence electrons and 10 (2) electrons
in the frozen core (GPAW setup release 9672). A real-space
grid with spacing of 0.18 and 0.24 A was used for static and
time-dependent calculations, respectively, and the reciprocal
space was sampled only on the I'-point because of the large
lateral dimensions of the supercell. We used the Perdew—
Burke—Ernzerhof (PBE) functional to describe exchange and
correlation in the electronic system.”” Because of the
inadequate description of the strong Coulomb repulsion
between semicore 3d electrons localized on Ti, the PBE
functional was augmented with the Hubbard-like term’® Y E%y
with Ely, = (Upya)/2)[Tr(p*) — Tr([p°]*)], following the
rotationally invariant formulation of Dudarev et al,>" where p°
is the atomic orbital occupation matrix of the 3d orbital of the
Ti atom @ and Ury) is an effective parameter quantifying the
screened Coulomb electron—electron interaction. This so-
called DFT+U approach has been shown to describe trends in
surface reactivity on TiO, with satisfactory accuracy compared
to experiment'®**** and with much less computational effort
compared to approaches that use hybrid exchange and
correlation functionals, which apply the same correction to
the entire system regardless of where the error originates from.

To obtain electronic configurations at the moment of vertical
excitation, an electron is promoted to the bottom of the
conduction band described by the wave function y,,, and we
use a generalization of the A self-consistent field method (A
SCF) to allow the hole occupy specifically designed linear
combinations of the N occupied Kohn—Sham wave functions.*®
This maintains charge neutrality in the total system. The high
dielectric constant of rutile TiO, (~100) contributes to the
screening of opposite charges from each other. The electron
density, n(r), at each self-consistency cycle is calculated from*>

2 a,-*alwi*(”)wj(”) + ‘/’;H(OWNH(O

ij=1

n(r) = Y () -

i=1

The expansion coefficients, @, are optimized in a self-consistent
manner so that the orbitals associated with the hole and
electron (second and third terms in the expression for n(r))
resemble some input wave functions as much as possible. This
approach has been used to study hole localization in rutile and
anatase TiO,, giving results in agreement with published
photoluminescence measurements.” It has the additional
benefit of constructing Kohn—Sham wave functions that are
variationally optimized and not involving computationally
expensive summations over many unoccupied electronic states,
in contrast for example to calculations based on the linear-
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response TDDFT scheme or the solution of the Bethe—
Salpeter equation.

We used the Ehrenfest approximation within the framework
of real-time propagation TDDFT to couple the electronic and
ionic dynamics in the excited-state catalytic system,>**>3°
which is evolved from time t to time ¢ + At using the time-
evolution operators Ty and T,, for the nuclear and electronic
parts, respectively:>®

Tt t+ At) = Ty(t, t + At/2)T(t, t + At)
X Ty(t + At/2, t + At)

The electronic subsystem is treated quantum mechanically,
propagated using the Crank—Nicholson semi-implicit scheme
for T, with a predictor-corrector time step of At/2 = § as (1 as
=107"% 5).>” The forces on the classical ions result from a mean-
field average over the electronic states, and the ionic subsystem
is evolved in time by application of the standard velocity Verlet
propagator, T The occupation of all the wave functions in the
system remains fixed during the simulation. Examples of
previous successful applications of Ehrenfest dynamics include
the study of charge-carrier transport in dye-sensitized TiO,
nanowires’ and hydrogen bombardment of graphene-like
nanoflakes,® and it is generally expected to work well in
situations where the electronic states have similar character. In
the present work we use TiO, as an illustrative example because
of the availability of experimental data, but our computational
strategy is general and should be useful for the study of other
metal oxides.

