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Abstract

Periodic hybrid-exchange density functional theory calculations are used to explore the first layer
of water at model oxide surfaces, which is an important step for understanding the photocatalytic
reactions involved in solar water splitting. By comparing the structure and properties of SnO2(110)
and TiO2(110) surfaces in contact with water, the effects of structural and electronic differences on
the water chemistry are examined. The dissociative adsorption mode at low coverage (1/7 ML) up
to monolayer coverage (1 ML) on both SnOy and TiO2(110) surfaces is analysed. To investigate
further the intermolecular interactions between adjacent adsorbates, monolayer adsorption on each
surface is explored in terms of binding energies and bond lengths. Analysis of the water adsorption
geometry and energetics shows that the relative stability of water adsorption on SnOy(110) is
governed largely by the strength of the chemisorption and hydrogen bonds at the surface of the
adsorbate-substrate system. However on TiO2(110), a more complicated scenario of the the first
layer of water on its surface arises in which there is an interplay between chemisorption, hydrogen
bonding and adsorbate-induced atomic displacements in the surface. Furthermore the projected
density of states of each surface in contact with a mixture of adsorbed water molecules and adsorbed
hydroxyls is presented and sheds some light on the nature of the crystalline chemical bonds as well

as on why adsorbed water has often been reported to be unstable on rutile SnO5(110).
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I. INTRODUCTION

Semiconducting metal oxides are used in a large number of applications, due to their
novel and tunable electronic, chemical and mechanical properties. Tin dioxide (SnO) and
titanium dioxide (TiOz) are both wide band gap semiconductors that have received con-
siderable attention. SnOsy is widely used in the sensing of reducing gases [1], hydrocarbon
catalysis [2], and as a transparent conductor [3]. TiO, has applications in heterogeneous
catalysis [4], sorbent technology [5], dye-sensitised solar cells [6], and increasingly in pho-
toelectrochemical water splitting for the production of hydrogen [7]. Water splitting is of
current interest as a carbon-free and economically-viable route to hydrogen production; the
optimisation of materials would be greatly facilitated by an atomic-level understanding of the
reaction mechanisms that occur at the photocatalytic oxide surfaces but this is lacking [8, 9].
A detailed atomistic understanding of (i) water chemistry, (ii) reactive intermediates, and
(iii) chemical reactions occuring on metal oxide surfaces could facilitate the design of more
efficient systems [10-12]. Understanding the chemical reactions involved relies on a valid
description of the structure of the oxide-water interface. This study focuses on the first
layer of water at model oxide surfaces and explores which properties of the surface govern
the structure of the first water layer.

TiO, is a transition metal oxide that adopts a variety of crystal structures, the most
abundant ones being rutile and anatase. The (110) surface of rutile TiOs is the most stable
of the rutile low index surfaces and is considered to be a quintessential model metal oxide
system for the study of water chemistry [13]. SnO; also adopts the rutile structure. Both
materials belong to the P42/mnm tetragonal space group and their unit cells are defined
by the lattice vectors and angles a = b # c and a = § = v = 90°, as well as the internal
coordinate, u. The rutile structure is characterised by sixfold-coordinated metal ions and
threefold-coordinated oxygen ions, forming SnOg and TiOg octahedra in each case. The
key difference between the atomic structure of the two materials is the length of the lattice
parameters: SnO, has larger a and c lattice parameters than TiO,, which in turn leads to
structural differences at the surface. A comparative study of the surface water chemistry
therefore deepens the current understanding of water-water and water-surface interactions
and, in turn, may aid the prediction of the structure and properties of oxide-water interfaces.

The rutile TiO4(110) surface has been extensively characterised using surface sensitive
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techniques such as scanning tunneling microscopy (STM) [14, 15]. The observed images
suggest that the unreconstructed (1x1) surface is commonly observed [16], which is charac-
terised by a fivefold-coordinated Ti and a twofold-coordinated bridging O per unit cell. From
geometrical considerations (the bridging oxygen ions protrude from the rest of the surface)
it is plausible to expect that bright spots in STM images correspond to the bridging oxygens
ions. Conversely, the states being imaged are in the conduction band (positive applied bias)
which predominantly consists of Ti-3d states, suggesting that the bright spots correspond to
the Ti ions at the surface. A combination of theory (using plane-wave pseudopotential meth-
ods) and experiment has been used to determine that it is, in fact, electronic structure effects
that dominate observed STM images (i.e. bright spots are attributed to under-coordinated
Ti ions) [15]. Although, this can be reversed at very high tunnelling currents, when the tip
is close to the surface [15]. The rutile SnO(110) surface is also considered to be the most
stable surface of SnO, [17-20]. However, STM and low energy electron diffraction (LEED)
studies have shown that a number of reconstructions can form on the rutile SnO5(110) sur-
face depending on experimental conditions (e.g. annealing temperatures and oxygen partial
pressure) [17, 19]. Often complicated structures with multiple periodicities or multiple struc-
tures with identical periodicities are observed [17-19, 21-23]. The complexity of the surface
structures has made it difficult to obtain the same level of detailed structural characteri-
sation as for the TiO4(110) surface. It is thought that empty Sn states are being sampled
in STM studies due to the positive applied bias potential (i.e. the bright spots correspond
to fivefold-coordinated Sn sites) [23], however there is no detailed study of the contrast in
SnO, surfaces comparable to to the one for the TiOy (110) surface in Ref. [15].

Generally, there are two modes of water adsorption on TiOs or SnO, surfaces: 1) the
molecular adsorption mode and 2) the dissociative adsorption mode. Molecular adsorption
involves direct interaction of the oxygen atom of the molecule with the surface fivefold-
coordinated metal adsorption site, Ms., forming an adsorbed water molecule, HyO,qs. In
the dissociative adsorption mode the molecule breaks apart and a hydrogen atom is trans-
ferred to a nearby oxygen atom. Two surface hydroxyls are formed: the hydroxyl bonded to
the surface M5, is generally called the terminal hydroxyl, OHry; the one formed from the
detached hydrogen and nearby oxygen atom is called the bridging hydroxyl, OHgy. Molec-
ularly and dissociatively adsorbed water molecules can therefore result in three immediate

adsorbed species: HyOuqs, OHryy and OHgy.
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There is an extensive body of research reporting investigations on the adsorption of water
on the defect-free rutile TiO5(110) surface. The long-standing debate about whether water
molecules are adsorbed molecularly or dissociatively on this surface has been the subject of
many of these studies. A brief summary of this work is provided in Sec. II, although for a
more complete review, refer to [24] and references within.

