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Water adsorption on rutile TiO,(110) for applications in solar hydrogen production:
A systematic hybrid-exchange density functional study
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Periodic hybrid-exchange density functional theory calculations are used to predict the structure of water
on the rutile TiO,(110) surface (® < 1 ML), which is an important first step towards understanding the
photocatalytic processes that occur in solar water splitting. A detailed model describing the water-water and
water-surface interactions is developed by exploring thoroughly the adsorption energetics. The possible adsorption
mode—molecular, dissociative, or mixed—and the binding energy are studied as a function of coverage and
arrangement, thus separation, of adsorbed species. These dependencies (coverage and arrangement) have a
significant influence on the nature of the interactions involved in the H,O-TiO, system. The importance of
both direct intermolecular and surface-mediated interactions between surface species is emphasized. Finally, to
gain insight into the photooxidation of adsorbed species at the surface, the electronic structure of the predicted
adsorbate-substrate geometries is analyzed in terms of total and projected density of states.
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I. INTRODUCTION

The storage and transport of hydrogen, the efficient conver-
sion of hydrogen into electrical energy in fuel cells,> and the
production of hydrogen via photocatalytic water splitting>*
are current challenges in the hydrogen economy. Water split-
ting over semiconductor materials, such as titanium dioxide
(TiO,), provides a carbon-free renewable route to hydrogen
production.s’7 However, the required solar-to-fuel efficiencies
have been unattainable at a reasonable cost,® and there is
ample motivation to enhance the photochemical conversion
efficiency of the photocatalytic material. A dependency of
photocatalytic activity on the surface facet has become evident
from a number of experimental studies,’~!? though the reasons
for this dependency are unknown (see Ref. 13 for pro-
posed mechanisms). A clear atomistic understanding of water
chemistry on transition metal oxide photocatalyst surfaces—a
prerequisite for apprehending the correspondence between
water adsorption properties and photocatalytic activity—has
not yet been established; it is hoped that fundamental insight
into the photocatalytic mechanism will facilitate the design of
more efficient systems.

TiO, is a transition metal oxide that adopts a variety
of crystal structures, three of which are rutile, anatase, and
brookite. The (110) surface of rutile TiO, is the most stable
among the rutile low-index surfaces,'*1¢ and is considered to
be a quintessential model metal oxide system for the study
of water chemistry. This surface has received considerable
attention for its use in photochemical reactions,'” heteroge-
neous catalysis,18 sorbent technology,19 gas sensors, 2’ and, in
particular, photoelectrochemical solar energy conversion for
the production of hydrogen?' and electricity.*

Generally speaking, a water molecule is able to bind to
a surface molecularly or dissociatively. The former entails
interaction of the intact molecule with the surface; the latter
involves deprotonation of the water molecule and the forma-
tion of surface hydroxyls.'* An ongoing issue that has attracted
much attention is the question of whether water molecules are
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adsorbed molecularly or dissociatively on the rutile TiO,(110)
surface, and the conditions under which each mode of
adsorption takes place. Surface x-ray diffraction studies?? have
shown that when the surface is in contact with a liquid water
film, a hydration layer forms in which adsorbate oxygen atoms
occupy all surface fivefold-coordinated Ti sites. However,
the crystal truncation rod (CTR) measurements performed
could not unambiguously determine the coordinates of this
hydration layer, so the definitive structure of adsorbates in the
adsorbed water layer was not determined.'*??> The majority of
experimental work supports the view that molecular adsorption
dominates in the first layer of water (® < 1 ML) on nearly
perfect surfaces at low temperatures (<350 K), and that water
dissociates only at oxygen vacancy sites.”>~*? The evidence for
this picture includes ultraviolet photoelectron spectroscopy
(UPS) measurements by Kurtz et al.>* of the nearly perfect
(110) surface, which was interpreted in terms of molecular ad-
sorption at monolayer coverage (1 ML) at 160 K, dissociative
adsorption at low coverage (~0.1 ML) at 300 K, and suggested
that the rate of dissociation is higher on defective surfaces.
Two other UPS studies indicated dissociative adsorption at
low coverage, but deduced that dissociation occurred only at
oxygen vacancy defect sites.’?3 A study by Hugenschmidt
et al.? showed a temperature-programmed desorption (TPD)
peak at 275 K, which was assigned to molecular adsorption
on the nearly perfect surface at 1 ML using work function
measurements and x-ray photoelectron spectroscopy (XPS).
Dissociative adsorption was assigned to a tail of this peak
extending to 375 K at ~0.25 ML. Henderson>’ used high-
resolution electron energy loss spectroscopy (HREELS) to
assign a TPD peak at 270 K to monolayer states; the first layer
of water was attributed to molecular adsorption [v(OH) =
3420-3505 cm ™! and §(HOH) = 1625 cm™!'], and the study
suggested that at 135 K, water was active for dissociation
only at low coverage (~0.1 ML) and in the presence of
structural defects [v(OH) = 3690 cm™!]. A combined TPD
and molecular beam scattering study by Brinkley et al.”
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came to similar conclusions: <2 % of the molecules in-
cident on the surface undergo dissociative adsorption on
the defect-free surface at very low coverage (<0.01 ML).
As a sequel, the conclusions made from experimental studies
vary notably in relation to the extent of dissociation on
the nearly perfect surface at various temperatures.>»?’*! An
alternative interpretation of this evidence, and, in particular,
of the HREELS spectrum, was developed on the basis of first-
principles molecular dynamics.** In the calculated hydrogen
vibrational power spectrum, both water bond-bending §(HOH)
and O-H stretching v(OH) signals were present. A broadened
OH contribution was assigned to those species that participate
in hydrogen bonding, and a sharp blue-shifted peak was due
to the vibrations of the H in the terminal hydroxyl, which
is not hydrogen bonded. This study proposed that molecular
and dissociative water can coexist on the defect-free surface
at 1 ML. Following this, a study by Walle et al.?> presented
experimental evidence for this, using photoemission measure-
ments, demonstrating that the formation of a monolayer of
water on a rutile TiO,(110) surface free from oxygen vacancy
defects, at low temperature under UHV conditions, involves
both molecular and dissociated water.

