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Abstract

The rutile (110)–aqueous solution interface structure was measured in deionized water (DIW) and 1 molal (m) RbCl + RbOH solu-
tion (pH 12) at 25 �C with the X-ray crystal truncation rod method. The rutile surface in both solutions consists of a stoichiometric
(1 · 1) surface unit mesh with the surface terminated by bridging oxygen (BO) and terminal oxygen (TO) sites, with a mixture of water
molecules and hydroxyl groups (OH�) occupying the TO sites. An additional hydration layer is observed above the TO site, with three
distinct water adsorption sites each having well-defined vertical and lateral locations. Rb+ specifically adsorbs at the tetradentate site
between the TO and BO sites, replacing one of the adsorbed water molecules at the interface. There is no further ordered water structure
observed above the hydration layer. Structural displacements of atoms at the oxide surface are sensitive to the solution composition. Ti
atom displacements from their bulk lattice positions, as large as 0.05 Å at the rutile (110)–DIW interface, decay in magnitude into the
crystal with significant relaxations that are observable down to the fourth Ti-layer below the surface. A systematic outward shift was
observed for Ti atom locations below the BO rows, while a systematic inward displacement was found for Ti atoms below the TO rows.
The Ti displacements were mostly reduced in contact with the RbCl solution at pH 12, with no statistically significant relaxations in the
fourth layer Ti atoms. The distance between the surface 5-fold Ti atoms and the oxygen atoms of the TO site is 2.13 ± 0.03 Å in DIW and
2.05 ± 0.03 Å in the Rb+ solution, suggesting molecular adsorption of water at the TO site to the rutile (110) surface in DIW, while at
pH 12, adsorption at the TO site is primarily in the form of an adsorbed hydroxyl group.
� 2007 Published by Elsevier B.V.
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1. Introduction

When an oxide mineral comes in contact with an aque-
ous solution, an electrical double layer (EDL) is formed
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due to the valence undersaturation of surface atoms result-
ing in a distribution of water molecules and aqueous ions at
the solid–electrolyte interface that is different from either
bulk phase [1,2]. The vast majority of studies concerning
EDL phenomena implicitly assume that the oxide surface
structure is unaffected by the development of an EDL.
The oxide-aqueous interfacial structure at the molecular-
scale, however, includes the relaxation and/or reconstruc-
tion of the oxide surface, the position and the occupation
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of adsorbed ions, and the arrangement of the water mole-
cules adjacent to the interface. These are all key elements of
the EDL, and therefore may be central to a fundamental
understanding of ion adsorption, dissolution/precipitation
rates and mechanisms, heterogeneous catalysis and other
EDL-related phenomena.

The (110) surface of rutile (a-TiO2) has been studied
extensively in the past because of its many applications
[3,4]. Many of these applications, such as photo-catalysis
and other novel phenomena including photon-induced
hydrophilic–hydrophobic transition [5,6] occur in aqueous
environments. Most of the work to date concerning the
interaction of water with rutile surfaces has involved exper-
imental and theoretical studies of a few water layers ad-
sorbed to rutile. Previous experimental studies yielded
information about the surface properties and the water
adsorption paths [7–9] under partial vacuum. In particular,
comparison of computational and experimental studies in
ultra-high vacuum (UHV) prepared surfaces exposed to
water vapor led to an apparent contradiction concerning
the nature of the adsorbed water, i.e., whether it adsorbs
associatively or dissociatively . Most recent studies appear
to agree that the first monolayer of water adsorbs associa-
tively on the terrace sites [8,10,11], whereas the dissociation
occurs primarily at the bridging oxygen (BO) vacancy sites
[7].

There has been discussion concerning the number of Ti-
layers needed in the density functional theory (DFT) calcu-
lations to approximate a semi-infinite rutile (11 0) surface
structure [10]. It has also been suggested that the addition
of the water molecules to the hydrated surface might in-
duce changes in the first hydration layer structure [12].
Therefore, the experimentally measured interfacial struc-
tures, including the bulk atom relaxations, the adsorbate
locations and coverages, would be a very useful reference
in achieving the best model describing the rutile (110)–
aqueous interface.

Recent studies have shown that the non-reconstructed
TiO2 (110) (1 · 1) surface is the most stable phase in the
O2 rich (>10�4 Torr partial pressure) or humid/aqueous
environment [13]. Crystal truncation rod (CTR) measure-
ments of TiO2 (110) surface in ultra-high vacuum revealed
that the surface is terminated with alternative rows of
bridging oxygens (BO) bonded to two underlying 6-fold
coordinated Ti atoms, 3-fold coordinated oxygen atoms
in the Ti–O plane and 5-fold coordinated Ti atoms, with
structural displacements as large as 0.27 Å for the top
Ti–O tri-layer atoms [14]. A more recent low energy elec-
tron diffraction (LEED) measurement found a detailed sur-
face structure that was different from the CTR results but
with the similar relaxation amplitudes [15]. Those large
interfacial relaxations derive from the truncation of the
bulk crystal and in particular the minimization of the en-
ergy of the broken bonds associated with the reduced coor-
dination environment of the surface Ti atoms.

The rutile (110) surface structure in contact with aque-
ous solutions, either pure deionized water (DIW) or in elec-
trolyte solutions containing mono-, di-, and tri-valent
cations, has been studied only recently with techniques
ranging from X-ray standing waves (XSW), X-ray crystal
truncation rod (CTR) measurements, extended X-ray
absorption fine structure (EXAFS) spectroscopy, quantum
mechanical calculations, classical molecular dynamics sim-
ulations, surface complexation models, and pH titrations
of powder suspensions and electrophoresis. These studies
have provided new insights into EDL phenomena by di-
rectly linking microscopic information to macroscopic
properties [11,16–27]. In a previous study, a preliminary
CTR measurement determined the termination of the rutile
surface and found that the surface relaxations are minimal
due to the presence of a fully-occupied terminal oxygen
(TO) site above the 5-fold Ti surface atom, occupied by
either an adsorbed water molecule or a hydroxyl group
(OH�). The presence of an additional adsorption layer
above the TO and BO sites at both the rutile–deionized
water (DIW) and rutile–RbCl solution interface was ob-
served at laterally and vertically well-defined locations,
with the primary adsorption site located at the tetradentate
site between BO and TO sites [23]. The precise surface atom
locations and interfacial bond lengths were not, however,
determined due to the incomplete data set that was avail-
able at that time. A similar study of RuO2 (110) surface
(also having the rutile crystal structure) in aqueous solu-
tions shows behavior very similar to that found for rutile,
with the surface Ru oxygen coordination shell completed
by an adsorbed water molecule (or hydroxyl group) [28].
More generally, these results indicate that the structures
of the oxide surface are significantly different in vacuum
and in contact with an aqueous solution.