The purpose of this study is to focus on the first layer of water on the rutile SnO5(110)
and TiO5(110) surfaces in order to understand better the water-water and water-surface
interactions. It should be noted that the aim of this study is not to identify which adsorption
mode — molecular, dissociative, or mixed — is most energetically stable, but to explore the
properties of the surfaces, improve current understanding of the interactions mentioned
above, which in turn govern the structure of water on the surface. We have adopted the
hybrid-exchange B3LYP functional as it has been shown to reproduce the observed bond
distances and energies of intermolecular interactions better than the GGA, in adsorbate-
substrate systems of this kind [25]. Furthermore a key advantage provided by the B3LYP
functional is its accurate band gap description; this is an important requirement when
studying the electronic structure of the system [26, 27]. The results and discussion lead to
the idea that water adsorption on rutile SnO5(110) could be described by a simple model,
whereas on the corresponding TiO, surface, a more complex picture arises.

This paper is organised as follows. A brief review of experimental and theoretical studies
of water adsorption on the rutile (110) surfaces of SnOy and TiO, is presented in Sec. II.
Sec. III contains the computational details. Results of DFT calculations are presented in
Sec. IV. The discussion begins with the optimised geometries of bulk SnO, and TiOg,
followed by the (110) surface formation in both materials. This is followed by an analysis of
water adsorbed on the surface by the dissociative adsorption mode at coverages between one
monolayer (1 ML) to the effectively isolated case (1/7 ML) on both SnOy and TiO, (110)
surfaces. Then monolayer water adsorption on each surface is discussed. The electronic
structure of dissociative and mixed molecular and dissociative adsorption modes is then
presented. By analysing the projected density of states of the adsorbate-substrate systems,
reasons why adsorbed water has been reported to be unstable on rutile SnOy(110) are
explored. Computed STM images of the clean surfaces are then presented. Lastly, Sec. V

contains the conclusions drawn from this study.
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II. BRIEF REVIEW OF PREVIOUS LITERATURE

Surface X-ray diffraction, crystal truncation rod (CTR) measurements, ultraviolet pho-
toelectron spectroscopy (UPS), temperature-programmed desorption (TPD), work function
measurements, X-ray photoelectron spectroscopy (XPS), high resolution electron energy loss
spectroscopy (HREELS), and photoemission measurements have all contributed to the dis-
cussion. Until 1998, the majority of experimental measurements supported the idea that
molecular adsorption dominates in the first layer of water (© < 1 ML) on nearly-perfect sur-
faces at low temperatures (< 350 K) [28], and that water dissociates only at oxygen vacancy
sites [29-39]. An alternative picture of water adsorption on this surface was developed in
1998 using first-principles molecular dynamics simulations [40]. In the calculated hydrogen
vibrational power spectrum, both water bond-bending 6(HOH) and O-H stretching v(OH)
signals were observed. This work proposed the coexistence of molecularly adsorbed and dis-
sociatively adsorbed water on the defect-free rutile TiO5(110) surface at monolayer coverage
(© = 1 ML), where this mixed adsorption mode was stabilised by intermolecular hydrogen
bonding interactions between the H5O,qs and OHry adsorbed species. Interestingly in a
more recent experimental study, Walle et al. presented evidence of both molecularly and
dissociatively adsorbed water using photoemission measurements under UHV conditions
and at low temperature, on a relatively defect-free surface [41]. Many of the early theoret-
ical studies indicate that the dissociative adsorption mode is energetically favoured on the
defect-free TiO4(110) surface at all coverages up to 1 ML [42-52]. Many of these simulations
are, however, based on models imposing either point group or translational symmetry con-
straints. In calculations of this type, translational symmetry constraints must be removed
in order to study intermolecular interactions reliably even at monolayer coverage [40]. A
number of theoretical studies have consequently emphasised the need to study intermolecu-
lar interactions [40, 52-54]. Collectively, this research has led to a fairly consistent picture
of the behaviour of water on the near ideal rutile TiO5(110) surface. Isolated molecules tend
to be adsorbed dissociatively, and at higher coverages molecular adsorption is possible when
stabilised by hydrogen bonding to an adjacent adsorbate.

In contrast to the large number of articles in the literature on water adsorption on ru-
tile TiO2(110), experimental and theoretical water adsorption studies on rutile SnO5(110)

are less extensive. One of the research questions that has been addressed by a number
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of studies in this field is whether molecular adsorption is stable on the rutile SnO5(110)
surface, and the extent of dissociation. Comparison to TiO(110) provides insight into the
effect of small changes in the structure of the surface on the adsorption of water and the
interactions involved. An early experimental study by Gercher and Cox [55] sparked the dis-
cussion in 1995; temperature-programmed desorption (TPD) and ultraviolet photoelectron
spectroscopy (UPS) measurements indicated that molecular adsorption can be stable on the
rutile SnO4(110) surface. In this study, it was concluded that the amount of dissociation
was 10-15% on reduced and highly-defective surfaces. This percentage increased to 35% on
less defective surfaces [55]. One of the earliest theoretical studies to follow this experimental
evidence was presented by Goniakowski and Gillan; in this paper, the authors studied the
molecular and dissociative adsorption modes of water on both SnO4(110) and TiO2(110) sur-
faces by using plane-wave pseudopotential density functional theory (DFT) calculations with
the Becke-Perdew (BP) scheme within the Generalised Gradient Approximation (GGA) [47].
They reported that both adsorption modes on each material were energetically favourable,
in agreement with the experimental evidence. However, it was pointed out by Lindan [56]
that these calculations did not address intermolecular interactions, a vital component when
studying water adsorption at oxide surfaces. Further GGA calculations by Lindan using the
Perdew-Wang (PW) functional suggested that hydrogen bonding is less advantageous on
Sn0,(110) than TiO5(110) because of its larger lattice parameters, i.e. due to geometrical
differences. It was noted however that there must be other factors involved [56]. Bates pre-
dicted, using the same methodology, that at monolayer coverage, 50% or more of molecules
dissociate on the perfect rutile SnO(110) surface [57], and that molecular water is stable in
the mixed adsorption mode (which contains both molecularly and dissociatively adsorbed
water). In this study, chains of molecularly adsorbed water molecules along the agy, di-
rection ([001] direction of the bulk) were found to dissociate. More recently, theoretical
studies have found stable molecular adsorption configurations along ag.,. Evarestov et al.
presented DFT calculations based on the linear combination of atomic orbitals (LCAO)
using the hybrid-exchange B3LYP functional, that in contrast to former plane-wave GGA
calculations evaluated stable molecular adsorption on this surface [25]. They suggested that
this is because the functional BSLYP provides a more accurate description of the energy and
bond distances for hydrogen-bonded systems than when using local or semi-local DFT func-