In contrast to experiment, the majority of theoretical studies
indicate that the dissociation of water is energetically favoured
on the defect-free rutile TiO,(110) surface at all coverages
up to 1 ML.3% Tt should be noted, however, that many of
these simulations are based on structural models characterized
by either point group or translational symmetry constraints.
Semiempirical tight-binding studies based on cluster models
by Goniakowski et al. and Bredow et al. show favorable
dissociative adsorption at all coverages,*®® as do some early
first-principles Hartree-Fock (HF) and density functional the-
ory (DFT) studies.>**? A first-principles molecular dynamics
(MD) study by Lindan et al.,*’ using the generalized gradient
approximation (GGA), employed a periodic slab approach to
show that dissociation of water leads to stabilization at low
coverages. In these calculations, all adsorbates are subject to
symmetry constraints, so neighboring molecules are restricted
to be at fixed orientation and separation. In Ref. 34, it was
pointed out that translational symmetry must be relaxed to
allow intermolecular interactions to be studied reliably at high
coverage (® = 1 ML). A later study by Lindan and Zhang,*®
using plane-wave pseudopotential DFT, predicted favorable
dissociative adsorption over a range of coverages. They
suggested that a barrier to dissociation explains why molecular
adsorption is observed experimentally below 160 K, and that
neighboring molecules lower this dissociation barrier through
hydrogen bonding. The important role of intermolecular inter-
actions has been stressed, #4849 suggesting a more complex
picture at monolayer coverage, in which both molecular and
dissociated water coexist on the surface, stabilized by a
hydrogen bond. From the extensive literature on theoretical
studies, it is clear that the adsorption energetics are very
sensitive to intermolecular interactions, electronic structure
methods, e.g., DFT functional adopted, and differences in
computational models (see detailed review in Ref. 50).

The purpose of this study is to develop a better understand-
ing of the H,O-TiO; interactions involved in photocatalytic
water splitting using the defect-free rutile TiO,(110) surface
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as the model system. In order to study the behavior of water
on this surface (® < 1 ML), we have used hybrid-exchange
DFT calculations with the B3LYP functional, which result in
an accurate description of the energetics and the electronic
structure of periodic systems,’'~%* particularly for transition
metal oxides, and, as implemented in the CRYSTAL code, are
computationally efficient for large systems.®> This approach
aims to develop a detailed model of interactions for this
surface, prior to uncovering the role of defects as well as
dependence on surface facet: a thorough investigation of
the energetics has been performed, and the method adopted
facilitates the analysis of the interactions between adjacent
adsorbates. The calculations can be separated into so-called
“single-molecule” and “two-molecule” adsorption in which
one and two molecules are adsorbed per surface unit cell,
respectively. This terminology has been used in the present
study in order to highlight the importance of breaking transla-
tional symmetry in intermolecular interactions as well as to be
consistent with the language adopted in previous theoretical
water adsorption studies,3*43:46-48:30.66 Molecular, dissociative
and mixed adsorption modes are considered at each coverage
and/or arrangement of adsorbates on the surface.

This paper is organised as follows. Section II contains
the computational details. Results of DFT calculations are
presented in Sec. III. The discussion begins with the calculated
energetics and optimized geometries, followed by an analysis
of the electronic structure of rutile TiO,(110) in contact with
water. The focus of the discussion is the effect of varying
coverage and adsorbate arrangement on the binding energy as
well as the influence of intermolecular interactions. Section [V
contains the conclusions drawn from this study.

II. COMPUTATIONAL DETAILS

All calculations have been performed using the CRYSTAL09
software package,®”-% based on the expansion of the crystalline
orbitals as a linear combination of a local basis set (BS)
consisting of atom-centered Gaussian orbitals. The titanium
and oxygen atoms are described by a triple valence all-electron
BS: an 86-411G** contraction (one s, four sp and two d
shells) and an 8-411G* contraction (one s, three sp, and one
d shells), respectively;*° the most diffuse sp (d) exponents
are o' = 0.3297 (0.26) and «® = 0.1843 (0.6) bohr—2. These
basis sets were developed in previous studies of the bulk and
surface phases of titania in which a systematic hierarchy of
all-electron basis sets was used to quantify the effects of using
a finite BS.”%’! The hydrogen atom is described by two s and
one p shells, corresponding to a 6-31G** contraction’?; the
quality of the oxygen and the hydrogen BS in describing the
water molecule is assessed in Appendix A.

Electronic exchange and correlation are approximated
using the hybrid-exchange B3LYP functional. Matrix elements
of the exchange and correlation potentials and the energy
functional are integrated numerically on an atom-centered grid
of points. The integration over radial and angular coordinates
is performed using Gauss-Legendre and Lebedev schemes,
respectively. A pruned grid consisting of 99 radial points
and five subintervals with (146, 302, 590, 1454, 590) angular
points has been used for all calculations (the XXLGRID
option implemented in CRYSTAL09%”). This grid converges
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FIG. 1. (Color online) Optimized geometries of the rutile TiO,(110) surface before and after adsorption of a water molecule. Structural
changes can be seen in the surface atomic layers upon adsorption. Side views are along by, corresponding to the [110] direction of the bulk;
the 1 x 1 surface unit cell is displayed (® = 1 ML). O, Ti, adsorbate O and adsorbate H atoms are represented by red, black, blue, and yellow
spheres, respectively. If viewed in black and white: O, Ti and H atoms appear as dark grey, black and light grey spheres, respectively.

the integrated charge density to an accuracy of about x107°
electrons per formula unit. The Coulomb and exchange series
are summed directly and truncated using an overlap criterion
with thresholds of 1077, 1077, 1077, 107, and 10~ as
described previously.®”-”® Reciprocal space sampling for the
bulk structure was performed on a Pack-Monkhorst net with
a shrinking factor IS = 8 along each periodic direction.

With regards to the surface,®® a nine-atomic-layer (9AL)
slab cut from the bulk has been used. In previous studies,3*46-74
single-molecule adsorption calculations using this slab size
were performed; our results are in agreement with the
reported relative stabilities of the adsorption modes (molecular
versus dissociative) for 9, 15, and 21-atomic-layer slabs. The
convergence with respect to slab thickness can be analyzed
by considering the percentage difference between 9AL and
15AL systems. For instance, using a 1 x 1 cell (® = 1 ML),
the percentage differences between the energies for the 9AL
and 15AL systems are 13% and 20% for the molecular and
dissociative adsorption modes, respectively. However, since it
is the relative stability that we are interested in, it has to be
noticed that in the present work, the energy difference between
the molecular (lowest in energy) and dissociative adsorption
modes (see Sec. [II A)is 0.16 eV for the 9AL slab, and 0.25 eV
for the 15AL slab. These correspond to percentages of 16%
and 19%, respectively, with respect to the molecular adsorption
energy. The electronic structure is unaffected by an increase in
slab thickness from 9AL to 15AL, in terms of the contributions
to the valence and conduction bands in the projected density
of states. In the current work, using a 9AL slab has allowed
a systematic, detailed and computationally viable study of the
coverage and arrangement of adsorbates. The shrinking factors
[8, 8], [4, 8], [4, 8], [2, 81, [8, 4], and [4, 4] were adopted along
the two periodic directions for 1 x 1, 2 x 1, 3 x 1, 4 x 1,
1 x 2, and 2 x 2 surface unit cells, respectively, in order to
ensure consistent k-space sampling. The self-consistent field
procedure was converged up to a tolerance in the total energy
of AE =1 x 1077 E}, per unit cell.