Here, we report a complete CTR analysis of the rutile
(11 0) surface in contact with DIW and with 1 molal
(m) RbCl + RbOH at pH 12, revealing the precise
interfacial structures under both solution conditions, and
the changes associated with interfacial charging and ion
adsorption.
2. Materials and methods

2.1. Rutile (110) surface

Rutile (a-TiO2) has tetragonal structure, with lattice
parameters a0 = b0 = 4.5942 Å, and c0 = 2.9587 Å at
T = 298 K [3,29]. A non-primitive surface unit cell is de-
fined with its lattice vectors along the crystallographic
directions ½�1 10�, [00 1], and [110], respectively, as shown
in Fig. 1a. The non-primitive unit cell lattice parameters
are a ¼ c ¼

ffiffiffi
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p

a0 ¼ 6:4972 Å, and b = c0 = 2.9587 Å. The
coordinate system is defined with the origin (x = y =
z = 0) located on the surface Ti–O plane directly under-
neath the bridging oxygen (BO) site of an unrelaxed bulk
lattice, as shown in Fig. 1. The rectangular unit shown in
Fig. 1b is defined as the rutile (110) surface 2D unit cell,
with an area of 6.497 · 2.959 = 19.22 Å2.



Fig. 1. (a) The ball-and-stick model of rutile TiO2 (110) surface. Atoms
and adsorption sites are labeled as O1–O12, Ti1–Ti8, and A1–A6 for
oxygen, titanium, and the adsorbates, respectively. Note that the O2 and
O1 sites also referred to as the BO and TO sites, as indicated. The surface
non-primitive unit cell and the coordinate axes are shown in the figure,
too. Ti–O tri-layers are labeled as Layer 1–4, starting from the surface. (b)
A top view of the rutile (110) surface with the lateral locations of the
potential adsorption sites.

Fig. 2. The reciprocal space representation of the rutile (110) surface
including substrate Bragg peak locations and the surface crystal trunca-
tion rods. The rutile Bragg peaks are labeled with their traditional bulk
notation (subscripted with a ‘B’) and the rods are labeled (at top) with the
surface Miller indices (H K). The dashed vertical lines indicate the weaker
‘oxygen only’ rods, where substrate lattice Ti atoms have no contribution
for an ideally terminated lattice; the solid vertical lines indicate the strong
‘mixed rods’ with both Ti and O contributions.
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There are six possible high-symmetry adsorption sites
for adsorbed species at the rutile (110)–aqueous interface
[26]. These adsorption sites (An, n = 1–6, as labeled in
Fig. 1) are characterized by their lateral positions: A1 is
above the BO site (i.e., monodentate); A2 is between two
terminal oxygen (TO) sites (i.e., bidentate); A3 is bidentate
to one BO and one TO site; A4 is tetradentate to two BO
and two TO sites; A5 is bidentate between two BO sites;
and A6 is monodentate to one TO site.

The rutile bulk Bragg peaks and the surface truncation
rods are shown in a reciprocal space representation
(Fig. 2). Only one quadrant of the reciprocal space above
the surface is shown. The other three quadrants can be
achieved based on the rutile (110) surface symmetry (hav-
ing two orthogonal mirror planes perpendicular to the sur-
face and along the Qx and Qy directions, respectively).
Dashed vertical lines indicate the weaker ‘‘oxygen only’’
rods, where bulk Ti atoms do not contribute to the scatter-
ing intensity [28]. The solid vertical lines are the strong rods
that have contributions from both lattice Ti and O atoms.

Polished rutile (110) single crystals (10 · 10 · 1 mm3)
were obtained from Princeton Scientific. The sample prep-
aration procedure, resulting in a surface topography with
large atomically flat terraces, is described elsewhere [27].
The miscut of the polished TiO2 crystal surface was found
to be �0.08�, which translates to an average terrace width
between adjacent steps of �0.2 lm with a step height of
3.25 Å. Under such condition, the terrace sites are the dom-
inant adsorption sites on the surface.
2.2. Crystal truncation rod method

X-ray crystallography has long been used to determine
bulk material structures because the interaction between
X-ray and matter can be described quantitatively by kine-
matical diffraction theory. The CTR measurement is the
interfacial analog of bulk crystallography [30]. Interfacial
signals appear as continuously modulated rods of intensity
extending from each Bragg peak due to the loss of transla-
tional invariance associated with the presence of the sur-
face, and are known as crystal truncation rods [30]. The
CTR method has been successfully applied to probe the
surface structure of oxides and other minerals surface in
both vacuum and ambient condition [14,28,31–36] due to
its quantitative capability and sub-Ångstrom resolution.
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The measurement can be carried out in situ at the oxide–
aqueous interface since X-rays readily penetrate water.
Typically, the strength of the CTR signal at the mid-point
between Bragg peaks corresponds to one-half of a surface
monolayer. On the other hand, the number of adsorbed
species (e.g., water, ions) is comparable to one monolayer
of the oxide. Therefore, the CTR measurement is expected
to be directly sensitive to the oxide-aqueous interfacial
structures.

The details of analyzing CTR data for mineral–water
interface can be found in the reference [34,36,37]. In brief,
the normalized interfacial scattering intensity RN (after cor-
recting for variations in incident flux, active area, resolu-
tion function, and Lorenz factor, etc.) can be written as

RN ¼ S � T cell � B � jF j2; ð1Þ
where S is an overall scale-factor (due to the normalization
of photon counting scintillation detector signals to the
charge collecting ion chamber signals); Tcell is the angle-
dependent X-ray transmission through the bulk water
and sample cell window; B is the roughness factor, which
is calculated assuming the roughness is in the form of par-
tial layering with the occupancy of nth layer as bn, where
b(0 6 b 6 1) indicates the fractional occupancy [30]; and
F is the structure factor of the oxide–water interface sys-
tem, which has three components

F ¼ F bulk þ F inter þ F water: ð2Þ
Here Fbulk is the contribution from the semi-infinite bulk
crystal; Fwater is from the macroscopic water layer above
the surface; and Finter is from the interfacial region, includ-
ing a few top layers of the crystal, which could be relaxed
and/or reconstructed, any specifically adsorbed species at
the crystal surface, and a few layers of the water molecules
next to the interface. The structures of the bulk crystal and
bulk water, i.e., Fbulk and Fwater, are known before hand,
thus the interfacial structure factor Finter can be determined
from the measured reflectivity.

The unknown interfacial structure is solved by model-
dependent non-linear v2 fitting through direct comparison
of measured and calculated interfacial scattering intensities
[38,39]. Because the fitting procedure may not always find
the global minimum, a reasonable starting structure is crit-
ical in model-fitting the CTR data. The best-fit model
structure should not only generate calculated structure fac-
tors that best match the measure ones, but also be physi-
cally and chemically plausible, e.g., the atom packing
density and bond lengths should both be chemically
reasonable.