tionals. Bandura et al. then investigated the adsorption of water on SnO5(110) compared
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with TiO2(110) using the Perdew, Burke and Ernzerhof (PBE) GGA functional [58]. Their
computed energies were in agreement with earlier plane-wave GGA studies in that adsorbed
water molecules are stable on SnO,(110) if they are neighboured by dissociated molecules,
i.e. in the mixed adsorption mode, whereas in the case of TiO5(110), all three adsorption
modes — molecular, dissociative, and mixed — were found to be stable in the calculations. In
this paper, the authors suggested an alternative model for describing the relative stability
of molecularly adsorbed water on SnOy(110): the basicity of the bridging oxygen ion on
Sn0,(110) is greater than that on TiO9(110) and so the water molecule interacting with
Sn0,(110) involves a larger redistribution of water states. The most recent work on water
adsorption on SnOy(110) and comparison with TiO5(110) also adopted GGA with the PBE
functional and found a stable configuration of purely molecular adsorption at monolayer
coverage on Sn05(110), made possible by using a large simulation cell to reduce the level
of symmetry imposed on the system [59]. The dissociative adsorption mode was still more
favourable at all coverages. On TiO2(110), isolated water molecules tended to dissociate
and molecularly adsorbed water at monolayer coverage was found to be the most favourable
adsorption mode. It is clear that adsorption energetics are sensitive to electronic struc-
ture methods and differences in computational models. Small energetic differences between
binding energies of different adsorption modes also suggests the coexistence of molecularly
and dissociatively adsorbed water at monolayer coverage on the rutile SnO5(110) surface at

standard room temperature and pressure.

ITIT. COMPUTATIONAL DETAILS

All calculations have been performed using the CRYSTALO9 software package [60, 61],
based on the expansion of crystalline orbitals as a linear combination of a local basis set
(BS) consisting of atom-centred Gaussian orbitals. The titanium, tin and oxygen atoms
are described by a triple valence all-electron BS: an 86-411G** contraction (one s, four
sp and two d shells), a 976-311G*** contraction (one s, five sp and three d shells), and
an 8-411G* contraction (one s, three sp and one d shells), respectively [62, 63]. These
basis sets were developed in previous studies of the bulk and surface phases, in which a
systematic hierarchy of all-electron basis sets was used to quantify the effects of using a finite

BS [64, 65]. The hydrogen atom is described by two s and one p shells, corresponding to a

7
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6-31G** contraction [66]. The DFT method invokes the Born-Oppenheimer approximation
in which the nuclei are assumed to be fixed in position relative to the electrons. The
impact of including quantum nuclear effects on the hydrogen bonds in water is modest: the
differences in hydrogen bonds can be attributed to inaccuracies in the PES, contributing
0.002-0.004eV per H bond, and to inaccuracies in the estimation of the zero-point energies,
which contributes 0.015-0.018¢V per H bond [67]. In the light of the water-oxide systems
in the current work, the contribution of these effects to the BE differences in molecular,
dissociative and mixed adsorption modes would be very much smaller and thus negligible.
Furthermore, the quality of the oxygen and the hydrogen BS in describing the water molecule
has been assessed in previous work [24].

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-centred 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 5 sub-intervals with (146,
302, 590, 1454, 590) angular points has been used for all calculations (the XXLGRID option
implemented in CRYSTALOQ9 [60]). This grid converges 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 10~7, 1077,
1077, 1077 and 10~ as described previously [60, 68]. Reciprocal space sampling for the
bulk structure was performed on a Pack-Monkhorst net with a shrinking factor of 8 along
each periodic direction, generating 75 k-points in the irreducible Brillouin zone (IBZ).

With regards to the surface [61], slabs consisting of 9-atomic-layers (9AL) and 18AL
have been adopted to investigate water adsorption on SnO5(110) since the surface formation
energy converges with respect to slab thickness to within 0.02 Jm~2 at 18AL (see Sec. IV B).
The study of monolayer water adsorption in Sec. IV C2 also contains results for the 21AL
slab. The TiO5(110) surface formation energy has been reported to oscillate significantly, so
9AL, 18AL, 21AL, 33AL and 36AL slabs were used to model water chemistry in this study.
The shrinking factors [8,8], [4,8], [4,8], [2,8], [2,8], [2,8] and [2,8] were adopted along the two
periodic directions for 1x1, 2x1, 3x1, 4x1, 5x1, 6x1 and 7x1 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 = 1-1077E}, per unit cell.
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Structural optimisation was performed using the Broyden-Fletcher-Goldfarb-Shanno
scheme, as implemented in CRYSTALO9 [60]. 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 displace-
ments) have been set to 0.00045 and 0.00030 (0.00180 and 0.0012) in atomic units. Geometry
optimisation was terminated when all four conditions were satisfied simultaneously.

For the water adsorption energetics, 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
Ref. [69, 70]. In addition, it should be noted that molecules were adsorbed symmetrically
on each side of the slab. The electronic structure of the adsorbate-substrate system was
studied by carrying out projection of density of states following a Mulliken analysis.

For the simulation of constant current STM images, diffuse orbitals were added to the
basis sets of all under-coordinated Ti and O ions for the TiO5(110) surface. For the Ti (O)
ions an extra d (p) orbital was added with o = 0.06 bohr~2. The resulting (enhanced) basis
sets are described in detail in Ref. [71]. This methodology has been shown to accurately
reproduce STM images for low-index surfaces of anatase and rutile TiO; [71]. To reflect the
positive bias used experimentally [15], the states sampled in this study were those within 1
eV of the conduction band minimum. The 1 eV reflects a typical applied bias for STM images
of this surface [15]. For the SnOy(110) surface, diffuse orbitals were added to the basis sets
of all under-coordinated Sn and O atoms. An extra sp orbital was added to the basis sets
of the Sn and O ions with a = 0.06 bohr=2. As with TiOs, the states sampled were within

1 eV of the conduction band minimum, reflecting typical applied bias potentials [17, 23].

IV. RESULTS AND DISCUSSION

The bulk structures of rutile SnO5 and TiO, are presented in Sec. IV A as a reference;
the (110) surface formation in both materials is discussed in Sec. IVB. The dissociative
adsorption mode at low coverage (© = 1/7 ML) up to monolayer coverage (0 = 1 ML) on
both SnOy and TiO, (110) surfaces is compared in Sec. IV C 1. Following this, in Sec. [V C2

monolayer adsorption on each surface is analysed in terms of binding energies and hydrogen

9
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bond lengths between adjacent adsorbates. The electronic structure of monolayer water in
contact with the SnO5(110) and TiO5(110) surfaces is discussed in Sec. IV D, and lastly,

STM simulations of the clean surfaces are presented in Section IV E.