The predicted structural parameters, with the deviation
from those observed”® in parenthesis, are apyx = bpux =
4.639 A (1.1%), coux = 2.979 A (0.9%), and u = 0.306
(0.5%). This structure is consistent with that predicted in
previous calculations.?*%717¢ Since the slab is cut from
the optimized bulk, the corresponding lattice parameters are
agy, = 2.979 A ([001] direction of the bulk) and by, = 6.561
A ([110] direction of the bulk). Structural optimization was
performed, relaxing all atoms of the adsorbate(s) and the
slab, using the Broyden-Fletcher-Goldfarb-Shanno scheme, as
implemented in CRYSTAL09.®” Convergence was determined
from the root-mean square (rms) and the absolute value
of the largest component of the forces. The thresholds for
the maximum and the rms forces (the maximum and the
rms atomic displacements) have been set to 0.00045 and
0.00030 (0.00180 and 0.0012) in atomic units. Geometry
optimization was terminated when all four conditions were
satisfied simultaneously. Projection of density of states was
carried out following a Mulliken analysis.

The binding energy (BE) per molecule of the adsorbate-
substrate system was computed with respect to the isolated
molecule and the clean surface. The counterpoise correction to
the binding energy was applied to take into account the basis set
superposition error (BSSE), details of which are documented
in Refs. 77 and 78. In addition, it should be noted that one
molecule was adsorbed on each side of the slab.

III. RESULTS AND DISCUSSION

Firstly, the geometry and energetics for single-molecule
adsorption (one molecule adsorbed per surface unit cell)
are discussed in Sec. III A. An analysis of the energetics for
two-molecule adsorption (two molecules adsorbed per surface
unit cell) is given in Sec. III B. The electronic structure for
the rutile TiO,(110) surface in contact with water is then
presented in Sec. III C.
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TABLE I. Displacements (Ax, Ay, and Az in A) of atoms in the uppermost three atomic layers, with respect to the clean relaxed rutile
TiO,(110) surface geometry, in molecular and dissociative single-molecule adsorption. x, y, and z correspond to the [001], [110], and [110]
directions of the bulk, respectively. The 1 x 1 and 2 x 2 supercell cases are considered here. The corresponding coverage ® is also indicated.
The labels Os..; and Os,., refer to the four equatorial oxygen atoms of Tis., the former(latter) being to the left(right) of Tis. in Fig. 1.

Molecular Dissociative
1x1 2x2 1x1 2x2
=1 O=1/4 O=1 ©=1/4
Ax Ay Az Ax Ay Az Ax Ay Az Ax Ay Az
Tis, 0.02 0.07 0.04 —0.01 0.07 0.13 —0.08 —0.13 0.18 0.00 0.03 0.55
Tie, 0.24 0.07 —0.05 0.02 —0.01 —0.04 —0.01 —0.16 —-0.15 0.06 0.06 —0.06
(OJ% 0.13 0.24 0.04 0.01 0.13 0.01 —0.01 0.13 0.11 0.00 0.03 0.17
O3 0.12 0.12 0.04 0.00 0.00 0.03 —0.01 0.07 —0.03 —0.01 0.05 0.01
O3 0.12 0.05 —-0.24 0.01 —-0.02 0.03 —0.01 —0.10 -0.3 0.03 0.02 —0.05

A. Single-molecule water adsorption: Geometry and energetics

The clean rutile TiO,(110) surface, characterized by
the fivefold-coordinated titanium (Tis.) and the twofold-
coordinated “bridging” oxygen atoms (Opc), is shown in
Fig. 1 together with models representing the molecular and
dissociative adsorption of water. In both modes, it is the Tis.
and O, terminal ions that interact with adsorbing species. In
the dissociative case, the adsorption of OH onto Tis. forms a
terminal hydroxyl (TH), and the H atom, detached from H,O,
bonds to the nearest O resulting in a bridging hydroxyl (BH).

The surface undergoes significant structural changes upon
water adsorption. These changes can be observed in the relaxed
geometries shown in Fig. 1, and analyzed by considering the
atomic displacements in Table 1. To investigate the coverage
dependence of water adsorption, supercells of different sizes
and shapes were used. A 1 x 1 unit cell can be extended in the
[001] and [110] directions to form 2 x 1,3 x 1,4 x 1, 1 x 2,
and 2 x 2unitcells, decreasing the coverage and increasing the
distance between adsorbates. From the relaxed geometry of the
clean 1 x 1 surface, it can be seen that the Tis. moves inwards,
specifically by 0.14 A, to increase effective coordination with
neighbouring O ions. Upon adsorption, in both molecular and
dissociative modes, the Tis. moves outwards: this is expected
as the adsorption of OH or H,O restores the octahedral coor-
dination of the Ti ion. The displacement Az of Tis, is larger
when water dissociates, which can be explained by a greater
electrostatic interaction of the terminal OH~ with the Ti**
ion, compared to molecular adsorption. This effect is more
significant in the 2 x 2 supercell (Az = 0.18 A for 1 x 1 and

Az = 0.55Afor2 x 2), suggesting that when the OH™ species
are further apart, surface distortions allow extra movement of
Tis.. Conversely, the sixfold-coordinated titanium atom (Tig,)
in the second atomic layer moves into the slab while O,, moves
outwards; this is more apparent for the dissociative adsorption
(inthe 1 x 1 cell, Tige Az = —0.05 A for molecular and Az =
—0.15 A for dissociative; Oy, Az = 0.04 A for molecular and
Az = 0.11 A for dissociative). This is consistent with a simple
electrostatic picture in which the adsorption of H onto the O,
atom (forming the bridging hydroxyl BH: O, H™) is expected
to decrease the attractive Coulombic interaction between O3,
and Ti¢!, which in turn would be attracted by the bulklike
oxygen atoms O?~ below. The displacements in x, y, and z
of the four equatorial oxygen atoms of Tis. (labelled Os.
and Os;..», see Table I) indicate that the packing of the surface
TiOg octahedra is also affected by the water adsorption: the
main axis of the octahedron is tilted with respect to the clean
surface, as shown in Fig. 1, allowing the attractive interactions
occurring at the surface to be maximised.

The distances between Tis. and the oxygen of the adsorbate
(Oygs) for both adsorption modes are reported in Table II.
By comparing these to the apical Ti-O bond length in bulk
rutile—d(TiO,,) = 2.009 A—the larger Az displacement of
Tis. reported above can be rationalized further. The Tis O,qs
bond lengths in the dissociative mode [d(Tis O,gs) = 1.8—
1.9 A] are closer in value to the bulk than those in the molecular
mode [d(Tis.O,q) = 2.2-2.3 A], indicating a greater ionicity
of O,gs in the former. In Table II, the various O-H distances
are also given. The bridging hydroxyl, d(O,.H,4s), and the

TABLE II. Tis.O,q and various O-H bond lengths (A) in molecular and dissociative single-molecule adsorption on the rutile TiO,(110)

surface.