In the rutile TiO, crystal each Ti (O) atom in the unit cell of
the bulk structure has 6 (3) nearest neighbors. After structural
optimization of the unit cell of the bulk structure, the calculated
lattice constants are a, = 4.65 A and ¢, = 2.96 A, in good
agreement with experiment (the measured lattice constants at
15 K are a, = 4.586 A and ¢, = 2.954 A)* and previous DFT
calculations at the PBE approximation level (a, = 4.65 A and c,
=296 A).*° For all calculations in the present work we use
Ura) = 42 eV to improve the description of electronic
screening in TiO,, as proposed in previous studies usin§
Dudarev’s DFT+U approach within the PAW formalism.*"*
For Uryg) = 0 the calculated lattice constants change less than
1%. The outermost atomic layer in the stoichiometric (110)
surface exhibits S-fold coordinated Ti atoms (Figure 1, Tis.)
and 2-fold coordinated O atoms, hereafter referred to as
“bridging” O atoms (Figure 1, Oy,).

In a photoelectrochemical cell, a photon of adequate energy
excites an electron in the semiconductor catalytic material to
the conduction band, leaving a hole in the valence band. After
the photogenerated hole reaches the surface it is transferred to
the water molecule, which is oxidized to hydroxyl, assuming
that recombination of charge carriers does not occur first (these
radiative relaxation processes are not considered in the present
work). The lowest energy needed for the creation of an
electron—hole pair is determined by the material’s optical
adsorption edge: according to calculations by Kang and
Hybertsen based on the GW approximation to the self-energy
and the solution of the two-particle Bethe—Salpeter equation,
the energy of the first dipole-allowed singlet exciton is 3.35 eV
for bulk rutile TiO,, almost equal to the quasiparticle band gap,
3.34 eV.*' Within the framework of the density functional
theory, the fundamental band gap of semiconductors and
insulators is underestimated, but the DFT+U approach partially
alleviates this problem.'> We calculate the Kohn—Sham band

gap of the bulk structure of rutile TiO, to be 1.69 eV for Uy,
= 0 and 2.33 eV for Urg) = 4.2 eV. For the stoichiometric
TiO,(110) surface, the band gap is calculated to be 1.72 and
2.38 eV for Uryg) = 0 and Ury(q) = 4.2 eV, respectively. Because
the conduction band has mainly 3d Ti-orbital character and the
valence band 2p O-orbital character, the band gap widens in an
asymmetric fashion with increasing Ury(q) as the CBM shifts to
a higher energy.

A single water molecule preferably binds to the surface
directly above a Tis. atomic site; this is supported by
experimental evidence from scanning tunneling microscopy
studies under ultrahigh-vacuum conditions and theoretical work
based on DFT investigations of the interaction between water
and the rutile TiO,(110) surface.'*** Upon oxidation of water,
one of its H atoms is transferred to TiO, where it binds to a
bridging O atom, leaving an —OH group adsorbed at the Tis,
site. To quantify the stability of water on the surface, we
calculate the binding energy with respect to the clean surface
and an isolated molecule. In this scheme, the lower the
calculated value of the binding energy, the stronger the
adsorption. For the coverage of 1/6 monolayer, adsorption is
exothermic, and the calculated binding energy for molecular
water is —0.96 eV, 0.22 eV higher than that for dissociated
water with a binding energy of —1.18 eV. The lateral
dimensions of the supercell ensure no interaction between
water molecules adsorbed at neighboring supercells, as it would
be relevant to the low-coverage limit. Using nudged elastic
band calculations,** we find that the minimum-energy barrier
for thermal dissociation is relatively low, 0.15 eV (14 kJ/mol).
The relative stability of the two modes of adsorption, molecular
and dissociative, and the energy barrier depend on the
computational method and the details of the structural model
employed, for instance, the thickness of the slab, as discussed in
the work of Kowalski et al."*** For the structural model of the
TiO,(110) surface employed in our calculations, going from 4
to S trilayer thick slabs changes the binding energy for
adsorption by only 0.06 eV and the center of the water p O-
states, calculated as the first moment of the projected density of
states on the O atom, is shifted to lower energy by 0.06 eV.
From this test, we do not expect the conclusions of the present
work to be affected by computational details such as the
thickness of the slab.