A. Bulk Rutile SnO; and TiO,

SnO, and TiOy are isostructural, both being characterised by sixfold-coordinated metal
ions and threefold-coordinated oxygen ions, which form SnOg and TiOg octahedra, as shown
in Fig. 1. The values of the internal coordinate u of each material are also very similar, which
can be seen in Table I. The structural difference between SnO, and TiO, lies in the unit cell
dimensions. The calculated a and c lattice parameters of SnOy and TiO, agree well with
those measured using X-ray diffraction at 298 K with small percentage deviations between
0.68% and 2.13%, as shown in Table I. The values of a and ¢ for SnO, are 0.183 A and
0.275 A larger than those of TiO, respectively. The effect of the enlarged lattice parameters
of SnO, on intermolecular interactions between adsorbates will be discussed in Sec. IV C.
From an electronic point of view, Sn** and Ti** ions both have complete shells, with atomic
configurations of [Kr]4d'® and [Ne|3s? 3p%, respectively. In terms of size, sixfold-coordinated
Sn**t and Ti*t ions have ionic radii of 0.605 A and 0.690 A | respectively; so Sn** is the

larger ion of the two [72].

FIG. 1. The structure of the unit cell (left) and the metal-oxygen MOg octahedra (right), charac-
terising bulk rutile SnOy and TiOs. Lattice parameters a, b, and ¢ correspond to the [100], [010]
and [001] directions, respectively. The metal (M) and oxygen (O) ions are represented by grey and
red spheres and the unit cell is represented by a grey line. If viewed in black and white: M and O

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

10
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TABLE 1. Calculated and experimental values of lattice parameters a and c, and the internal
coordinate v of bulk rutile SnO9 and TiO,. The calculations have been carried out using the DFT
hybrid-exchange B3LYP functional. Experimental values (X-ray diffraction at 298 K) are from the
given references [73, 74]. The percentage deviation of the calculated values from experiment are

shown in parentheses.

a=b(A) c(A) U Ref.
Opt. Exp. Opt. Exp. Opt. Exp.
SnO|  4.822 (1.79%)  4.737| 3.254 (2.13%)  3.186| 0.307 (0.00%)  0.307|  [73]
TiO,|  4.639 (0.98%)  4.594| 2.979 (0.68%)  2.959|  0.306 (0.33%)  0.305|  [74]

B. The (110) Surfaces of Rutile SnO; and TiO,

The (110) surface for the study of water chemistry is modelled by using a slab cut from
the optimised bulk structure along the (110) plane. The structure of the rutile SnO5(110)
and TiO5(110) surfaces, characterised by fivefold-coordinated metal (Sns. and Tis.) and
twofold-coordinated “bridging” oxygen ions (Oq.), is illustrated in Fig. 2, and the corre-
sponding surface unit cell parameters are given in Table II. The ag,, and bg,, parameters
of Sn04(110) are 0.275 A (9.23 %) and 0.259 A (3.95 %) larger than those of TiO5(110),
respectively. Although the surfaces are very similar in structure, the difference in the lattice

parameters of the surface unit cells affects the behaviour of water on this surface facet.

TABLE II. Calculated values of the (110) surface unit cell parameters agj,}, and bgap, corresponding
to the [001] and [110] directions of the bulk, respectively, for rutile SnO and TiO3. The SnO(110)

aglab and bgp,p parameters are larger than those of TiO2(110) by the percentage shown in brackets.

Agslab (A) bSlab (A)
Sn0, 3.254 (9.23 %) 6.820 (3.95 %)
TiO4 2.979 6.561

The surface formation energies (Eg) of the two surfaces have been converged with respect
to the number of atomic layers (AL). In the case of SnO4(110), there is some oscillation
between the Eg values of slabs with odd and even number of atomic layers, but it converges

with respect to slab thickness at 18AL to within 0.02 Jm~2, with an Eg value of 1.36 Jm 2

11
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FIG. 2. The structure of the (110) surfaces of rutile SnOy and TiO2 is shown in perspective (top)
and from a top view (bottom). The ag,, and bgy, vectors are indicated, corresponding to the
[001] and [110] directions of the bulk, respectively. The surface fivefold-coordinated metal (Ms.),
twofold-coordinated bridging oxygen (Osgc), as well as the surface threefold-coordinated oxygen
(Osc) ions are opaque, whereas the lower layers of the slab are translucent. M and O ions are
represented by grey and red spheres, respectively. The surface unit cell is represented by a black
line. If viewed in black and white: M and O ions appear as dark grey and light grey spheres,

respectively.

(see Fig. 3). In the current study, 9AL, 18AL and 21AL slabs have been used to model
water adsorption on SnOy(110), the results of which are presented in Sec. IV C to Sec. IV D.
TiO2(110) displays a large oscillation, with odd and even slabs having different Eg values:
0.36 Jm—2 and 0.26 Jm~2 at 33AL and 36AL, respectively. This oscillation has been given a
number of explanations in the literature. The effect has been explained by surface-induced
hybridization of Ti-3d and O-2p orbitals among the layers [75], surface dipoles induced by
surface relaxations [76], and surface lattice dynamics mediating a long-range electrostatic
interaction [77]. Our focus in this work is on the water-water and water-surface interactions
in the first layer of water on the (110) surfaces. To allow direct comparison of water energetics
to those for SnO(110), 9AL, 18AL and 21AL TiO5(110) slabs were used. When discussing
water adsorption at monolayer coverage in Sec. IV C2, 33AL and 36AL TiO9(110) slabs

have also been included.

12
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FIG. 3. Surface formation energies (Eg) of rutile SnOy and TiOg (110) surfaces. The Eg of
Sn05(110) converges at 18AL to 1.36 Jm~2; the Eg of TiO2(110) oscillates significantly with number
of atomic layers (AL), converging to different values for odd and even slabs: 0.36 Jm~2 and 0.26

Jm~2 at 33AL and 36AL, respectively.

C. Water Adsorption Energetics
1. The Dissociative Adsorption Mode at Low Coverage: © = 1/7 ML to 1 ML

In this section, the dissociative water adsorption mode on rutile SnO5(110) and TiO5(110)
is studied in detail. Water was adsorbed dissociatively at coverages between one monolayer
(© = 1 ML) to the effectively isolated case (© = 1/7 ML). To study the intermolecu-
lar interactions between adsorbed hydroxyls, which are strongest in the aq.;, direction as
demonstrated in previous work [24], the binding energy (BE) per molecule was calculated
as a function of coverage and separation of adsorbates in ag,,. Supercells of 1x1 to 7x1 were
used to increase the separation from 3.254 A to 22.778 A and decrease the coverage from ©
= 1 ML to 1/7 ML, as shown in Fig. 4. The reason why a similar study for molecular ad-
sorption has not been included is because adsorbed water molecules on the rutile SnO5(110)
surface dissociated during structural optimisation, which is in agreement with a number of

studies that conclude that molecularly adsorbed water on this surface is unstable. Firstly,
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the energetics of the 9-atomic-layer (9AL) adsorbate-substrate system are discussed. The
binding energies of the 18AL system are then presented. This approach allows us to disen-
tangle the factors contributing to the binding energy step-by-step, in particular the lateral
interactions from the interactions mediated by the surface.