Molecular Dissociative
Supercell COVerage d(TiSCOads) d(Tlic Oads) d(o2c Hads) d(oads Hads) d(HBHOTH)
size ® BH TH Hydrogen bond
1x1 1 2.266 1.903 0.992 0.974 1.840
2x1 1/2 2.184 1.821 0.970 0.967 2.422
3x1 1/3 2.177 1.803 0.967 0.968 2.686
4x1 1/4 2.173 1.801 0.967 0.968 2.694
1x2 1/2 2.251 1.904 0.995 0.975 1.819
2x2 1/4 2.190 1.804 0.968 0.969 2.692
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FIG. 2. (Color online) Top views of the adsorbate-substrate system in single-molecule adsorption, illustrating the effect of varying coverage
(® =1to 1/4 ML) in ay,,. The Ti atoms of the two uppermost atomic layers, bridging O atoms, alongside those atoms belonging to the
adsorbate, are opaque, whereas lower layers are translucent. O, Ti, adsorbate O, and adsorbate H atoms are represented by red, black, blue, and
yellow spheres, respectively. The surface unit cell in each case is represented by a grey line. If viewed in black and white: O, Ti and H atoms

appear as dark grey, black and light grey spheres, respectively.

terminal hydroxyl, d(O.sH.gs), are characterized by very
similar bond lengths, close to the O-H bond length in the
gas-phase water molecule, d(OH) = 0.964 A (see Appendix A
for a comparison between calculated and experimental data
for H,0). In addition, the hydrogen bond distance between the
hydrogen atom of BH and the oxygen atom of TH, d(HgyO1n),
is displayed. When decreasing the coverage by increasing
the size of the supercell in ag,p, corresponding to the [001]
direction of the bulk, there is a change in the orientation of
TH, which can be seen in Fig. 2. The distance d(HgyOry)
increases from 1.84 to 2.69 A; this geometric response and
change in hydrogen bond distance becomes significant in the
analysis of water adsorption energetics presented below.

The binding energy (BE) of the H,O-TiO,(110) system
with respect to the isolated molecule and the clean surface’® is
given per molecule in Table III as a function of the coverage
0, for both the molecular and dissociative adsorption of water.
The corresponding adsorption geometries are illustrated in
Figs. 2 and 3. The BE is negative for all cases considered: water
binds readily to the surface at all coverages. Excluding the 1 x
land 1 x 2 periodicities for the moment, dissociation of water
is more stable than molecular adsorption; a possible reason for
this is the formation of hydrogen bonding interactions between

the bridging and terminal hydroxyls, in agreement with
previous work.**#® The adsorption becomes sequentially more
favourable as the coverage decreases: increasing the separation
between adsorbates along agj,, from 5.9591t08.939t0 11.918 A

TABLE III. The binding energies (BE) per molecule of the
adsorbate-substrate system with respect to the clean surface and
the isolated molecule” are shown for relaxed geometries in single-
molecule adsorption. Binding energies for both the molecular and
dissociative modes of adsorption are shown as a function of
coverage, ©. Each supercell corresponds to a particular geometrical
configuration.

BE/eV

Supercell Coverage Molecular Dissociative
size (C]

Ix1 1 —0.98 —-0.82
2x1 1/2 —-0.92 —1.21
3x1 1/3 —-0.92 —1.40
4x1 1/4 —0.97 —1.46
1x2 1/2 —1.06 —0.87
2x2 1/4 —1.04 -1.33
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FIG. 3. (Color online) Top views of the adsorbate-substrate
system in single-molecule adsorptioninthe 1 x 2 and 2 x 2 supercell
cases. The Ti atoms of the two uppermost atomic layers, bridging
O atoms, alongside those atoms belonging to the adsorbate, are
opaque, whereas lower layers are translucent. O, Ti, adsorbate O, and
adsorbate H atoms are represented by red, black, blue, and yellow
spheres, respectively. The surface unit cell in each case is represented
by a grey line. If viewed in black and white: O, Ti and H atoms appear
as dark grey, black and light grey spheres, respectively.

lowers the BE by 0.19 and 0.06 eV, respectively. This suggests
that the effective repulsive interactions between the adsorbed
species are lowered as the separation is increased. This effect
is much smaller for molecular adsorption: increasing the
separation between adsorbed molecules along agy,, from 5.959
t0 8.939 A does not affect the BE, and from 8.939 to 11.918 A
the BE is lowered by 0.05 eV. This indicates that interactions
between surface hydroxyls along ag,, are more pronounced
and spread over a greater distance than those between adsorbed
molecules. Additionally, the coverage-dependent stabilisation
is evident from the Tis.-O,q4s bond lengths (see Table II), which
presents an interesting correlation; the more negative the BE,
the shorter the distance d(Tis.-O,gs).

The exceptions to these trends are the 1 x 1 and 1 x 2
periodicities in which the molecular adsorption is more stable.
These systems are stabilised by the molecules being close
enough to benefit from hydrogen bonding along the ag;p
direction (2.979 A). Particularly strong interactions between
neighboring terminal hydroxyls can be seen in the 1 x 1
and 1 x 2 dissociative systems; the hydroxyls have tilted to
maximize the hydrogen bonding interactions [see Table II for
d(HgyOty) bond distances] and to avoid repulsion between
parallel OH groups. It is important to note that along the
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byap direction (6.561 A), the interactions are negligible; this
can be seen by comparing the 1 x 1 and 1 x 2 periodicities
in Table III,°® but becomes more evident in the results of
two-molecule adsorption energetics reported in Sec. III B.

When analyzing the results, one of the factors to be taken
into account is the effect of the constraints imposed by point
group and translational symmetry on the relaxation of the
atomic structure. The calculations discussed here benefit from
symmetry-breaking induced by the interactions between ad-
sorbates at the surface; they contain two point group symmetry
operators and refer to the lowest energy geometric states found.
On the contrary, if the symmetry of the clean (110) surface is
imposed, the system is constrained and the binding energy
is higher by an energy within the range 0.15-0.85 eV. The
effect of symmetry is analysed in Appendix B, which includes
results presented in Ref. 79. The adsorption of two molecules
per surface unit cell is expected to produce more negative
binding energies compared to single-molecule adsorption
results for equivalent atomic configurations, since there is a
partial breaking of the translational symmetry constraints, and
therefore more freedom for the atoms to relax. This expected
effect on the stability is discussed further in Sec. III B.

B. Two-molecule water adsorption: Energetics

The adsorption of two molecules per surface unit cell
allows a mixed molecular and dissociative adsorption mode

TABLE 1V. The binding energies (BE) per molecule of the
adsorbate-substrate system with respect to the clean surface and
the isolated molecules’ are presented for relaxed geometries in
two-molecule adsorption. Binding energies for molecular (M),
dissociative (D), and mixed (DM) adsorption modes are shown as
a function of coverage, ®. The labels a, b, and ¢ represent different
atomic configurations in the supercell, as described in the text; the
notation _ represents an empty site in the cell.