After ground-state structural optimization, the temperature of
the catalytic system was raised from 0 K to a temperature
relevant to experimental conditions.'> We first assigned initial
velocities to the ions of the optimized surface/adsorbate
configuration according to the equilibrium Boltzmann—
Maxwell distribution at 100 K, and we subsequently performed
a molecular dynamics simulation for 300 fs in the micro-
canonical ensemble (N, V, E) using a time step of 1 fs. The
positions of the atoms in the bottom trilayer were kept fixed
during the simulation. We then used an equilibrated
configuration from this simulation as the ground state of the
surface/adsorbate interface at the moment of the vertical
excitation.

To model the excited-state surface/adsorbate interface, the
electronic structure of the thermalized configuration was
augmented by two wave functions: one to which we assign
occupancy of —1 (hole) designed as discussed in the next
section, and the other corresponds to the wave function
associated with the CBM which is assigned occupancy of +1
(electron). The obtained electron—ion system corresponds to
the excited state of the surface/adsorbate interface at the
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moment of the vertical excitation, which is defined as the zero
of the time scale (¢ = 0). In this work, we concentrate on the
interaction of the hole with the adsorbate, and we do not
consider exciton generation and diffusion or the separation of
the charge carriers that precede hole transport to the surface.
Instead, the excitation is represented by a weighted sum over
Kohn—Sham wave functions in an electronic configuration that
does not necessarily correspond to the initial excitation of the
catalytic system by light which leads to exciton generation. The
associated vertical excitation therefore may not contribute
strongly to a true excitonic state of the surface/adsorbate
interface, but investigation of the optical response of the
material is beyond the scope of the current study.

Our computational strategy for the study of the dynamics of
the interaction between the surface and the molecule under
conditions of photoexcitation can be summarized as follows:
(1) After ground-state structural optimization, ab initio
molecular dynamics in the microcanonical ensemble is used
to bring the catalytic system to a desired temperature. (2) An
excitation is created by promoting an electron from a state
which is an expansion of the occupied Kohn—Sham wave
functions to the bottom of the conduction band of the surface.
(3) The excited-state surface/adsorbate interface is evolved in
time using Ehrenfest dynamics within the framework of real-
time propagation TDDFT. The evolution of the catalytic
system is studied by monitoring the difference in the electron
densities between the excited-state system and the ground state
of the same ionic configuration at each time instant.

B RESULTS

We used three different orbitals for the hole to investigate its
motion in the surface, discussed in order of increasing relevance
to standard experimental conditions. The first was modeled
after a wave function entirely localized at the water molecule
adsorbed on the stoichiometric TiO,(110) surface, chosen
because the vertical excitation energy, 9.60 eV, was such that it
ensured the dissociation of the water molecule. The main
purpose of this excitation was to evaluate the suitability of our
methodology for the study of photon-induced dynamic
processes at surface/adsorbate interfaces. The second hole
wave function was localized at the surface, and the excitation
energy was 3.93 eV, close to the band gap of the bulk material,
which should correspond to realistic situations for irradiation
with UV light. The third excitation energy was 1.00 eV in a
configuration that included a hole wave function localized at a
subsurface defect near the site of the water molecule
absorption. The evolution of these three excited states in
time is shown in Figure 2. We discuss them in detail in this
order.

In the first excitation, the wave function associated with the
hole resembles as much as possible the nonbonding orbital of
an isolated water molecule. The difference in energy between
the excited and ground state at t = 0 is 9.60 eV (equal to the
vertical-excitation energy). This energy is more than 3 times
higher than the band gap, and it corresponds to the extreme
UV irradiation wavelength of 130 nm. This is because the
molecular orbitals of water where the hole was created are
energetically much lower than the TiO, band gap edges: the
center of the water p O-states is 4.72 eV lower than the VBM
and 7.09 eV than the conduction band minimum (CBM). It is
natural to expect that such high excitation energy can generate a
deep hole with the oxidative power to initiate splitting of water.
We calculate the difference between the electron density of the
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Figure 2. Difference between the electron densities of the excited state
and the ground state of the TiO,(110) surface/water interface for the
same ionic configuration at different time instants during simulation
for three different vertical excitations: (a) 9.60 eV and (b) 3.93 eV in
the stoichiometric surface and (c) 1.00 €V in a defected surface. The
electron density differences are shown by isosurfaces with value 0.01 e/
A% (e is the charge of the bare electron), where green and orange
signify regions of electron charge depletion and charge accumulation,
respectively. Black arrows point at the O—H bonds being broken.