On the 9AL SnO,(110) slab, the binding energy for the dissociative adsorption mode as
a function of adsorbate separation adopts a clear relationship, as seen in Table III. The
binding energy becomes more negative, corresponding to more favourable adsorption, as
coverage decreases from 1 ML to 1/7 ML and the separation between hydroxyls in agpay,
increases from 3.254 A to 13.016 A (1x1 to 4x1 cells). This suggests that the effective
repulsive interactions between hydroxyls are lowered as the separation in the ay,;, direction
is increased [78]. Progressively the change in the binding energy with separation, ABE,
decays to zero and once the hydroxyls are separated by this distance, the binding energy
becomes constant and the interactions between hydroxyls diminish to zero at approximately
13.02 A separation on the 9AL SnO,(110) slab.

It is interesting to note that this trend is less clear in the dissociative adsorption mode on
TiO2(110). The adsorption becomes more favourable as the separation between hydroxyls
in ag.p, increases from 3.254 A to 22.778 A (Ix1 to 7x1 cells). The ABE decreases until
13.016 A, after which it fluctuates in value. The more significant change in ABE compared
with SnO5(110) can be observed in the plot in Fig. 5 and at the smaller separations could
be explained by stronger repulsive interactions between hydroxyls. The fluctuation of ABE
as well as the observation that the BE continues to decrease at approximately 22.78 A and
the hydroxyl groups are interacting over a much longer distance than when adsorbed onto
Sn04(110) indicates that that as well as repulsion and hydrogen bonding, the distortion in
the surface induced by adsorbing hydroxyls and water molecules is an important effect. As
introduced in Ref.[24], water chemistry on TiO, involves a balance between direct inter-
molecular interactions and interactions that are mediated through atomic displacements in
the surface.

The results of the dissociative adsorption mode on the 18AL (110) slabs of SnO5 and TiOs
are in agreement with those for 9AL slabs, except that instead of diminishing completely,
the interactions on SnO, are reduced significantly at separations above 13.016 A. From the
BE in Table III alongside the plot in Fig. 5, it can be seen that the BE in 9AL and 18AL
SnO, are similar in value. The 18AL TiO, BEs are approximately 1.00-1.20 eV higher in
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TABLE III. The binding energy per molecule (BE) of the adsorbate-substrate system with respect
to the clean surface and isolated molecule [70] are shown for relaxed geometries in the dissociative
adsorption mode on rutile SnO3(110) and TiO2(110). Binding energies are shown for a range of
systems with increasing separation of adsorbates in the agq,;, direction. The change in binding

energy with increasing separation is noted as ABE.

SnOsy TiO,

9AL 18AL 9AL 18AL
Cell Coverage Separation BE ABE BE ABE Separation BE ABE BE ABE
size © (A) (eV) (eV) (eV) (eV) (A) (eV) (eV) (eV) (eV)
1x1 1 3.254 -1.69 — -1.61 — 2.979 -0.82 — -0.39 —
2x1 1/2 6.508 -1.75  -0.06 -1.61 0.00 5.959 -1.21  -0.39 -0.26 0.13
3x1 1/3 9.762 -1.80  -0.05 -1.73 -0.12 8.938 -1.40 -0.19 -0.42 -0.16
4x1 1/4 13.016 -1.81 -0.01 -1.75 -0.02 11.918 -1.46 -0.06 -0.40 0.02
o5x1 1/5 16.270 -1.81 0.00 -1.78 -0.03 14.897 -1.61 -0.15 -0.51 -0.11
6x1 1/6 19.524 — — -1.81  -0.03 17.874 -1.66 -0.05 -0.45 0.06
7x1 1/7 22.778 — — -1.81  0.00 20.853 -1.73  -0.07 -0.52 -0.07

energy than those of 9AL, suggesting that the water adsorption is more favourable on slabs

with an odd number of atomic layers than slabs with an even number of atomic layers.
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FIG. 4. Top views of the adsorbate-substrate system in the dissociative water adsorption mode
on the rutile TiO2(110) surface (the rutile SnO2(110) surface shares the same structure). The
separation between hydroxyls (OHry and OHpy) in the ag,p, direction increases with the size of
the surface unit cell from 1x1 to 7x1. The surface fivefold-coordinated Ti and twofold-coordinated
bridging O ions, as well as those atoms belonging to the adsorbate, are opaque, whereas the lower
layers of the slab are translucent. Ti, O, adsorbate O, and adsorbate H atoms are represented by
black, red, blue, and yellow spheres, respectively. The surface unit cell is represented by a black
line. If viewed in black and white: Ti, O and H atoms appear as black, dark grey, and light grey

spheres, respectively.
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FIG. 5. The binding energy per molecule (BE) as a function of separation of hydroxyls in the aga,
direction for the dissociative adsorption mode. Rutile SnO2(110) [TiO2(110)] slabs are represented
by empty triangles (9AL) and squares (18AL) [filled triangles (9AL) and squares (18AL)]J.
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2. Monolayer Adsorption: © = 1 ML

In monolayer water adsorption, each fivefold-coordinated metal ion (Ms.) site is occupied
by an adsorbate, either a terminal hydroxyl (OHry) or an adsorbed water molecule (HyO,aq5)-
Adjacent adsorbates in the agpy), direction on the rutile TiO5(110) surface are stabilised by
hydrogen bonding [40, 52, 53]. The calculated ag,;, parameter of rutile SnO,(110) is 0.275 A
(9.23%) larger than that of rutile TiO5(110), as discussed in Sec. IV B, and theoretical cal-
culations suggest that it is for this reason that hydrogen bonding is less advantageous on
Sn0O5(110) in comparison with TiO5(110) [56, 57]. In order to investigate further the in-
termolecular interactions between adjacent adsorbates on each surface, this section analyses
the geometry and energetics of monolayer water adsorption (© = 1 ML).