3. Experiment details

3.1. CTR measurements

The CTR measurements were preformed primarily at
beamline 1BM-C at Advanced Photon Source (APS), Ar-
gonne National Laboratory (ANL) and preliminary work
was done at beamlines 12BM-B, 11ID-D, and 12ID-D at
the APS. At 1BM-C, a symmetrical Si(1 11) high heat load
monochromator is used to select the X-ray energy of
�14.8 keV for both TiO2/H2O and TiO2/RbCl solution
measurements. The incident beam was focused at the center
of the diffractometer horizontally with a sagittal focusing
monochromator and vertically with a focusing mirror
[40]. The beam size is further reduced by a set of slits to a
size of 0.45 · 0.3 mm2 (horizontal and vertical, respectively)
at the sample surface. The X-ray beam intensity after the
incident slit was monitored with an ionized chamber filled
with pure dry N2 gas. A CyberStar� scintillation detector
was used to record the reflected X-ray beam intensity.

The measurements were performed in-situ in a thin-film
cell [41]. The solution exchange procedure was the same as
that in the XSW measurements described previously [27].
Before each measurement, the solution between the Kap-
ton film and the sample surface was drained and the cell
is sealed to maintain a minimal (�2 lm thick) solution
thickness during the CTR measurements. Solution is occa-
sionally flushed through the cell to maintain the nominal
solution condition.

The rutile crystal was mounted initially in deionized
ultra-filtered water (DIW, >18 MX). After the full set of
CTR measurements were done for the TiO2–DIW inter-
face, 1 molal (m) RbCl + RbOH solution (referred to as
RbCl solution hereafter) at pH 12 was exchanged into
the sample cell and another full set of CTR data was mea-
sured. The high solution concentration was selected be-
cause previous XSW measurements failed to detect
specific adsorption of Rb+ ions at lower concentrations
(<10�3 m) [23].

Care was taken to find an area on the crystal surface
that had a uniform reflectivity near the first mid-zone along
the specular reflectivity rod (i.e., L = 1.1 reciprocal lattice
unit (rlu) on the (00) rod), which is sensitive primarily to
the surface structure and roughness. The area has the size
�1 mm larger than the beam footprint both along and
transverse to the X-ray beam directions. Under such condi-
tion, even if there were relative motions of the X-ray beam
over the sample surface during the measurements (e.g.,
caused by a minor misalignment or temperature change in-
side the hutch), all of the measured CTR data can be asso-
ciated with a single unique interface structure.

Fiducial points were monitored frequently throughout
the measurement. Both bulk and surface sensitive fiducials
(e.g., L = 1.9 and 1.1 rlu on the (00) rod, respectively) were
measured repeatedly. The observed constant reflectivity at
all fiducial points ensured the surface was stable during
the measurement. Surface symmetry equivalent rods were
checked by measuring (11) rod equivalents, i.e., (11),
(1�1), (�11), and (�1�1) rods. Both bulk dominant (L = 2.9
and L = 1.2) and surface sensitive signals (L = 2.1 and
L = 3.7) were measured on each rod. The small variation
of measured reflectivity from rod to rod indicates that sys-
tematic error for the non-specular crystal truncation rod
measurements was small (<10%) and the measured reflec-



Z. Zhang et al. / Surface Science 601 (2007) 1129–1143 1133
tivity modulation on the rod was determined by the intrin-
sic interfacial structure, not the extrinsic factors, such as
the setup or alignment error.

The CTR measurements were carried out at the same
beamline at two different times. During the first measure-
ments, (00), (02), (20), and (11) rods were measured for
both rutile–DIW and rutile–RbCl solution interfaces and
(40) rod was also measured for rutile–RbCl solution inter-
face. For the second set of the measurements, (00), (10),
(01), (12), and (21) rods were measured under both solution
conditions and (20) was measured in addition for rutile–
RbCl solution interface. The setup was identical for both
runs to minimize the effects of the extrinsic factors, such
as the slit settings and the detector to sample distance. A
total of 531 and 689 unique reflections were measured for
rutile (110) surface in DIW and in RbCl solution,
respectively.

The CTR data were measured in the symmetric scatter-
ing mode by rocking the spectrometer angle h (i.e., within
the vertical scattering plane) at each vertical momentum
transfer Qz value on a specific rod. For each rocking scan,
the background subtracted integrated intensity was ob-
tained as the raw reflectivity. Geometry related corrections
were applied to the raw reflectivity, including the active
area correction, resolution function correction, and Lor-
entz factor, etc., [34]. The corrected interfacial scattering
intensity as a function of Qz is plotted in Fig. 3.

The statistical uncertainties for the measured reflectivity
were very small (<1%) except for a few points. However, to
account for the (possible) systematic errors described
above, a minimum uncertainty of 10% was imposed on
all data points.

3.2. Data analysis

For the rutile–DIW interface, the (00) rods measured at
different times overlap very well, indicating that the extrin-
sic factors are accounted for properly and the interfacial
structures are identical. For the rutile–RbCl solution inter-
face, however, the repeated measurements of (00) and (20)
rods show differences, which appears to be primarily due to
the difference in the Rb+ occupancy factors between the
two measurements.

According to the theoretical calculations and ultra-high
vacuum based measurements, the TiO2 (110) surface in
DIW at room temperature and one atmosphere pressure
should not be reconstructed [13,42,43]. Therefore the single
non-primitive unit cell shown in Fig. 1 is used as the basic
structural unit. The bulk crystal is obtained by semi-infi-
nitely repeating the unit. Atom positions in the bulk are
held fixed in the analysis.

The bulk solution can be modeled in two different ways,
either as a structureless error function profile or as a lay-
ered fluid. For the layered water model, the density is mod-
eled with a series of Gaussian functions extending from the
interface into the bulk solution with a fixed spacing but an
increasing width as the distance from the interface in-
creases [34,36,44,45]. The structureless water model follows
an error function profile that is treated as a continuous
medium with an electron density of 0.33 e�/Å3. The use
of a layered water model with its additional detail and
structural parameters did not improve the fitting quality.
Therefore only the simpler structureless water model is
used and discussed. The parameter that defines the thick-
ness of the water layer includes the actual water and the
8 lm-thick plastic (Kapton) window because the densities
of the plastic and water are very similar and this approxi-
mation simplifies the calculation.

The interface region includes vertically two non-primi-
tive unit cells (i.e. 4 Ti-layers) and adsorbates at the ru-
tile–water interface, as shown in Fig. 1a. The nominal
high-symmetry sites are labeled for oxygen (On), titanium
(Tin) and adsorbate (An), respectively, with n the index
indicated at each site.