excited state and the electron density of the ground state of the
same jonic configuration at each instant as a means to monitor
the evolution of the excited state electron—ion system (see also
supporting information). Figure 2a shows that in comparison to
the ground state, charge is depleted mostly in the region around
the water O atom (light green) immediately after the vertical
excitation (f = 0). It also reveals an image charge in the surface
that screens the excitation as well as some charge redistribution
within the water molecule and between the molecule and the
nearest bridging O atom of the surface. The excess charge
introduced by the electron wave function is mostly localized on
Ti atoms in the subsurface region and away from the water
molecule.

After the high-energy vertical excitation the system is evolved
in time using Ehrenfest dynamics. Similar to the situation at t =
0, at t = 2.5 fs the hole is almost entirely localized on the water
molecule, although some charge has also been depleted from
the O atom in the subsurface region nearest to the water
molecule. At ¢t = S fs the water molecule has dissociated, leaving
one —OH group bound to the Tis, atomic site (Figure 2a), and
at t = 10 fs the hole has been transferred to the subsurface O
atom and the charge distribution associated with the hole
resembles the p, O-orbital (with two lobes aligned in the
direction perpendicular to the surface). Part of the potential
energy, about 2.7 eV, of the initial excitation is lost through
energy transfer to the ionic motion. The distance between the
O atom of the water molecule and the H atoms increases from
10SAatt=0to 121 Aatt=2Sfsandto .62 Aatt=35fs.
The distance between the H atom of the water molecule and
the nearest bridging O atom decreases from 1.52 A at t = 0 to
1.35Aatt=2.5fsand to 0.94 A at t = S fs. Inspection of Figure
2a also reveals that during the entire simulation time the
electron is virtually immobile.

The next vertical excitation we considered, 3.93 eV (see
Figure 2b), involves electronic states only near the band gap
edges of the surface, which is relevant to experimental UV
conditions. In photon-induced catalysis the charge carrier needs
to reach the surface/adsorbate interface and to be stable until
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transferred to the adsorbate.® In this respect, carrier trapping is
an important issue in interfacial charge transfer, but the possible
location of hole traps in the TiO, surface remains a subject of
investigation, although bridging and subsurface O atoms have
been suggested as likely atomic sites for small polarons.>***
We also found these O atomic sites to mediate hole transport
(Figure 2a, t = S fs). In order to better understand the effect of
spatial localization of charge on the surface/adsorbate
interaction, we analyze the electron localization function
(ELF) which has proven useful in studying bonding in
extended and molecular systems in a chemically intuitive
way.***” The ELF is a positive quantity between 0 (blue
regions in Figure 3a) and 1 (red regions in Figure 3a), used as a

C bulkDOS
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Figure 3. (a) Two-dimensional cross section of the electron
localization function through the bridging oxygen (blue, green, and
red for values of 0, 0.5, and 1). (b) Isosurfaces representing the
maximally localized Wannier functions spanning the range of energies
closest to the valence band maximum for the bridging (green cloud)
and subsurface (violet cloud) oxygen atoms nearest to the water
molecule. (c) Projections, Ury(), of the Wannier functions onto the
Kohn—Sham states of the TiO,(110) surface (the regions where green
and violet weights overlap appear gray). The total area of each shaded
plot equals 1. The black line marks the density of states of the bulk,
and the middle of its band gap is defined as the zero of the energy
scale. The shaded vertical strip delimits the band gap.