At monolayer coverage, in addition to the dissociative (DD) and molecular (MM) adsorp-
tion modes, a mixed dissociative and molecular (DM) adsorption mode can be studied, as
shown in Fig. 6. In Table IV, the BE for each mode and the corresponding SnO5(110) and
TiO2(110) slab thicknesses is reported. Both surfaces were modelled using 9AL, 18AL and
21AL slabs, and since the Eg of TiO5(110) has been reported to oscillate significantly, both
in this study (see Fig. 3) and in the literature [75-77], the adsorption energetics for 33AL
and 36AL TiO2(110) slabs have also been included here.

The results indicate that molecular adsorption is unstable on the SnO5(110) surface,
regardless of the slab thickness. Molecules adsorbed in the MM configuration dissociated
during the geometry optimisation, resulting in the fully dissociated DD solution. However,
adsorbed water molecules are stabilised when adjacent hydroxyls are present in the mixed
(DM) adsorption mode with a favourable BE of -1.59 ¢V on the 18AL slab. This evidence
suggests that water molecules can exist on the rutile SnO5(110) surface, which is in agreement
with experimental observations made by Gercher and Cox [55] (see Sec. I). In terms of slab
thickness, the BE converges to within 0.01 eV at 18AL. As shown in Sec. IV B, the surface
energy of SnO2(110) displays little oscillation and also converges at 18AL. This is consistent
with the conventional slab approach to modelling surfaces in which the convergence of the
computed properties with the number of layers in the slab is reached and at this point the
atoms in the central layers of the slab exhibit bulk-like behaviour.

Interestingly, the BE is more favourable for the dissociative adsorption mode than mixed

by 0.02 eV in the converged results. This small BE difference between the two adsorption
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MM

DM

FIG. 6. Top views of the adsorbate-substrate system in monolayer water adsorption (© = 1 ML) on
the rutile TiO2(110) surface, calculated using a 2x1 surface unit cell. The three adsorption modes
are shown: dissociative (DD) , molecular (MM) and mixed (DM). The surface fivefold-coordinated
Ti and bridging O ions, as well as the atoms belonging to the adsorbate, are opaque, whereas the
lower layers of the slab are translucent. Ti, O, adsorbate O, and adsorbate H atoms are represented
by black, red, blue, and yellow spheres, respectively. The 2x1 surface unit cell is represented by a
black line. If viewed in black and white: Ti, O and H atoms appear as black, dark grey, and light

grey spheres, respectively.

modes suggests that the intermolecular interactions present between two adjacent termi-
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TABLE IV. The binding energy (BE) per molecule for the dissociative, molecular and mixed
adsorption modes on the rutile SnO5(110) and TiO2(110) surfaces of increasing slab thicknesses
are shown for monolayer coverage (0 = 1 ML, 2x1 cell). The number of atomic layers (AL) in the

slab for each result is indicated.

BE / eV
Surface Dissociative Molecular Mixed

DD MM DM

Sn02(110) 9AL -1.86 — -1.68
18AL -1.61 — -1.59

21AL -1.62 — -1.60

TiO42(110) 9AL -0.85 -0.99 -1.03
18AL -0.39 -0.73 -0.55

21AL -0.53 -0.84 -0.74

33AL -0.50 -0.82 -0.65

36AL -0.39 -0.73 -0.54

nal hydroxyls and between a terminal hydroxyl and adsorbed water molecule are similar
in character and strength [79]. Despite the modest energy difference, the stabilisation of
the dissociative adsorption mode becomes evident through analysis of the chemisorption
and hydrogen bonding interactions. The lengths of the bond generated between the adsor-
bate oxygen atom (O,qs) and the surface fivefold-coordinated metal adsorption site (Ms.),
d(M5:0,45), along with the hydrogen bond between adjacent adsorbates, d(HagsOags), are
presented in Table V. The d(Sn5.O,qs) in dissociative adsorption is 0.035 - 0.15 A smaller
than the corresponding values in mixed adsorption, indicating stronger chemical bonds in the
former. The hydrogen bond d(H,4sO.qs) in DD between the two adjacent terminal hydroxyls
is 2.495 A whereas in DM, between the terminal hydroxyl and adsorbed water molecule, the
length of the interaction increases to 3.253 A. The stronger chemical and hydrogen bonds
observed in the dissociative adsorption mode with respect to mixed adsorption on SnO5(110)
characterise its favourable BE.

When analysing these results, it is important to take into account the effect of point group
and translational symmetry constraints on the optimisation of the system geometry [80].

The calculations presented in this section contain two point group symmetry operators,
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TABLE V. Bond lengths in dissociative (DD), molecular (MM) and mixed (DM) adsorption at
monolayer coverage (0 = 1 ML) on rutile SnO3(110) and TiO3(110) surfaces. d(Ms.O,gs) is the
length of the bond between the surface fivefold-coordinated metal adsorption site, Ms., and the
oxygen from the adsorbate, O,qs. Monolayer adsorption was modelled using two adsorbed water
molecules per 2x1 surface cell, therefore the d(Ms.0,qs) value for each adsorbed molecule, either
dissociative (D) or molecular (M), is given. In the mixed adsorption case, the first and second
values of d(Mz.O,qs) refer to the dissociatively and molecularly adsorbed molecule, respectively.
d(HaqsOads) is the hydrogen bond length between the hydrogen of the first adsorbate to the oxygen

of the adjacent one.

Bond length / A

Surface Dissociative Molecular Mixed

DD MM DM

d(MEJcOads) d(HadsOads) d(MEJcOads) d(HadsOads) d(MSCOads) d(HadsOads)

D, D M, M D, M
SnO,(110) 9AL 2.054, 2.054  2.495 — — 2.084, 2.197  3.235
18AL 2.050, 2.050  2.495 — — 2.085, 2.200  3.253
21AL 2.050, 2.050  2.497 — — 2.085, 2.200  3.253

TiO2(110) 9AL 1.901, 1.902 2.193 2.254, 2.252 2.171 1.892, 2.306 2.421
18AL 1.871, 1.870 2.194 2.363, 2.362 2.153 1.931, 2.293 2.520
21AL 1.883, 1.883 2.194 2.343, 2.341 2.159 1.909, 2.306 2.488
33AL 1.875, 1.876 2.190 2.361, 2.356 2.153 1.908, 2.310 2.479
36AL 1.871, 1.871 2.194 2.364, 2.365 2.147 1.911, 2.312 2.481

and the translational symmetry constraints are partially removed. Monolayer coverage can
be modelled by the adsorption of one water molecule per 1x1 surface unit cell, where each
molecule on the surface is equivalent. In these results, monolayer coverage has been modelled
by the adsorption of two inequivalent molecules in a larger 2x1 surface unit cell. Although

the atomic configurations in the two cases are equivalent, the latter situation involves the
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removal of translational symmetry giving the atoms more freedom to relax. This method
is necessary for studying the interactions between two inequivalent adjacent adsorbates at
monolayer coverage.