BE/eV
Supercell Coverage Molecular Dissociative Mixed
size (O]
2x1 1 —0.99 —0.85 —1.03
MM DD DM
3x1 2/3 —0.95 —1.10 -1.15
MM_ DD_ DM_
4x1 1/2 —0.98 —-1.24 —1.20
MM__ DD__ DM__
4x1_a 1/2 —-0.92 —1.20 —1.11
M_M_ D _D_ D _M_
1x2 1 —1.00 —0.82 —0.89
M D M
M D D
2x2.a 1/2 —1.06 —0.86 -1.09
MM DD DM
2x2Db 1/2 —0.96 —-1.22 —-1.09
M_ D_ M_
M_ D_ D_
2x2c 1/2 —0.96 —1.23 —1.09
M D M
M D D
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FIG. 4. (Color online) Top views of the optimized geometries of the adsorbate-substrate system illustrating two geometrical configurations
inthe 4 x 1 periodicity (® = 1/2 ML) of each adsorption mode: molecular, dissociative, and mixed. The Ti atoms of the two uppermost atomic
layers, bridging O atoms as well as those atoms belonging to the adsorbate are opaque, whereas lower layers are translucent. O, Ti, adsorbate
O, and adsorbate H atoms are represented by red, black, blue, and yellow spheres, respectively. The surface unit cell in each case is represented
by a grey line. If viewed in black and white: O, Ti and H atoms appear as dark grey, black and light grey spheres, respectively.

to be studied, in addition to the molecular and dissociative
modes introduced previously. In Table IV, the BE for each
mode as a function of coverage ® and the corresponding
supercell shape and size is reported. The adsorption occurs
at the Tis, sites and is labelled as M, D, and _, corresponding
to a molecule adsorbed molecularly and dissociatively and
to an empty site, respectively. The adsorption configurations
considered are then expressed in terms of M, D, and _,
in Table IV. Two scenarios are possible: the presence of
two adsorbed water species separated by an empty site or

the formation of a dimer. Three types of dimer can be
identified: MM, DD, and DM. These are shown in Fig. 4
in which two geometrical configurations of each adsorption
mode are illustrated at the same coverage, ® = 1/2 ML,
corresponding to the 4 x 1 periodicity. Since the interaction
between adsorbates is negligible along by, the dimer forms
only along agj,p.

At the lowest coverage considered (® =1/2 ML)—
excluding the 2 x 2_a case in which all sites along aq,, are
occupied—the dissociative mode is the most stable both with
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(DD__) and without (D_) dimer formation, as can be seen in
Table IV. Conversely, at higher coverages (® > 1/2 ML), with
the exception of the 1 x 2 periodicity,'! the dimers are either
neighboring along ag,, (DM) or separated by an empty site
(DM_), and the mixed adsorption mode is the most favourable.

As discussed and documented in Sec. III A, dissociative
adsorption affects the outermost atoms of the slab to a greater
extent than molecular adsorption. The displacements produced
as a consequence of adsorbed hydroxyls propagate further
through the surface: a particular distance between dimers—
8.939 A—is required in order for the dissociative dimer to
form. The interactions between adsorbates are mediated by
the surface through these atomic displacements. This could
provide an explanation for the dependence of adsorption mode
on the coverage and arrangement of adsorbates: when dimers
are neighboring along ay,, or separated by one empty site
(DM or DM_), the separation between them does not allow the
surface distortions induced by dissociative adsorption, thus the
mixed mode becomes lower in energy (see the 2 x 1, 3 x 1,
and 2 x 2_a cases in Table IV).

Increasing the separation between dimers in the dissociative
mode along ag,, from neighboring (DD) to 5.959 A (DD.)
to 8.939 A (DD__) lowers the BE by 0.25 and 0.14 eV,
respectively. The effect on the BE is much less in the mixed
adsorption mode, and negligible in the molecular mode (see
Table 1V). The effective repulsive interactions between the
dimers are lowered as the separation is increased, and since
we know that the interactions between surface hydroxyls
along ag,, are more pronounced and spread over a greater
distance than those between adsorbed molecules, the evidence
suggests that the surface-mediated interactions are particularly
significant in dissociative adsorption.

The effects of adsorbing two molecules per surface unit
cell, as opposed to one, can be analyzed by comparing the two-
molecule with the single-molecule binding energies. As shown
in Table IV, the 1 x 2 periodicity is dominated by molecular
adsorption. In this case, although adsorbates are neighbouring
along agyp, the translational symmetry constraints in this
direction are similar to those within the 1 x 1 system within the
single-molecule adsorption results discussed in Sec. IIT A. As
expected, the BE of the 1 x 2 periodicity for the two-molecule
molecular adsorption (—1.00 eV) is marginally lower than
the value for the 1 x 1 periodicity in the case of the single-
molecule molecular adsorption (—0.98 eV), due to the decrease
of symmetry constraints along bg,p. In general, when compar-
ing the two-molecule with the single-molecule binding ener-
gies for the same coverage, geometrical configuration and ad-
sorption mode, the former is lower in energy by <0.03 eV. This
is also owing to the greater freedom of relaxation, and links the
two sets of energetics. The effect of partially breaking the sym-
metry in these calculations is analyzed further in Appendix B.

Water adsorption on this surface can be characterized by the
favorable formation of water dimers through hydrogen bonds.
The formation energy of dimers is analyzed by comparing the
binding energies of the 4 x 1 and 4 x 1_a cases (® = 1/2
ML). In the latter, the adsorbates are separated by an empty
site, while in the former they are neighboring and form
a dimer, as can be seen in Fig. 4. The energy difference
(ABE) between these configurations is attributed to the BE
of the dimer with respect to two separated adsorbates. In
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passing from the dissociative to the molecular to the mixed
mode, the stabilisation, ABE, is equal to 0.04, 0.06, and
0.09 eV, respectively, per dimer formed. The benefit of having
a neighboring adsorbate is therefore greatest in the mixed
geometry, but is also present in the other two modes, suggesting
that the order of strength of the hydrogen bond between
adsorbates in a dimer is as follows: D---D < M---M <
D- - -M. Although DM forms a strong hydrogen bond and its
ABE is largest, in this particular case (4 x 1), the intact water
molecule deprotonates easily, resulting in DD as the most
favourable dimer. The type of dimer that forms is dependent
not only on the strength of hydrogen bond but also on the
distance between dimers on the surface, and this emphasizes
the competitive nature between direct intermolecular and
surface-mediated interactions.

To summarize the adsorption energetics, the following main
points can be highlighted. In the absence of neighbors along
the ay,, direction, i.e., isolated adsorbates, the dissociative
mode is most favorable. The dissociative mode remains the
most favorable when well-separated dimers form along agj,p:
the separation must by sufficient—8.939 A—to allow for
the structural distortion imposed by surface hydroxyls upon
adsorption. Finally, the mixed adsorption mode becomes
important when dimers are neighboring or separated by a short
distance—<5.959 A—as this is when the strong hydrogen
bonding comes into play.