measure of finding an electron in the vicinity of another
electron of the same spin (and therefore of the probability of
opposite-spin pairs). Figure 3a portrays a two-dimensional
cross section of the ELF through a bridging O atom. In the
interior of the slab, the Ti—O has strong ionic character as
evidenced by the high localization values, >0.8, near each O
atom, as would be expected in the bulk structure of TiO,. For
the exterior of the slab, in contrast to the bottom surface that is
terminated with —OH ions, the top surface also exhibits high
ELF values above the bridging O atoms, the signature of a
dangling bond. While ELF provides insights into the spatial
distribution of chemical bonds, it does not reveal the shape of
orbitals where the electrons are expected to exist. To this end,
we analyze the maximally localized Wannier functions of the
valence band manifold, an approach which allows the
representation of extended Bloch states with atomic-like
orbitals.*® We used the Wannier90 utility interfaced to the
Quantum Espresso code to produce the Wannier functions.*®

The functions we obtained possess the expected character: in
the bulk-like region of the slab, there is one Wannier function
for each o bond between Ti and O atoms and in the subsurface
one “lone pair” orbital on each of the O atoms (represented by
the purple clouds in Figure 3b). On the surface, each bridging
O atom has a dangling bond which mixes with the lone pair,
resulting in two almost equivalent Wannier functions (one of
which is shown by the green clouds in Figure 3b). Because the
Wannier functions are linear combinations of the eigenfunc-
tions of the Kohn—Sham Hamiltonian, they can be represented
by the weights of the Kohn—Sham orbitals contributing to a
given function. We find that the Wannier function correspond-
ing to the dangling bonds of the bridging O atom is comprised
mostly of the Kohn—Sham orbitals that span the range of
energies near the top of the valence band (Figure 3c). These
Wannier functions were used as a guide for modeling a hole
wave function that is equally distributed over the bridging and
subsurface O atoms nearest to the water molecule. In order to
accomplish this spatial distribution of the hole wave function in
ASCEF, we calculated the projections of the Wannier function
on the atomic orbitals; the largest coefficients that correspond
to the s and p O-orbitals are presented in Table 1.

Table 1. Coeflicients Corresponding to the Contribution of s
and p O-Orbitals to the Wannier Functions Localized at the
Bridging and Subsurface O Atom Nearest the Adsorbed
Water Molecule

O-orbital
atomic site s Px Py P.
bridging oxygen 0.32 0.10 0.10 0.05
subsurface oxygen 0.09 0.07 0.06 0.05

Using the previously thermalized ionic configuration, we
model the excitation at t = 0 by augmenting the electronic
system with a wave function which is a linear combination of
the PAW atomic partial waves according to Table 1 and which
resembles as much as possible the calculated Wannier functions
shown in Figure 3b. As in the case of the high-energy excitation
(vertical-excitation energy of 9.60 eV), the electron wave
function corresponds to the state at the CBM. Upon excitation,
charge is depleted from the region in the vicinity of the bridging
and subsurface O atoms that are nearest to the water molecule,
and there is also some redistribution of charge in the molecule
and at the surface O atoms (Figure 2b, t = 0). The vertical-
excitation energy, 3.93 eV, corresponds to photon wavelength
of 313 nm, which lies within the typical range for irradiation
with UV light in experiment.®

This low-energy excitation involves no bond-breaking events
during the first 30 fs. We do not expect that propagation of the
electron—ion system at longer times would lead to oxidation of
water since already at 10 fs the hole has diffused to the interior
of the slab. This is because the net positive charge at the
surface/adsorbate interface gives rise to a gradient in the
electrostatic potential that drives the hole away from the water
molecule.* Trrespective of the role of ionic motion, hole
transport is mediated by atomic O sites through transitions
involving electronic states with strong p O-level contribution.
The strong coupling between these atomic sites prevents the
spatial confinement of the hole near the water molecule, and
the initially localized redistribution of the electron density at ¢ =
0 spreads over the entire lattice supercell (which comprises
several primitive unit cells) within a few femtoseconds. Most
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importantly, although there is considerable overlap between the
oxide surface and molecular O states at lower energies in the
—6 to —2 eV range relative to the VBM, there are no molecular
states near the band gap edge where the hole could reside as
the projected density of states plot in Figure 4 reveals.'* For the