In contrast to SnO5(110), all three adsorption modes — dissociative, molecular and mixed
— are stable on the TiO4(110) surface. Molecular adsorption has more favourable BEs than
the dissociative and mixed adsorption modes at all slab thicknesses by 0.31-0.34 and 0.10-
0.19 eV, with the exception of the 9AL result (where DM is stable by only 0.04 eV with
respect to MM). The mixed adsorption mode has the second most favourable BE out of the
three modes. This overall stability of all three adsorption modes suggests that there is likely
to be a mixture of species and adsorption configurations in the first layer of water on the
TiO2(110) surface.

The convergence of the BE with respect to slab thickness is also very different to the
Sn04(110) system. The adsorbate-TiO5 systems can be separated into two categories: those
consisting of an odd and an even number of atomic layers, oAL and eAL. As with the
surface formation energies in Sec. IV B, the differences between the oAL and eAL could be
explained by surface-induced hybridization of Ti-3d and O-2p orbitals among the layers [75],
differences in surface dipoles [76], as well as surface lattice dynamics mediating a long-
range electrostatic interaction [77]. It should be noted that rutile TiO, is classified as an
incipient ferroelectric material: it is close to a ferroelectric transition with respect to the
transverse optic (TO) Ay, vibrational mode which has a low frequency at room temperature
and remains stable even as the temperature is lowered [81, 82]. The lattice dynamics are
very sensitive to the lattice parameters, as reported in an earlier study [83]. In this work it
was found that upon expansion of the lattice, the TO A,, vibrational mode becomes soft
and it was concluded that bulk rutile TiOs is unstable with respect to a distortion along the
soft TO Ay, vibrational mode [83]. Consequently, it is possible that soft vibrational modes
in the bulk could propagate through the eAL and oAL slabs, causing odd-even oscillations
in the binding energies. The BEs for the eAL converge within 0.01 eV to -0.39, -0.73 and
-0.54 eV in DD, MM and DM modes, respectively. In the case of the oAL systems, the DD
and MM modes converge within 0.03 eV to -0.50 and -0.82 eV, respectively; however, there
is more fluctuation in the BE for the DM configuration and it does not tend to a single
value. A possible explanation for this could be associated with the competition between

atoms in the slab to accommodate the distortion induced by the hydroxyls and adsorbed
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water molecule in the mixed mode. The fact that this competition for the distortion in the
0oAL system is detrimental to the BE, whereas in the eAL system this effect is absent, could
be attributed to the differences in symmetry in slabs containing an odd or even number of
atomic layers. Slabs with odd and even number of atomic layers have different symmetry
elements. This leads to different degrees of freedom in the atoms. In the case of 0AL, there
is a central plane of atoms restricted by its symmetry, whereas in eAL slabs the absence
of the centre plane of atoms means that the displacements induced by distortion at each
surface of the slab are accommodated in the bonds.

The relevant bond lengths in the adsorbate-TiO4(110) system, listed in Table V, carry
some interesting observations. The d(Ti5.O.qs) lengths in dissociatively and molecularly
adsorbed water are quite different, by roughly 0.5 A, whereas in the Sn0O,(110) case this
value is approximately 0.1 A. This indicates that on rutile TiO5(110), dissociated and intact
molecules interact with the surface in very different ways. Despite the weaker chemisorption
bond in molecular adsorption, the stabilisation of the MM configuration on TiO4(110) is
evident from its favourable hydrogen bond length (d(Hq50a45)~2.15 €V). On a final obser-
vation, the relative stability of the mixed adsorption mode with respect to the dissociative
in terms of BE is not immediately obvious from the chemisorption and hydrogen bond
lengths. The d(Ti5.0,4s) lengths in DD are 0.04-0.44A smaller in length than in DM, and
the d(HagsOads) in DD is ~0.29 A smaller in length than that in DM. The evidence sug-
gests that propagation of atomic displacements in the slab, induced by the distortion at the
surface upon adsorption, impact the binding energy of adsorbing species.

In summary, it is clear from the hydrogen bond lengths in Table V that in SnO5(110)
the d(HaqsOags) distance is unfavourable for strong hydrogen bonding between adjacent
adsorbates. By analysing closely the geometry and energetics of water adsorption on both
Sn05(110) and TiO9(110), it seems that the BEs on SnOy(110) are mainly governed by
the strength of the chemisorption and hydrogen bonds at the surface of the adsorbate-
substrate system. On TiO5(110), a more complicated scenario arises, involving an interplay
between chemisorption, hydrogen bonding and distortion in the surface induced by adsorbing

hydroxyls and water molecules.
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D. Electronic Structure

In this section, the projected density of states (PDOS) of the SnO5(110) and TiO4(110)
surfaces in contact with monolayer water are presented. Aiming to understand how differ-
ences in the electronic structure of SnOy and TiO, adsorbate-substrate systems affect the
water chemistry at the surface, the valence band (VB) and conduction band (CB) states
of each material are described, with separate projections onto the Ms. and Oy, ions. The
states of the adsorbed hydroxyls and molecularly adsorbed water molecules are identified
relative to the surface Sn/Ti and O states, and the interaction between the adsorbates with
each surface is discussed.

The PDOS for mixed dissociative and molecular adsorption at monolayer coverage on
both SnO5(110) and TiO5(110) surfaces are shown in Fig. 7. The projections onto atoms
belonging to the surface show the contributions of the CB (~-3 eV), upper VB (~-12 eV),
and lower VB (~-25 eV), which are made up largely of Sn-5s/Sn-5p, O-2p and O-2s states
in SnO,(110), respectively, and Ti-3d, O-2p and O-2s states in TiO5(110) [84].