The structural model primarily includes the offsets of the
interfacial atoms from their lattice positions and their
occupancy factors, as listed in Table 1. For instance, the
z-direction offsets for all the atoms in the top layers (O1–
O8 and Ti1–Ti8 in Fig. 1a) from their bulk lattice positions
are included; lateral offsets of the atoms in the top Ti-layer
are also included, e.g., based on the rutile (110) surface
symmetry, O3 and O1 (BO) have offsets along x-direction,
but not along y-direction. In order to substantially reduce
the number of independent structural parameters, the
z-direction offsets for O9–O12 are not directly parameter-
ized; instead, they are calculated based on the neighboring
Ti positions assuming the coplanar of Ti–O bonds around
an O atom. For example, Dz of O9 can be calculated
from the positions and the offsets of Ti5 and Ti6:
DzO9 ¼ DzTi5 � xTi6�xO9

xTi6�xTi5
þ DzTi6 � xO9�xTi5

xTi6�xTi5
, where xn and Dzn are

the x coordinate and z offset of the atom n, respectively.
The occupancy factors C for sites O1 and Ti2 and sites
O2 and Ti1 are set to be equal (i.e. CO1 = CTi2; CO2 = CTi1)
and allowed to vary. The adsorbates (H2O and/or Rb+) are
allowed to displace from their initial positions freely and
their occupancy factors are fitted. Occupancy factors are
reported in the unit of monolayer (ML), where 1 ML is de-
fined as 1 atom/molecule/ion per rutile (11 0) surface 2D
unit cell, i.e. 1 ML = 1/(19.22 Å2) = 8.8 lmol/m2. Adsor-
bates are primarily located near the A4 site as indicated
by the earlier study [23]. For completeness, combinations
of all A1–A6 sites are explored.

The symmetry of rutile (110) surface is assumed in all
calculations so that symmetry equivalent atoms have equiv-
alent structural relaxations and occupations. For instance,
if O3 moves 0.1 Å along x-direction, O3 0 should have an off-
set of �0.1 Å from its lattice position. And if TO has a lat-
eral offset of (Dx,Dy) from its lattice site, the occupancy
factors are equally distributed between this and the three
other symmetry equivalent sites with displacements of
(�Dx,Dy), (Dx,�Dy), and (�Dx,�Dy), respectively.

The vibration amplitudes of the bulk atoms and adsor-
bate are included for calculating the Debye–Waller factor.
The vibration amplitudes along the three primary axes for



Fig. 3. The measured normalized scattering intensities (points with errorbars) and calculations based on the best fit structures (solid line) for rutile (110)
surface in (a) DIW and (b) pH 12, 1 m RbCl solution. Dashed lines are the calculations for an ideally-terminated non-relaxed rutile (110) surface with
both BO and TO present.
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each atom in rutile crystal are known [46] and included in
the calculation. For surface atoms, adsorbates and bulk
water molecules, the primary vibration amplitudes can be
included as fitting parameters. However, we find that the
fitting does not uniquely determine the vibration ampli-
tudes and the occupancy factors simultaneously because
they are correlated. The vibration amplitudes have been
fixed at reasonable values, e.g., 0.1–0.2 Å for the interface
atoms, 0.1–0.3 Å for the adsorbate and �0.3 Å for bulk
water molecules, since they are typically smaller than the
resolution of the CTR measurements (�0.5 Å in this study
along the surface normal direction). These values are
varied to check their effects on the respective occupancy
factors so that the full uncertainties in the vibration ampli-
tudes are determined.

There are a few fitting parameters that are extrinsic to
the interfacial structure, including the overall scale factor,
the b-factor to calculate the roughness factor, and the bulk
water thickness. Two independent Rb+ occupancy factors
are used for the two sets of rutile–RbCl solution rods due
to the small but significant differences in the measured
intensities for the two data sets.



Table 1
Offsets from the projected bulk atom sites (in Å), locations of the adsorbates (in Å), and the occupancy factors (in ML) at the rutile (110)–DIW and RbCl
solution interface

Vacuum studies This study

CTR LEED In DIW In RbCl solution

Ti1 Dy – – – 0.04(3)
Dz 0.12(5) 0.25(3) �0.002(4) �0.019(4)
C 1 – 0.93(1) 0.88(1)

Ti2 Dy – – – 0.07(2)
Dz �0.16(5) �0.19(3) �0.051(4) �0.036(4)
C 1 – 0.95(1) 0.87(1)

Ti3 Dz �0.09(4) �0.09(7) �0.016(4) 0.001(4)
Ti4 Dz 0.07(4) 0.14(5) 0.021(4) 0.006(4)
Ti5 Dz – – 0.013(3) 0.009(3)
Ti6 Dz – – �0.010(3) �0.001(3)
Ti7 Dz – – �0.007(2) 0.001(2)
Ti8 Dz – – 0.009(2) 0.004(2)

O1 Dx – – 0.00(3) 0.00(2)
Dz – – 0.101(8) 0.029(12)
C 0 0 0.95(1) 0.87(1)

O2 Dz �0.27(8) 0.10(5) 0.004(9) 0.010(11)
C 0.94(5) – 0.93(1) 0.88(1)

O3 Dx �0.16(8) �0.17(15) �0.09(2) �0.00(1)
Dz 0.05(5) 0.27(8) 0.068(6) 0.026(8)
C 1 – 0.89(3) 0.87(2)

O4 Dz 0.05(8) 0.06(10) 0.008(7) 0.013(9)
O5 Dz 0.00(8) 0.00(8) �0.012(8) 0.013(9)
O6 Dx �0.07(6) �0.07(18) �0.05(1) �0.00(1)

Dz 0.02(6) 0.06(12) 0.015(6) 0.017(6)
O7 Dz �0.09(8) 0.00(17) 0.005(7) 0.008(8)
O8 Dz �0.12(7) 0.01(13) �0.002(7) 0.000(8)

AW1 x – – 0.00(4) 0.63(6)
y – – 0.00(1) 0.00(4)
z – – 3.69(2) 3.60(2)
C – – 0.75(4) 0.68(5)

AW2 x – – 1.17(3) 2.91(9)
y – – 1.48(3) 1.23(6)
z – – 3.61(2) 4.27(4)
C – – 0.68(9) 0.37(4)

AW3 x – – 1.82(6) 2.43(8)
y – – 0.73(7) 1.45(52)
z – – 3.87(10) 5.15(4)
C – – 0.87(12) 0.33(7)

Rb+ x – 1.38(2)
y – 1.66(2)
z – 3.44(1)
C1 – 0.52(2)
C2 – 0.42(2)

Bulk water z 4.90(13) 5.66(10)

AWn (n = 1,2,3) represents the adsorbed water molecules; Dx, Dy, and Dz are the offsets of the Ti and O atoms from their bulk lattice positions; x, y, and z

are the locations of the adsorbates; C represents the occupancy factor of the interfacial sites; C1 and C2 are the Rb+ coverages measured at two separate
occasions, respectively. For comparison, values from the vacuum studies are listed for CTR and LEED experiments [14,15]. Numbers in the parentheses
are the uncertainties for the last one or two digits. ‘–’ indicates the parameter is not included in the model.
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4. Results and discussion

4.1. Rutile (11 0)–DIW interface results

The experimental data are shown in Fig. 3a, with solid
lines that represent the calculated reflectivity from the best
fit structures and the dashed lines represent the calculation
based on the ideally-terminated rutile (110) surface with
both BO and TO sites fully occupied. It is immediately
apparent from these data that the ideally terminated sur-
face provides an approximate qualitative explanation of
only the rods with surface Miller indices H + K = even,
but that substantial discrepancies are found for the oxygen
only rods (H + K = odd). In particular, a significant
additional oscillation in the experimental data is observed
with maxima near the anti-Bragg conditions and whose



Fig. 4. A ball-and-stick model of the best-fit rutile (110)–aqueous
solution interfaces. (a) Perspective and (b) top views of the interface in
DIW. (c) Perspective and (d) top view of the interface in RbCl solution.
The small (cyan), medium (red), large (pink) spheres, and hatched circles
represent Ti, O, Rb+, and H2O, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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magnitude appears to increase with Qz. This feature,
however, is not present in the calculation of the ideally
terminated surface, which has a quality of fit, v2 = 62 (as
compared to an expected value of �1 for a model that
explains the data perfectly).