0/H,0
bulk DOS
—~
w
N—r
QU
8756 -4 2

-2
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Figure 4. Density of states projected onto the p orbitals of the oxygen
atoms in the top atomic trilayer of the TiO, (110) surface (red) and
the oxygen atom of the water molecule (blue) at simulation time of 30
fs after low-energy excitation (3.93 eV). The black line marks the

density of states of the bulk (scaled by a factor of 1/72), and the
middle of its band gap is defined as the zero of the energy scale.

calculation of the projected density of states we used the time-
dependent wave functions, which although do not have a
rigorous physical meaning, we used to obtain a qualitative
description of the effect of the moving ions on the energy of
molecular states. Modeling the orbital associated with the hole
after a wave function that is (a) entirely localized at a single
bridging O atom, (b) equally distributed over all 6 bridging O
atoms in the supercell, or (c) equally distributed over the water
molecule (nonbonding orbital) and the nearest bridging O
atom, results in delocalization of the hole within 20 fs.
Calculations with Ur;q) = 2.0 eV lead to the same outcome as
for Upq = 42 eV. We conclude from our excited-state
Ehrenfest dynamics that photon-induced dehydrogenation of
molecular water on pure TiO,(110) surfaces is not likely.

The rutile phase of stoichiometric TiO, has for long been of
great scientific interest as a prototypical metal oxide. This phase
is mostly inert and under standard conditions its surface is
substoichiometric with excess Ti atoms.” Surface and near-
surface local imperfections, such as the common Ti interstitials
and O vacancies, modify the surface chemistry of this material
and can be beneficial to its efficiency as a catalyst. For example,
Ti interstitials in the subsurface region can stabilize the bonding
of chemical species as in the case of formadelhyde (—OCH,),
discussed in the DFT study of Haubrich et al’ In what
concerns the reactions of water on the rutile TiO, surface,
increased interaction with the surface induced by the defects
should decrease the energy barrier for thermal dissociation. In
addition, defect states reduce the minimum energy for
photoexcitation from the UV range to the visible range and
can act as local trap sites for the photogenerated hole until it is
transferred to the water molecule to promote the oxidation
reaction.

Motivated by the above considerations, we studied the role
of Ti interstitials in photon-induced water splitting on the rutile
TiO,(110) surface. To model the defected catalytic surface, we
introduced a single Ti atom in one of the (110) channels in the
subsurface region of our structural model which corresponds to
a concentration of 1/6 monolayer of Ti atoms (see Figure 1b).
This configuration is thermodynamically more stable (lower in
energy) by 0.22 eV compared to a configuration with the Ti