C. Electronic structure

The effects of water adsorption on the electronic structure
of the rutile TiO,(110) surface are presented here, with the aim
of gaining insight into the photooxidation reaction occurring
during water oxidation in water splitting systems. In particular,
the electronic structure is studied in order to aid further analysis
of the energetics, i.e., to elucidate the nature of chemical bonds,
and to identify the position of the molecular orbitals of H,O
relative to the valence band (VB) and the conduction band
(CB) of the TiO, surface.

In Figs. 5 and 6, the density of states (DOS) for the
molecular and dissociative adsorption modes are shown for
single-molecule and two-molecule adsorption, respectively.
The DOS for the mixed adsorption mode is also presented
in Fig. 6. For reference purposes, in both figures, the DOS
for the clean surface and the isolated molecule have also
been plotted.'”> The DOS of the clean surface shows the
contributions of the CB, upper VB, and lower VB, which
are made up largely of Ti-3d orbitals, O-2p orbitals, and
O-2s orbitals, respectively. The calculated band gap of the
surface is 2.90 eV, which is in good agreement with the
experimental gap of 3.03 eV (polarised optical transmission
measurements).®° Projections onto the twofold-coordinated O
(bridging O) atoms show that the corresponding O-2s and
O-2p states contribute primarily to the top of their respective
valence bands: they are at higher energies compared to the
states of threefold-coordinated O, which is consistent with
a simple ionic model. With regards to the isolated water
molecule, the expected four energy levels corresponding to
two nonbonding and two bonding orbitals, are shown in the
top panels of Figs. 5 and 6. The highest occupied orbital (1b,),
at —8 eV, is nonbonding and highly localized on the oxygen
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FIG. 5. (Color online) Projected density of states (DOS) for single-molecule adsorption of water onto the rutile TiO,(110) surface (1 x 1
surface unit cell, ® = 1 ML). From top to bottom: superposition of the DOS for the isolated molecule and the clean surface, molecular
adsorption (M), and dissociative adsorption (D). The vertical dotted line in the DOS denotes the position of the Fermi energy. All energies are
referred to vacuum zero as 2D periodic boundary conditions are used: V(z) = 0 when z = 0o, where V., is the electrostatic potential and z is

the distance from the surface.

atom. The next orbital (2a,), at —10.5 eV, is also nonbonding
and mostly localized on the O atom but with some contribution
from H. These two correspond to lone pair orbitals. The two
lower energy molecular orbitals (1b, and 1a;), at —14.5 and
—27.1 eV, describe two O-H bonds in the water molecule:
contributions from both the O and H atoms can be seen (see
Figs. 5 and 6).

The main consequences of the adsorption become evident
by comparing the superposition of the DOS for the isolated
molecule and the clean surface with both the molecular
and dissociative cases. Firstly, there are no adsorbate states
present in the band gap. Upon adsorption, an energy shift
and broadening of the peaks of water occur as well as

hybridization with TiO, surface O-2p bands. From the DOS
of the molecular adsorption mode, it is evident that upon
adsorption, the O-2s and O-2p states involved in describing
the O-H bonds in the water molecule are at lower energies than
the corresponding states of the isolated molecule (compare top
two panels of Fig. 5); these states at ~—15.2 and ~—28.5 eV
are characteristic of intact water molecules on the surface. In
the dissociative adsorption mode, the adsorption of H onto a
bridging O stabilises the O-2s and O-2 p states of the bridging
O: the resulting states at ~—14.5 and ~—27.5 eV characterize
the bridging hydroxyls (BH). Above these BH peaks, there are
the characteristic terminal hydroxyl (TH) peaks at ~—14 and
~—26.5eV.
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FIG. 6. (Color online) Projected density of states (DOS) for two-molecule adsorption of water onto the rutile TiO,(110) surface (2 x 1
surface unit cell, ® = 1 ML). From top to bottom: superposition of the DOS for the isolated molecule and the clean surface, molecular

adsorption (MM), dissociative adsorption (DD), and mixed molecular

and dissociative adsorption (DM). The DOS of molecularly and

dissociatively adsorbed molecules in the mixed adsorption mode have been plotted separately in order to view clearly the contributions of each.
The vertical dotted line in the DOS denotes the position of the Fermi energy.

The nature of the states at the valence band maximum
(VBM) is important in the development of models of photo-
catalytic processes. Firstly, when superimposing the DOS of
the isolated molecule with that of the clean surface, the highest
occupied lone pair orbital (1b;), at —8 eV, lies at the top of the
valence band of TiO,. However, in both adsorption modes, the
O states associated with the lone pairs in the isolated molecule
are hybridized with the TiO, O-2p states, upon adsorption

045302-

(see energy range —13.5 to —7eV). Interestingly, this suggests
that during relaxation the geometry distorts to accommodate
the adsorbates, and that for both adsorption modes this results
in the adsorbate O states being at similar energies to the TiO,
O band. In molecular adsorption, the bridging O-2p states are
at the top of the valence band, and the highest energy adsorbate
O-2p states are 1.40 eV below. However, in dissociative
adsorption, the top of the valence band is constituted from
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adsorbate O-2p states (only 0.43 eV below the VBM),
which are associated with the TH, and bridging O-2p states
(0.63 eV below the VBM), involved in the formation of
the BH.

The mixed adsorption mode shows characteristics of
both molecular and dissociative adsorption as expected: the
contributions of the molecularly and dissociatively adsorbed
molecules are illustrated in Fig. 6. The total and projected
density of states for the two-molecule adsorption cases (see
Fig. 6) in the molecular and dissociative modes are analogous
to those for the single-molecule adsorption (see Fig. 5).

In summary, the states of the molecularly adsorbed H,O
and the two hydroxyl groups (BH and TH) of the dissociated
molecule have been identified and compared with those
of the isolated molecule. Energy shifts and hybridization
upon adsorption have been analyzed. Alongside this, the
major contributions to the valence band maximum have been
determined.

This analysis of the electronic structure provides some
insight into the reaction that controls the water oxidation
process, known as the oxygen evolution reaction (OER),3'-83
in TiO, water splitting devices. The overall equation for the
oxidation of H,O to O, on the TiO, surface is

2H,0 + 4h* — 4HT + 0, (1)

Many of the proposed mechanisms indicate that the
photooxidation of surface hydroxyls by photogenerated holes
plays a crucial role.®* This results in the formation of surface
hydroxyl radicals, Ti-OHJ:

Ti-OH_, +h* — Ti-OHZ,, )

The coupling of two adjacent Ti — OH}, radicals is said
to generate surface-bound hydrogen peroxide, H,O,. The
subsequent capture and reaction of two valence band free
holes with adsorbed H,O, is believed to result in O,
evolution. 318285

An alternative mechanism has been suggested in which
the reaction is initiated by the nucleophilic attack of
a H,O molecule on a surface-trapped photogenerated
hole:

Ti-H,0,4s + ht — Ti—-OH®

ads

+H" 3)

In this case, the radical species on the surface is supposed to
oxidise TiO, to TiOs. The specific steps that are said to follow
are presented in Ref. 6 and 83.