The contributions of the dissociatively and molecularly adsorbed molecules are displayed
within the PDOS plots. In both materials, the states at ~-28.5 eV and ~-15.2 eV charac-
terise the intact water molecules on the surface. It is interesting to note that in TiO9(110),
these peaks, made up largely of O-2p and O-2s states, display significant hybridisation with
the O states of the surface. A small amount of hybridisation of the corresponding adsorbed
water molecule peaks on SnO5(110) with the surface VB states can be seen. The lesser
interaction of water molecules on SnO5(110) compared with TiO9(110) is in agreement with
the adsorption energetics and geometry monolayer coverage presented in Sec. IV C2, in that
the molecular adsorption mode MM is unstable on SnO5(110). The bridging hydroxyls (BH)
contribute mainly to the states at ~-27.0 eV and ~-14.5 eV on TiO(110) and at ~-27.5 eV
on SnOy(110). Slightly higher in energy than the BH peaks are the terminal hydroxyl (TH)
states at ~-26.5 eV and ~-14.0 eV on TiO5(110) and at ~-26.8 eV and ~-15 to ~-9 eV on
Sn0O5(110). The relative energies of the adsorbate states are in agreement with a previous
study by Bandura et al. that used the PBE-GGA functional to compare the density of states
of mixed adsorption on the two surfaces [58]. In contrast with the adsorbed water molecule
states, the states characterising the BH and TH on SnO5(110) hybridise strongly with the

upper and lower VB, which could be related to the stability of the dissociative adsorption
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mode on this surface and explain why the DD configuration in Sec. IV C 2 is more favourable
than DM. Interestingly, all adsorbate states on TiO5(110) display strong hybridisation with
its surface VB. In TiO4(110), O-2p states associated with both the BH and TH are present
at the valence band maximum (VBM), whereas those of the adsorbed water molecule appear
further from the VBM. This effect is seen also on SnO4(110), and becomes important when

considering the interaction of charges with adsorbed species.
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FIG. 7. Projected density of states (PDOS) for the mixed adsorption of water onto (a) the rutile
Sn02(110) surface and (b) the rutile TiO2(110) surface (© = 1 ML; 2x1 cell; 21AL slab). The
DOS is projected onto the Ms. and O of the surface and the O and H atoms in the molecularly
(top) and dissociatively (bottom) adsorbed water molecules on each surface. 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 — oo, where V is the electrostatic

potential and z is the distance from the surface.
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E. STM Simulation

In this section simulated STM images of the SnOy and TiO(110) surfaces are presented
and compared to each other as well as to the literature. It has been demonstrated that
using an atom-centered Gaussian basis set optimised for the ground state energy does not
describe the long range tails of the valence and conduction bands in the vacuum above the
surface sufficiently accurately [71, 85]. Two modifications have been proposed to obtain
constant current STM images in good agreement with experimental images from this type
of calculation for rutile TiOs sufaces. One involves the addition of empty functions above
the surface [85], whilst the other involves the addition of more diffuse functions to the basis
sets of surface atoms [71]. For the STM images produced here we have chosen the latter
approach, due to its relative simplicity.

In accordance to Ref. [71], additional d and p functions were added to the basis sets of the
undercoordinated Ti and O at the rutile TiO(110) surface. This is due to the prominence
of Ti-3d states (and some hybridisation from O-2p states) near the bottom of the CB. The
resulting STM image is shown in Fig. 8. The bright spots are above the fivefold-coordinated
Ti ions and the area above the undercoordinated O ions is dark, in good agreement with
the literature [15, 71, 85].

The choice of functions to be added to the SnO, basis sets was not as simple. The bottom
of the conduction band is dominated by Sn-5s orbitals, but there are significant contributions
from Sn-5p, O-2s and O-2p orbitals. Applying the same logic as for the TiO2, diffuse p and
s orbitals were added to both Sn and O ions. The resulting STM image is shown in Fig. 8.
The brightest spots are centered on Sn ions, as predicted in the literature [23]. However, we
note here that there are some less bright spots above the bridging O ions as well. Although
these are significantly less bright than the ones attributed to the fivefold-coordinated Sn,
their presence could be significant. We propose that small changes in bias potential and/or

current could lead to the imaging of the O ions instead.
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FIG. 8. Simulated constant current STM images for TiOy and SnO; rutile (110) surfaces. These
are contour maps of the charge density isosurface at 5 x 1076 electrons/bohr? and 1V sample bias.
For the TiOs additional diffuse p and d functions were added to the surface O and Ti basis sets,
respectively. For the SnO, additional diffuse s and p functions were added to both the surface O
and surface Sn basis sets. In these images the largest values of height (red contours), comparable

to bright spots on STM images, are located above the Ti and Sn ions.

V. CONCLUSIONS

In this study, the first layer of water at model oxide surfaces has been explored by
comparing the structure and properties of SnO(110) and TiO5(110) surfaces in contact

with water. The interesting effects of the structural and electronic differences in the two
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materials on the water chemistry deepen the current understanding of water-water and
water-surface interactions and could facilitate the prediction of the structure and properties
of other oxide-water interfaces.

The dissociative adsorption mode at low coverage (1/7 ML) up to monolayer coverage
(1 ML) on both SnOy and TiO5(110) surfaces was analysed. On SnO5(110), the adsorption
becomes more favourable as coverage decreases from 1 ML to 1/7 ML and the separation
between hydroxyls in the ag,;, direction increases from 3.254 A to 13.016 A after which
the interactions are reduced significantly. This indicates that the effective repulsive inter-
actions between hydroxyls are lowered as the separation in the agy,, direction is increased.
On TiO4(110), a strong interaction between hydroxyls remains at 22.78 A separation. As
a function of this separation, the BEs fluctuate in value, which suggests that as well as re-
pulsion and hydrogen bonding, the distortion in the surface induced by adsorbing hydroxyls
and water molecules is important. The competing direct intermolecular interactions and
surface-mediated interactions lead to the interaction of hydroxyl groups over much longer
distances compared with surface hydroxyls on SnO2(110).

In order to investigate further the intermolecular interactions between adjacent adsor-
bates, monolayer adsorption on each surface was explored in Sec. IV C2 in terms of binding
energies and hydrogen bond lengths. It has been shown that on SnO2(110) the hydrogen
bond distance in agap, d(HagsOags), is unfavourable for strong hydrogen bonding between
adjacent adsorbates. Consequently, the molecular adsorption mode is unstable in a configu-
ration in which all sites are occupied by adsorbed water molecules, but can become stabilised
in the mixed adsorption mode. Analysis of the water adsorption geometry and energetics
has shown that the relative stability of water adsorption on SnO5(110) is governed largely
by the strength of the chemisorption and hydrogen bonds at the surface of the adsorbate-
substrate system. On TiO(110), the interplay between chemisorption, hydrogen bonding
and adsorbate-induced atomic displacements in the surface leads to a more complicated
model of the the first layer of water on its surface.

The projected density of states of each surface in contact with a mixture of adsorbed water
molecules and adsorbed hydroxyls sheds some light on the nature of the crystalline chemical
bonds as well as on why adsorbed water has often been reported to be unstable on rutile
Sn0O5(110) (Sec. IVD). It has been shown that adsorbed H,O states on TiO5(110) hybridise

strongly with the O-2p states of the surface, whereas a small amount of hybridisation is
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seen when water is adsorbed on the SnOy(110) surface, providing evidence in the electronic

structure of the system to contribute as to why the molecular adsorption mode MM is

unstable on SnOy(110). The BH and TH states on SnO5(110) hybridise strongly with the

upper and lower VB, indicative of the stability of dissociative adsorption on this surface.
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