interstitial between two (110) channels. The calculated binding
energy for molecular water adsorbed on the Tis, atomic site is
—1.12 eV, less stable by 0.15 eV than dissociated water which
has an adsorption energy of —1.27 eV, and more stable by 0.16
eV than adsorption on the stoichiometric surface (adsorption
energy of —0.96 eV). Moreover, incorporation of the Ti
interstitial in the TiO, lattice introduces electronic states in the
band gap. The calculated energy of these defect-related states
depends on the details of the computational method, for
instance the value of the parameter U in the DFT+U
approach.>** For Uriq) = 4.2 eV the defect-induced state is
1.00 eV below the CBM, in reasonable agreement with UV
photoelectron spectroscopy on bulk reduced rutile TiO, which
reveals defect-related electronic states at about 0.9 eV below the
CBM.*° Ti interstitials in the subsurface region also result in a
lower energy barrier for thermal subtraction of hydrogen from
water. During ground-state molecular dynamics in the micro-
canonical ensemble at 100 K, we find that an adsorbed water
molecule spontaneously dissociates in the presence of a
subsurface Ti interstitital, which suggests that the first step of
water splitting on defect-containing TiO,(110) surfaces can be
an entirely thermally driven process even at relatively low
temperatures. On the other hand, an adsorbed water molecule
remains intact at a temperature of 60 K. A resonance between
the two limiting structures of molecular and dissociated water
occurs at the intermediate temperature of 80 K, and although
no thermal dissociation is observed, for 28% of the total
simulation time the water O—H bond is elongated more than
10% of its equilibrium value, 1.02 A, and is elongated by more
than 20% of its equilibrium value for 12% of the total
simulation time. This extension of the water O—H bond allows
the H atom to be shared between the water and bridging O
atoms. For comparison, in a simulation at 60 K this bond is
never stretched by more than 15%.

To investigate the effect of photoexcitation on water
dissociation in the defect-containing surface at 80 K, we
considered the situation where an electron is promoted at t = 0
from a defect-related state in the band gap to the CBM (shown
in Figure 2c). This corresponds to an excited-state config-
uration within a polaronic description of a hole trapped by a
defect, following irradiation with light of energy equal to or
higher than the optical absorption edge of the material. At t =0,
the distance between the water O and H atoms is 1.27 A and
the distance between the water H and bridging O atoms is 1.24
A. Figure 2c shows that the hole is localized in the subsurface
region at the Ti interstitial and partly overlaps the extended
form of molecular water. The pinning of the hole near the
surface weakens the restorative force on the H atom in the
stretched water O—H bond, which leaves the H atom with
enough kinetic energy to overcome the energy barrier for
approaching the bridging O atom and binding to the surface
within 15 fs.

Ehrenfest dynamics is a semiclassical method that cannot
capture quantum mechanical processes in the ionic subsystem.
Upon including nuclear quantum effects a water H atom could
hop onto the nearby bridging O atom at small separations (less
than ~0.2 A) between the water H and surface bridging O
atoms. However, a more complete quantum-mechanical
treatment, for example using surface hopping techniques,”">*
remains currently impractical for the study of our structural
models because of size and time scale considerations.
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B DISCUSSION AND CONCLUSIONS

Our results for the interaction of low concentrations of
molecular water with stoichiometric and defected surfaces of
rutile TiO, with (110) orientation have important implications
for the photocatalytic activity of the material. We can draw as a
first conclusion that whether water photooxidation is possible
depends on the local atomic environment and experimental
conditions. On the idealized stoichiometric surface a hole
relaxed at the top of the TiO, valence band cannot oxidize
molecularly adsorbed water as the highest occupied molecular
orbitals remain lower in energy than the VBM of the surface by
—2 eV (Figure 4). Moreover, according to our molecular
dynamics simulations, thermal dissociation does not occur at
temperatures at least as high as 300 K. Increasing the coverage
of water on the surface from 1/6 to 1/3 of a monolayer with
two water molecules adsorbed on adjacent Tis, atomic sites has
little effect on the electronic structure of the surface/adsorbate
interface due to the weak interaction between the molecules
(adsorption is stabilized by 2%). However, our model assumes
ultrahigh vacuum, and the effects of complex environments
such as electrolytes on the dynamics of the surface/adsorbate
interface merit further investigation.>®