The best fit structure explains nearly all of the fine fea-
tures present in the experimental data. The best fit struc-
tures do not differ significantly with or without the
repeated measurements of the (00) rod that were measured
separately. Therefore, the best fit values reported here in-
clude all of the rods in the fitting, though only one of the
(00) rods is shown in Fig. 3a. This best-fit model has a
quality of fit of v2 = 3.9. A ball-and-stick model corre-
sponding to the best-fit model of the rutile–DIW interface
is shown in Fig. 4a and b. The laterally averaged electron
density, broadened to account for the vertical resolution
of the data, is shown in Fig. 5. It is apparent from this plot
that the derived structure is consistent with that reported
previously based solely on the H + K = even rods [23].

The best-fit parameters are listed in Table 1 along with
the values determined for the rutile (110) surface in ul-
tra-high vacuum. Before we discuss the detailed structural
results, it is first necessary to discuss the role of extrinsic
parameters. The b-factor from the fitting is 0.00 ± 0.01,
which indicates the sample spot where the measurements
were done has virtually no roughness. The measured
CTR data are relatively insensitive to the total water layer
thickness, with a best fit value of 0 ± 10 lm, whose contri-
bution is primarily at small vertical momentum transfer
(i.e. small angles of incidence) where few data points were
measured. The order of magnitude of the water layer thick-
ness, though, agrees with the previous estimations [27], i.e.,
8-lm-thick Kapton film plus a 2-lm-thick water layer,
which also indicates the sample environments were well un-
der control during the X-ray measurements. The total
thickness of material above the surface was fixed at
10 lm. Consequently, these extrinsic factors do not con-
tribute significantly to the best-fit structure.

The derived substrate atom displacements from their
bulk lattice positions are all significantly smaller when
compared to the vacuum studies [8,14,15]. Specifically,
Fig. 5. Laterally averaged electron density profile for rutile (110) surface in D
site in 1 m RbCl solution indicates the specific adsorption of Rb+ ions, displa
the largest amplitude of Ti atom z-offsets (Ti2_z) is only
0.05 Å. The offset amplitudes decay to �0.01 Å at the
fourth Ti-layers. Though small, these Ti offsets are critical
to reproduce the oscillations between the Bragg peaks on
the ‘oxygen only’ rods. For instance, inclusion of relax-
ations in only the top two layers results in a quality of fit
of v2 � 6 and failed to reproduce the magnitude of the
intensity oscillations along the oxygen only rods, indicating
IW and RbCl solution. The increase of the electron density above the TO
cing the water molecules that are specifically adsorbed in DIW.
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that deeper layer relaxations are required by the data.
Although the surface Ti atoms would have no contribution
to the ‘oxygen only’ rods if they were located exactly on
their ideal bulk lattice positions, any offset will lead to
additional modulation(s) on these rods making the ‘oxygen
only’ rods very sensitive to the surface Ti positions. The O
atoms in the surface layers, on the other hand, undergo rel-
atively smaller offsets along the z-direction. Around the
third Ti-layer, i.e., at sites O7 and O8, the O offsets are
essentially zero within uncertainties.

An interesting feature of this structure is found in the
offset direction of the near-surface Ti atoms. In particular,
almost all of the Ti atoms in the same y–z plane (i.e., under
either the BO or TO rows) have the same offset direction,
with the sole exception being the Ti1 site. That is, the
Ti2, Ti3, Ti6, and Ti7 are all relaxed inward, while Ti4,
Ti5, and Ti8 all have an outward relaxation, as shown in
Fig. 6. This phenomenon has been observed previously
for rutile in vacuum, although those results included only
two Ti layers [14,15]. More generally, while there is a
change in direction of the Ti1 with respect to the other
sites, the difference in the vertical displacements for a given
layer (i.e., Ti1_z-Ti2_z or Ti3_z-Ti4_z) decays monotoni-
cally into the crystal. This can be interpreted as a propaga-
tion of the top layer Ti buckling through the Ti–O–Ti
chains into the crystal.

The adsorbed water molecules (above the TO and BO
sites) occupy three distinct sites, primarily near the A1,
A4, and A3 sites, as labeled AW1, AW2, and AW3 in
Table 1, respectively, i.e., the adsorbates tend to fill in
the channel between the BO and TO rows or lie above
the BO rows. This picture is similar to the calculation re-
sults of multi-layer water molecules adsorbed at rutile
(110) surface [43]. In such an arrangement, the interfacial
water molecules could easily form a hydrogen-bond net-
work with each other and with the surface oxygen atoms,
which therefore acts to stabilize the interfacial structure
[11]. The total coverage of the water molecules at these
positions is around 2 ML, which is consistent with the bulk
Fig. 6. The vertical offsets of the interfacial Ti atoms as a function of Ti-
layer number in DIW (filled symbols and solid line) and in RbCl solution
(open symbols and dashed line). Here, the triangles indicate the vertical
displacement of Ti atoms below the TO row, while the diamonds indicate
the vertical displacement of Ti atoms below the BO row.
water density. Above these adsorbed water molecules, no
further structured water layers are observed.

4.2. Rutile (110)–RbCl solution interface results

The calculation based on the best fit structure for rutile
in contact with 1 m RbCl solution is plotted in Fig. 3b, with
only one set of measured (00) and (20) data shown. The
ball-and-stick model of the rutile–RbCl solution interface
is shown in Fig. 4c and d, and the laterally averaged elec-
tron density is shown in Fig. 5. For these data, the b-factor
is 0.05 ± 0.01, which translates into root mean square (rms)
height of 60.75 Å [30]. The slight difference between this
derived b-factor value and that of the rutile–DIW interface
suggests that the measurements were done on different
areas of the surface. As in the DIW analysis, a fixed solu-
tion plus Kapton thickness of 10 lm is assumed because
this parameter is poorly constrained by the data.

The best-fit parameters describing this structure are
listed in Table 1, with Ti offsets along z-direction that are
reduced with respect to that observed for the rutile–DIW
interface (Table 1 and Fig. 6). While Ti-atom offsets in
the fourth Ti-layer at the rutile–DIW interface are observa-
ble, they are not statistically significant at the rutile–RbCl
solution interface. Similarly, all other Ti offsets are smaller
compared to those observed at the rutile–DIW interface,
with the relaxation directions essentially the same. We also
observed that the TO height is lower in the RbCl solution
than in DIW. Coupled with the decreased Ti2 site offset,
the Ti2–O1 distance is reduced by about 0.1 Å.