The proposed mechanisms require multiple holes at a
single reaction site and a build up of intermediates.’¢ In
TiO,, the holes are said to accumulate at the O-2p states of
bridging 0%~ ions, which lie at the top of the valence band,
consequently reacting with adsorbed species. Nevertheless,
a complete atomic-level understanding of the reaction steps
following photooxidation of surface hydroxyls has not yet
been established.

The calculations presented here shed some light on these
mechanisms. In molecular adsorption, there are no adsorbate
states at the VBM, whereas in dissociative adsorption, O-2p
states associated with both the TH and BH are present at
the VBM. This suggests that the photogenerated holes at
the surface are unlikely to react with molecularly adsorbed
water, and that it is possible that they react with both terminal
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and bridging hydroxyls. In order to distinguish which surface
hydroxyls are more likely to react, an approach based on a
combination of theory and isotopic labeling experiments is a
possibility.

IV. CONCLUSIONS

Periodic hybrid-exchange density functional theory (DFT)
calculations have been used to predict the structure of water
on the rutile TiO,(110) surface (® < 1 ML). A detailed model
has been developed to describe water-water and water-surface
interactions at low coverages (® = 1/4 ML) through to 1 ML
of adsorbates (® = 1 ML). The relaxed geometries have been
analyzed and the adsorption energetics studied thoroughly.
The influences of interactions that occur at the surface on the
adsorption mode—molecular, dissociative or mixed—and the
binding energy have been explored.

The adsorption sites are Tis. and both Tis. and O,. for
molecular and dissociative adsorption, respectively. From
the energetics of adsorption, it is clear that water binds
readily to the surface of rutile TiO,(110). The outermost
surface atoms undergo more pronounced structural changes
upon dissociative adsorption, in comparison to molecular
adsorption. In fact, we have shown that the displacements
produced as a result of adsorbed hydroxyls propagate further
through the surface in comparison with adsorbed water
molecules.

The first important point is that only the interactions
in ay,, have to be considered to predict the structure
of water on this surface: the interaction model can be
one-dimensional since along bg,, (6.561 A) the level of
interaction between adsorbates is negligible. Secondly, the
effect on the binding energy of increasing the separation
of isolated adsorbates in agp iS more prominent in disso-
ciative adsorption compared to molecular adsorption. The
single-molecule adsorption energetics demonstrate that the
repulsive interactions between the hydroxyls formed through
dissociative adsorption are stronger and extend over a longer
distance than those between molecularly adsorbed water. In
the two-molecule results, we have shown that the formation
of dimers on the surface is favorable. The hydrogen bond
between adsorbates in a dimer has been characterised in
order of strength: D---D < M:--M < D---M. In order for
molecularly-adsorbed water molecules to be stable, they re-
quire hydrogen bonding to neighboring species, demonstrated
by binding energies in both single-molecule and two-molecule
energetics.

Although the single-molecule calculations provide an
idea about the interactions between adsorbates, additional
energetically-favorable adsorption structures that take into
account the intermolecular interactions have been retrieved
from the “two-molecule” results. These calculations have
predicted that in ag,,, there are two scenarios: isolated
adsorbates in the absence of neighbors [in which the dis-
sociative mode (D) is the most stable] or the formation
of one of three types of dimer: MM, DD, and DM. The
dissociative mode (DD) remains the most favorable when well-
separated—8.939 A—dimers form to allow for the structural
distortion imposed by surface hydroxyls upon adsorption.
The mixed adsorption mode (DM) becomes important when
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TABLE V. Vibrational frequencies (cm™') of the isolated water molecule. Calculated (CALC.) and scaled (SCAL.) frequencies are shown

alongside two sets of experimental (EXP.) data for comparison.

Vibrational mode Description CALC. SCAL. EXP.Y’ EXP.”
123 Scissoring (in-plane bending) 1610.84 1548.66 1594 1595
U1 Symmetric stretching 3739.52 3595.17 3656 3657
V3 Asymmetric stretching 3904.69 3753.97 3755 3756

dimers are neighboring or separated by a short distance. The
atomic displacements produced as a consequence of adsorbed
species affect the way in which neighboring molecules
adsorb; this provides evidence to support the view that the
interactions between adsorbates are mediated through the
surface.

Furthermore, the electronic structure of the H,O-TiO; sys-
tem has been analyzed in terms of density of states. The states
of the molecularly adsorbed H,O, the bridging hydroxyl (BH),
and the terminal hydroxyl (TH) have been identified, relative to
the surface Ti and O states. In molecular adsorption, there are
no adsorbate states at the VBM. Contrastingly, in dissociative
adsorption, O-2p states associated with both the TH and
BH are present at the VBM. The evidence suggests that the
photogenerated holes at the surface are unlikely to react with
molecularly adsorbed water, and that it is possible that they
react with both terminal and bridging hydroxyls, providing
some insight into the reaction that controls the water oxidation
process.

This study has revealed that the preferred adsorption
mode is dependent on not only coverage, but also on the
arrangement of, hence the separation between, adsorbed
species. At low coverage (1/4 ML < ® < 1/2 ML), the re-
sults have indicated that dissociative adsorption dominates;
at higher coverage (1/2 ML < ® < 1 ML), the mixed mode
becomes important when the intermolecular interactions are
taken into account. However, it is imperative to consider
the arrangement of adsorbates as well. Both dependencies
(coverage and arrangement) have a significant influence on the
nature of the interactions involved in the H,O-TiO, system.
The interactions can be separated into two categories: the direct
attractive and repulsive interactions and the surface-mediated
interactions. We have evidence to support the concept that
surface-mediated interactions significantly affect the most
energetically favorable adsorption structure. The interplay and

competition between these two groups of interactions could
provide an explanation for the dependence of adsorption mode
on the coverage and arrangement of adsorbates. This work
indicates that the surface is not fully hydroxylated; when
considering multilayer water, the issue then is the interaction
of water with a surface containing a mixture of OH and H,O
species. The insight gained from these calculations contributes
towards a better atomistic understanding of water chemistry on
transition metal oxide photocatalysts, since it is the interactions
and surface phenomena that determine the state of adsorbates
on photocatalyst surfaces.
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APPENDIX A: ANALYSIS OF THE WATER MOLECULE:
GEOMETRY AND FREQUENCIES

In this Appendix, the geometry and the vibrational fre-
quencies of the isolated water molecule are reported and
compared with previous studies®’3 in order to assess the
quality of the computational methodology adopted. The water
molecule belongs to the C,, point group. The calculated
bond distance, dog = 0.964 A, is close to the experimental

TABLE VI. The binding energies (BE) per molecule of the adsorbate-substrate system with respect to the clean surface and the isolated
molecule’® are shown for relaxed geometries in single-molecule adsorption. The binding energies for molecular and dissociative adsorption
modes are shown as a function of coverage, alongside the number of symmetry operators in each calculation. From this, the effect of symmetry

reduction can be seen.