As a second conclusion, we find that the water photo-
oxidation reaction could occur on surfaces containing Ti
interstitials at temperatures between 60 and 100 K. In the work
of Tan et al,"> which reported water photooxidation, the
pertinent scanning tunneling measurements were performed at
a temperature of 80 K, a critical factor for photocatalytic
dissociation according to our findings, in the presence of Ti
interstitial defects (a feature not discussed in that work).
Because the Ti interstitial participates in the reaction
mechanism by modifying the potential energy landscape and
by pinning the hole near the surface, the catalytic active site
comprises both the Tis. and Ti-interstitial atomic sites. We
calculated that the hopping of a Ti interstitial between two
adjacent equivalent equilibrium sites requires overcoming an
energy barrier of 0.52 eV (50 kJ/mol). From this fact, we
expect that diffusion of Ti interstitials will be of secondary
importance regarding the reaction mechanism of water
oxidation at temperatures of practical interest. Care must be
taken for the correct interpretation of our findings, which
demonstrate the importance of thermal effects in water
dissociation but the estimated short time for O—H bond
breaking, 15 fs, is not necessarily in quantitative correspond-
ence with experimentally measured high rate. In contrast, as a
number of necessary conditions must be met for the reaction to
occur, the dissociation probability should be low, in support of
the observation that rutile TiO,(110) surfaces are inefficient as
catalysts for the water photooxidation reaction under ultrahigh-
vacuum conditions.>* In addition, subsurface defects can act as
recombination centers with adverse effects on the dissociation
probability, but recombination of charge carriers is not
considered in this work. In the same vein, the temperature
window which favors a resonant state of adsorption will depend
on the structural details of the surface, although the estimated
temperature of 80 K is in agreement with experiment.'®

The interstitial-containing surface studied here can be
thought of as a structural model of catalytic surfaces where a
hole is trapped at the active site facilitating the reaction. This
result highlights the importance of defects in photocatalysis and
suggests that careful control of the atomic structure and
composition of the surface can enhance the reaction rate. For
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example, structural defects such as steps or kinks fit a
generalized notion of a defect-containing active center,”*
but further work is necessary in order to explore how
morphologies other than extended flat surfaces mediate
photon-induced catalysis.>’

Our methodology should also be useful for the study of
adsorbates other than water. Although the alignment between
the electronic levels of the TiO, and molecular water is not
favorable for the oxidation reaction to occur on the pure and
flat (110) surface, the outcome of illumination can be different
for species that chemisorb on the surface, such as methoxy
(—OCH;). The methoxy radical is a possible reaction
intermediate of another important reaction—the methanol
oxidation reaction.’®* In our initial investigation of this
system, the projected density of states calculation reveals that
there is a significant population of methoxy O states at the
VBM of TiO,, and therefore methoxy should act as a hole
scavenger enabling interfacial hole transfer. A more detailed
investigation and analysis are the subject of ongoing work.

In conclusion, we developed a simple methodology for the
modeling and simulation of dynamic processes at excited-state
interfaces which we used to study charge-carrier motion and
interaction with molecularly adsorbed water on rutile
TiO,(110) surfaces. We found that water photooxidation to
hydroxyl is possible in synergy with thermal effects. On the
stoichiometric surface there are no electronic states associated
with water near the VBM of the TiO, surface, and therefore
oxidation by a photogenerated hole is not possible for
excitation energies corresponding to the band gap of TiO,.
By contrast, Ti interstitials in the subsurface region increase the
binding strength of water on the surface, lower the minimum
energy barrier for thermal dissociation of water, and act as trap
sites for holes until they are transferred to water and oxidize it.
Moreover, the reaction pathway critically depends on external
conditions such as temperature. On the defected surface, low
temperatures (<60 K, according to our molecular dynamics
simulation) favor molecularly adsorbed water and higher
temperatures (>100 K) favor dissociated water. Intermediate
temperatures, ~80 K, favor a resonant state of adsorption that
enables splitting of the molecule. Under these circumstances
thermal and photon-induced effects act in a complementary
manner that leave an ambiguity in the causal sequence: water
dissociation can be equally considered a photon-induced and
thermal process or a thermal and photoassisted process.
Although optimization of catalytic performance is ultimately a
combinatorial challenge, this work paves the way for the
investigation of the kinetics of photoelectrochemical reactions
on semiconductor surfaces and provides useful guidelines for
the rational design of efficient photocatalytic materials by
careful control of the active sites on the surface.
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