A significant increase of electron density near the A4

sites is observed with respect to that observed at the rutile
(110)–DIW interface, which is associated with Rb+ ions
replacing the adsorbed H2O molecules as concluded previ-
ously [23]. The small but significant differences between the
two sets of CTR data that were analyzed together resulted
in separate occupation factors for the adsorbed Rb+ of
0.52 ± 0.02 and 0.42 ± 0.02 ML, respectively, showing that
while the differences are significant, they remain relatively
small. The best-fit structure also reveals that the presence
of the Rb+ ions perturbs the interfacial water distribution.
The adsorbed H2O (AWn, n = 1–3) around the A1 site
(AW1) is displaced only slightly along x-direction. How-
ever, the H2O near the A4 site (AW2) at the rutile–DIW
interface moves towards the A2 site. The AW2–O1 bond
length is about 2.6 Å, which implies a hydrogen bond be-
tween the two species. There is also an additional contribu-
tion of ordered water molecules further away from the
surface above the A2 site (AW3), which could be water in
the Rb+ hydration shell. No attempt was made to complete
the Rb+ hydration shell with more water molecules in
order to limit the number of the fitting parameters.

5. Discussion

In discussing the present results, we will attempt to pro-
vide some perspective related to previous work, which
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encompasses both experimental and theoretical studies of
rutile interfaces, and for water coverages ranging from
sub-monolayer to macroscopic water layers. A surprising
aspect of the present results is that the interfacial displace-
ments that we observe penetrate significantly into the bulk
crystal (i.e., to at least the fourth Ti-layer in DIW and the
third Ti-layer in 1 m RbCl solution at pH 12) and that
these relaxation patterns and magnitudes are sensitive to
the solution conditions. Since the top layer surface relax-
ations are clearly larger under vacuum conditions, it is rea-
sonable to believe that a similar relaxation pattern would
exist in vacuum, perhaps extending even deeper into the
bulk crystal. When trying to explain the structural differ-
ences between the experimental and theoretical results of
the rutile surface relaxation in the vacuum, Thompson
and Lewis suggested that the rutile (110) surface relaxation
might reach more than 2 Ti-layers deep [47], and an offset
as large as 0.1 Å was implied for the third layer and
beyond.

The rutile (11 0) surface relaxations in vacuum are much
larger than in DIW, which suggests that the presence of
adsorbate substantially relieves the distortion of the crystal
at the surface. Specifically, in vacuum where the O1 site is
Table 2
Inter-atomic distances (in Å) for rutile (110)–DIW interface between rutile su

AW1 AW2 AW3 Ti1

O1 2.97(6) 2.37(14)
O2 2.42(5) 3.01(5) 3.24(13) 1.95(2)
O3 1.89(3)
O30

O4 1.94(1)
O5
O6
O60

O7
O8

Numbers in parentheses are the uncertainties for the last one or two digits. S

Table 3
Inter-atomic distances (in Å) for rutile (110)–RbCl solution interface

AW1 AW2 AW3 Ti1 Ti2

O1 3.06(8) 2.61(12) 3.56(52) 2.0
O2 2.40(8) 1.97(6)a

O3 1.92(4) 1.9
O30 1.9
O4 1.93(6)b

O5 1.9
O6
O60

O7
O8
Rb+ 2.62(8) 2.43(12) 3.23(52)

Numbers in parentheses are the uncertainties for the last one or two digits. S
a Average of two distances of 1.94/2.00 ± 0.03 Å due to the two symmetry
b Average of two distances of 1.90/1.96 ± 0.03 Å due to the two symmetry
c Average of two distances of 1.90/2.01 ± 0.03 Å due to the two symmetry
unoccupied, the Ti2 moves inward and Ti1 moves outward.
Accordingly, the Ti atoms in the underlying layers are off-
set along the same direction with decreasing offsets for dee-
per layers. The O1 site becomes occupied when the surface
is in contact with DIW, presumably by a H2O molecule,
thereby completing the first coordination shell of Ti2 and
significantly reducing the inward offset of Ti2. We can ex-
pect that the residual Ti2 inward offset in DIW is due to
a Ti–OH2/Ti–OH bond formed between Ti2–O1 that is
weaker than the Ti–O bond in the rutile crystal. The verti-
cal displacement of the Ti2 site is even further reduced in
the RbCl solution, suggesting that the Ti2–O1 bond be-
comes stronger either because more OH� groups replace
H2O molecules at the O1 site at the elevated pH, or because
the adsorption of the Rb+ ion has an effect on the bond
strength.

Further insight into these issues can be obtained from
the derived inter-atomic distances, which are listed in Ta-
bles 2 and 3 for the rutile (110) surface in DIW and in
RbCl solution, respectively. Most of the Ti–O distances
are very close (<3%) to the expected bulk values, with the
exception of the Ti2–O1 distance. The derived Ti2–O1 dis-
tance for the rutile–DIW interface is 2.13 ± 0.03 Å, which
rface atoms (e.g. Ti1 and O1) and adsorbed water molecules

Ti2 Ti3 Ti4 Ti5 Ti6

2.13(3)

2.01(2)
2.01(2)

1.97(1)
1.94(1) 1.95(1)

2.03(1) 1.91(1)
2.03(1)
1.94(1) 1.99(1)

2.00(1) 1.94(1)

hown in the table are the distances between the adjacent atoms/ions.

Ti3 Ti4 Ti5 Ti6 Rb+

5(3) 2.88(4)
3.06(3)

5(8)c

5(8)c

1.99(1)
3(3) 1.96(1)

1.98(1) 1.95(1)
1.98(1)

1.99(1)
1.94(1)

hown in the table are the distances between the adjacent atoms/ions.
equivalent lateral positions of Ti1.
equivalent lateral positions of Ti1.
equivalent lateral positions of Ti2.



Z. Zhang et al. / Surface Science 601 (2007) 1129–1143 1139
is significantly longer than a typical Ti–O bond in the bulk
rutile crystal (1.98 Å). On the other hand, it is shorter than
those reported by the DFT calculations (2.25–2.41 Å)
[11,48–51] and photoelectron diffraction (Ph D) measure-
ment (2.21 ± 0.02 Å) [8] for the case of thin H2O films ad-
sorbed at the rutile (110)–UHV interface. The PhD
measurement was carried out in UHV at �200 K and it
was believed that the amount of adsorbed water was no
more than a single monolayer. No evidence of dissociation
of water upon adsorption was observed in that experiment
and the derived rutile surface relaxations with and without
the adsorbed water were similar. Therefore, it was believed
that the water associatively adsorbed at rutile (110) surface
and the Ti–OH2 interaction is fairly weak [8]. This agrees
with the STM observation of adsorbed water molecules dif-
fusing along y-direction ([001] direction) on top of Ti2 site,
where the mobility of adsorbed water indicates a weak
interaction with the surface Ti2 site [7] at low water
coverage.