Supercell  Coverage Molecular Dissociative

size ® BE/eV S.O. BE/eV S.O. BE/V S.O. BE/V S.O. BE/V S.O. BE/V S.O.
Ix1 1 —0.24 * 4 —0.98 2 —0.59 * 4 —0.82 2
2x1 1/2 —0.47 * 8 —0.69 4 —-0.92 2 —0.87 * 8 —1.16 4 —1.21 2
3x1 1/3 —0.55 * 8 —0.70 4 —-0.92 2 —1.19* 8 —1.40 4 —1.40 2
4x1 1/4 —0.58 * 8 —0.72 4 —0.97 2 —1.29 * 8 —1.46 4 —1.46 2
1x2 1/2 —0.21 * 4 —1.06 2 —0.65 4 —0.87 2
2x2 1/4 —0.85 * 4 —1.04 2 —1.33 % 4 —1.33 2
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value (0.9572 A)*¥0 with a percentage error of 0.75%. The
calculated angle HOH is 105.54°, which can be compared
to the infrared measurement of 104.52°%%°! with a percentage
error of 0.98%. In addition, the calculated harmonic vibrational
frequencies are in good comparison with experimental data:
the calculated symmetric and asymmetric stretching modes
(vi and v3) and the scissoring (in-plane bending) mode
(vp) are comparable to two sets of experimental frequency
measurements (see Table V). Harmonic vibrational frequen-
cies computed from the dynamical matrix are expected to
be greater in value than experimental data since they do
not take into account the anharmonicity. The calculated
frequencies can be scaled using a scaling factor,’® f = 0.9614,
in order to adjust for this (see Table V). The resulting scaled
frequencies are in better agreement with the experimental
data.

The calculated bond distance, angle, and frequencies are
consistent with previous theoretical B3LYP data.®? It has
been demonstrated that DFT calculations using the B3LYP
exchange-correlation functional (combining the Becke three-
parameter hybrid functional for exchange, B3, which includes
a fraction of Hartree-Fock exchange, with the Lee, Yang and
Parr nonlocal functional for correlation, LYP94’96) provide
a much better description of the water monomer compared
to using other density functionals such as PP (combining
the gradient correction of Perdew and Wang for exchange,
and that of Perdew for correlation®”*%), and BP (combining
the exchange functional of Becke and the Perdew functional
for correlation’®®), and comparable to that provided by
MP2 methodology,”? particularly for harmonic vibrational
frequencies.”

APPENDIX B: EFFECT OF SYMMETRY CONSTRAINTS

In this section, the effects of the constraints imposed
by point group symmetry on the relaxation of the atomic
structure in both single-molecule and two-molecule adsorption
are investigated. High and low symmetry configurations
were considered. In the former, the geometry optimization
was performed by preserving all the symmetry operations
compatible with the adsorption of a water molecule, i.e., by
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imposing the symmetry of the clean (110) surface. When
defining the surface from the optimized bulk, the slab is
characterized by eight symmetry operators (the identity, three
rotations by 180° with the rotation along the x, y, and z
axes, one horizontal and two vertical reflections with the
mirror planes perpendicular to the z axis, and to the x and
y axes, respectively, and the inversion). Upon adsorption of
water, interactions between molecules at the surface induce
a breaking of symmetry, and the number of symmetry
operators is reduced. The consequences of this are discussed
below.

In single-molecule adsorption, when moving from high to
low symmetry cases, there is a reduction in the number of
symmetry operators from eight to four and, subsequently, to
two, as indicated in Table VI. For each coverage/supercell
size the highest possible symmetry calculations (labelled
as * in Table VI) have been discussed previously in Ref. 79.
A reduction in the number of symmetry operators from eight
to four (where the identity and the three rotations are kept)
results in a decrease of the BE by 0.15-0.30 eV. The effect
of reducing the number of symmetry operators further (from
four to two symmetry operators, where the identity and one
rotation with respect to one of the two periodic directions are
preserved), can then be analyzed. In boththe 1 x 1 and 1 x 2
cases, the BE decreases by 0.75-0.85 eV and by ~0.2 eV
for molecular and dissociative adsorption modes, respectively:
the interactions between neighboring adsorbates that induce
symmetry-breaking are particular strong. In all other cases,
this reduction in symmetry results in a decrease of 0.22—
0.25 eV in the molecular adsorption mode but is negligible
in the dissociative adsorption mode.

In Table VII, the effect of reducing the number of symmetry
operators from four to two can be seen for the two-molecule
adsorption data. The trend remains the same: the BE is
lowered as a result reducing the symmetry in any case by
an energy within the range 0.15-0.85 eV. Conclusively, it
has been made clear that the symmetry-breaking induced
by the interactions between adsorbates benefits the system
energetically. Although the symmetry effects discussed above
are quite crucial, they have not been described in detail in

previous studies3*+42-48:66,100

TABLE VII. The binding energies (BE) per molecule of the adsorbate-substrate system with respect to the clean surface and the
isolated molecule’® are shown for relaxed geometries in two-molecule adsorption. Binding energies for molecular, dissociative, and
mixed adsorption modes are shown as a function of coverage, alongside the number of symmetry operators in each calculation. From
this, the effect of symmetry reduction can be seen. The labels a, b, and c represent different atomic configurations in the supercell, as

described in Sec. III B.

Supercell Coverage Molecular Dissociative Mixed

size ® BE/eV S.O. BE/eV S.O. BE/eV S.O. BE/eV S.O. BE/eV S.0. BE/eV S.O.
2x1 1 —0.48 4 —0.99 2 —0.59 4 —0.85 2 —0.72 4 —1.03 2
3x1 2/3 —0.33 4 —0.95 2 —-0.92 4 —1.10 2 —0.96 4 —1.15 2
4x1 1/2 —0.37 4 —0.98 2 —1.12 4 —1.24 2 —1.03 4 —1.20 2
4x1_a 1/2 —0.49 4 —-0.92 2 —1.08 4 —1.20 2 —0.90 4 —1.11 2
1x2 1 —0.24 4 —1.00 2 —0.59 4 —0.82 2 —0.40 4 —0.89 2
2x2.a 1/2 —0.81 4 —1.06 2 —0.65 4 —0.87 2 —0.99 4 —1.09 2
2x2b 1/2 —-0.77 4 —0.96 2 —1.16 4 —-1.20 2 —0.99 4 —1.09 2
2x2c 1/2 -0.77 4 —0.96 2 —1.23 4 —1.23 2 —0.98 4 —1.09 2
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