DFT calculations predicted that the Ti2–O1 bond length
would be �1.90 Å when water adsorbed dissociatively and
>2.25 Å when adsorbed associatively [11]. The derived Ti2–
O1 distance from the CTR result falls in between the two
distances expected for molecular and dissociative adsorp-
tion. This might suggest a mixture of the two adsorbed spe-
cies at the rutile–DIW interface, which is consistent with
multi-site complexation (MUSIC) model calculations of
the proton affinity of the oxygen at the TO site [18,52],
which predicts mainly OH2 at near-neutral pH, and a much
higher proportion of surface OH� groups at this site at pH
12 to produce a negatively-charged surface.

We can ask if these data can offer further insight about
whether associatively and dissociatively adsorbed water
coexist at the rutile–DIW interface, i.e. with two distinct
heights at the TO site, or if only one species, i.e. one height,
is present. The best-fit model prefers a single height at the
TO site to two heights, for which a vibration amplitude of
rz = 0.1 ± 0.1 Å along z-direction is obtained if optimized.
Given the vertical resolution of the measurements zres � p/
Qzmax = 0.5 Å, where Qzmax is the maximum momentum
transfer in the vertical direction, the data can be equally
well-fitted with a two-height model that retains the ob-
served rms width of this species, i.e. with relative displace-
ments less than rz/0.55 = 0.18 Å [36]. This is smaller than
the expected difference (�0.35 Å) between the associatively
and dissociatively adsorbed water molecule heights from
DFT calculations, which suggests that even if two distinct
TO heights coexist at the rutile (110)–DIW interface, the
separation of the two may not be as large as those pre-
dicted by DFT calculations.

In comparing the CTR data to the previous work, it is
important to note that the previous calculations/measure-
ments were done at the low water coverage, i.e. less than
or equal to 1 ML, while the present CTR data were ob-
tained in contact with macroscopic water layer. Therefore
the coverage of the adsorbed water appears to be the main
reason for the different surface structures that are observed.
Similar effect has been observed before on the NaCl (100)
surface exposed to water vapor, where structures of both
the NaCl surface and the adsorbed water vary as the rela-
tive humidity changes [53].

A recent DFT calculation with �2 ML of adsorbed
water molecules above the rutile (110) surface showed
the bond length of Ti–OH and Ti–OH2 are 1.98 and
2.19 Å, respectively, when both associative and dissociative
adsorption exist on the surface [54]. The displacement be-
tween the two heights (0.21 Å), is significantly smaller than
those in the earlier calculation with less than 1 ML of ad-
sorbed water molecules. A mixture of the two heights
would be able to explain the CTR data as well as the sin-
gle-height best-fit model.

At the rutile–RbCl solution interface, the Ti2–O1 dis-
tance is derived to be 2.05 ± 0.03 Å, which is significantly
shorter than that at the rutile–DIW interface. It appears
that the strengthening of the Ti2–O1 bond is due to the
increased pH, resulting in a larger negative surface charge.
In classical EDL models, the development of surface
charge at elevated pH is associated with desorption of
protons from the molecularly adsorbed water molecule
in the TO site [55,56], resulting in a transition of the
adsorbate species in the TO site from H2O to OH�. The
observed decrease in Ti2–O1 distance is consistent with
this transition.

When the measured Ti2–O1 distance is a coherent aver-
age of the two distinct heights, it can be used to constrain
the fraction of dissociatively adsorbed species. The differ-
ence of the average value between the solution conditions
can be attributed to the fractional change of the two coex-
isting species, assuming the Ti–OH and Ti–OH2 bond
lengths are unaffected by changes in solution conditions.
From this we estimate that 30 ± 15% of the TO sites are
occupied by the dissociatively adsorbed water at the
rutile–DIW interface, while 65 ± 15% are found at the
rutile–RbCl solution interface. These numbers are within
error equivalent to MUSIC model predictions that Ti–
OH occupies �45% of surface sites in the pH 5.6, 10�4 m

RbCl electrolyte solution, and 75% in the pH 12, 1 m RbCl
solution, as listed in Table 4. Therefore, the combination of
CTR results, DFT calculations, and MUSIC model predic-
tions strongly suggest the coexistence of associatively and
dissociatively adsorbed water at the TO site, with the ratio
between these states depending on solution conditions (pri-
marily pH).

If the occupancy factors of O1 and O2 sites were fitted
independently, larger-than-1 occupancy factors were ob-
tained for both sites with improved fitting quality. But
physically such model is questionable. There are a few pos-
sible scenarios where the nominal occupancy factors can be
higher than one. One is the presence of protons that are not
accounted for in the fitting by using the atomic form factor
of an O atom for both O1 and O2 sites. Therefore the nom-
inal occupancy factors might be larger if the O1/O2 sites
were protonated (as OH� or H2O). Attempts to use atomic
form factor of O� and O2� ions at the O1 and O2 sites



Table 4
Surface species fractions at the rutile (110)–aqueous solution interface by prediction from MUSIC model and estimation from CTR measurements

Solution pH IS (m)b TOa BOa Rb+

TiOH�0.25 TiOH2
+0.75 Ti2O�0.41 Ti2OH+0.59

MUSIC 1 5.6 10�4 (RbCl) 0.44 0.56 0.90 0.10 0
2 12 1 (RbCl) 0.76c 0.24 0.98c 0.03 0.17d

CTR DIW �5.5 <10�5 0.30(15)e 0.70(15)e – – –
RbCl 12 1 0.65(15)e 0.35(15)e – – 0.40(10)

The MUSIC model values are derived with the following protonation constants and fractional charges: [23,25]
TiOH�0:25 þHþ ¼ TiOHþ0:75

2 , log KH1 = 5.52;
Ti2O�0.41 + H+ = Ti2OH+0.59, log KH2 = 4.44;
2TiOHþ0:75

2 þ 2Ti2O�0:41 þRbþ ¼ ðTiOH�0:25Þ2ðTi2O�0:41Þ2 �Rbþ þ 2Hþ.
a The sum of species at the TO sites is 1, so is that for BO sites.
b IS is the ionic strength of the solution.
c Values include ligands in the species (TiOH�0.25)2(Ti2O�0.41)2 � Rb+.
d In MUSIC model, the adsorbed Rb+ species is (TiOH�0.25)2(Ti2O�0.41)2 � Rb+.
e Values in the parentheses are the uncertainties for the last two digits.
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failed to produce any significant difference. Another possi-
bility is the exchange of the O atom by heavier atoms/ions
(e.g., Cl�) due to previous exposure to Cl� containing solu-
tions. If this were true, we would expect that the occupancy
factors of the O1 and O2 sites in the 1 m RbCl solution be
different from the same surface in DIW due to the presence
of Cl� ions in the solution. However, no significant differ-
ence in the O1 and O2 occupancy factors were obtained
from the fitting. Therefore, we believe that the high occu-
pancy factors for the O1 and O2 sites are artifacts and that
a more consistent way to interpret the data is obtained by
linking the occupation factors of these two species with
that of the underlying Ti2 and Ti1 sites.

In DIW, the distance between the O2 site and the ad-
sorbed H2O at site A1 is 2.42 ± 0.05 Å, which is smaller
than a typical O–O distance in bulk water [57]. It only
changes slightly when the RbCl solution is introduced, with
a bond length of 2.40 ± 0.08 Å. Such short O–O distance is
similar to that observed on the RuO2 (110)–water interface
under the high applied potential (500 mV) [28], although
our samples were not subjected to either external high po-
tential or high pressure (under which condition ice X
forms). Another possibility is the O–H � � � O hydrogen
bond does not form along a straight line, e.g. for a hydro-
gen bond length of �1.65 Å, the O–H � � � O bond angle
would be �30�. The component at site A1 is needed to ex-
plain the CTR data although its physical origin is unclear.
If it is an adsorbed water molecule, the short O–O distance
leads to the suggestion of a strong interaction between the
BO and adsorbed H2O at the A1 site, possibly sharing a
proton in between the two oxygen atoms. Considering that
the derived Ti1–O2 distance (1.95 ± 0.02 Å in DIW and
1.97 ± 0.06 Å in RbCl solution) is very close to a typical
bulk rutile Ti–O bond length, bond valence theory would
require the additional bond(s) to the BO atom be compara-
ble to that in a typical Ti–O bond, �0.6 v.u.. With a shared
proton between O2 and A1 site water offering �0.5 v.u., the
bond valence requirement for O2 oxygen is close to
saturation.
When a water molecule adsorbs to the TO site dissocia-
tively, a proton is transferred to a neighboring BO site to
form a bridging hydroxyl (Ti2–OH). According to the re-
cent DFT calculations, the Ti2–O and Ti2–OH bond
lengths are 1.89 and 1.99 Å, respectively, on this mixed
adsorption surface [54]. Similar to the TO site, the small
displacement here implies that the CTR measured Ti1–
O2 distance could be explained by a coherent average of
the two distinct distances. The measured Ti1–O2 distances
show no significant difference at the two solution condi-
tions, which suggests that the protonation statues at the
BO sites do not change significantly with changes in solu-
tion condition. This trend agrees well with the MUSIC pre-
dictions that 10% and �3% the sites are protonated in
DIW and in RbCl solution, respectively. Because of the
small difference between the two Ti1–O2 distances and
the relatively large uncertainties in the CTR measurements,
it is hard to obtain useful values on the percentage of the
BO sites which is protonated in DIW and RbCl solution.

Although the distance between the O1 site and the ad-
sorbed H2O at site A3 (AW3) is also around 2.40 Å, the lar-
ger uncertainty in the lateral position of adsorbed H2O at
site A3 makes the uncertainty in the distance >0.14 Å. It
is therefore close to a typical hydrogen bond length.

Interpretation of the adsorbed Rb+ distribution is com-
plicated because the CTR measurements are sensitive only
to the total electron density. Rb+ ions and H2O molecules
are interchangeable at any of the model derived locations
for Rb+ and three adsorbed waters. Directly comparing
the laterally-averaged electron density profile as a function
of the distance from the interface, as shown in Fig. 5, the
higher interfacial electron density can be seen for the ru-
tile–RbCl solution interface. If all of the adsorption sites
are occupied exclusively by Rb+ ions, the total Rb+ cover-
age would be <1 ML, which is well below the theoretical
full packed density (�2.3 ML) given the space available
at the rutile–RbCl solution interface. This indicates that
not all the sites are occupied by Rb+ ions. Some of them
therefore must be water molecules. On the other hand, if
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all the sites are occupied by water molecules, the coverage
would be >4 ML to reach the derived electron density at
the interface, which is also unrealistic. To account for the
increase of the electron density, the Rb+ ions are required
to be present at the interface, primarily at the A4 site,
although we can not rule out the possibility of a very small
amount of Rb+ at the A2 site, where the inter-atomic dis-
tance also agrees with the Rb–O bond length. The actual
number density of Rb+ ions and water molecules at the
interface can be estimated based on the constraint derived
from the sizes of the Rb+ ion and water molecule combined
with the measured total electron density. The estimated
total Rb+ ion coverage is �0.4 ± 0.1 ML and the water
coverage is �1.9 ML. A second way to estimate the Rb
coverage is to subtract the two derived profiles and associ-
ate the increased electron density with the substitution of
Rb+ for a water molecule [58]. This procedure also gives
a Rb+ coverage of �0.4 ± 0.1 ML.

The MUSIC model predicted Rb+ coverage in the pH
12 RbCl solution is 0.17 ML, which is smaller than the
CTR derived one. This discrepancy could be partially due
to the large uncertainty in the CTR coverage estimation.
The present CTR measurements only probe the total elec-
tron density of the interfacial system, as detailed in the dis-
cussion above. Although it has sensitivity to changes in the
interfacial structure, this technique has no specific ability to
probe the element specific distribution of a given cation, as
was done with previous XSW measurements. Conse-
quently, it is difficult for the CTR method to precisely re-
veal the occupancy of each of the species in a complex
system, such as the rutile–electrolyte interface, where there
is more than one type of species occupying the same or sim-
ilar positions. Resonant anomalous X-ray scattering mea-
surement [59] should be able to reduce this uncertainty
and provide more precise information concerning the ion
distributions at this and similar interfaces.

In order to discuss the likely bond lengths for adsorbed
Rb+, each of the surface atoms and/or adsorbate are con-
sidered to have up to four equivalent sites due to the sur-
face symmetry. All the possible configurations are
explored and the more likely scenarios are highlighted
based on the Rb–O distance. The distance between the ad-
sorbed Rb+ ion and the adjacent O1, O2, TO, and BO sites
are all close to the Rb–O bond length in aqueous solution
(�2.60 Å) [60], as listed in Table 3. This confirms that
mono-valent cations, such as Rb+, can specifically adsorb
at the rutile (110)–water interface as inner-sphere species.
Given the locations and the distance between the adsorbed
Rb+ ion and the AW2 water molecule, the AW2 water is
unlikely to be one of the Rb+ hydration shell waters. It is
more likely an independently adsorbed species coexisting
at the interface, i.e. the Rb+ ion and AW2 water molecule
should be located laterally in different surface 2D unit cells.

The adsorbed Rb+ ions are found to primarily occupy
the A4 sites, which is also the primary adsorption sites of
Sr2+ and Y3+ ions based on previous XSW measurements
[24]. Since water molecules occupy the same site at the ru-
tile–DIW interface, it is reasonable to believe that the tet-
radentate site is the lowest potential site on the (110)
surface thus the primary position to fill when an adsorbate
comes into contact with the surface. The alkali cations,
including Rb+, are normally thought of as the indifferent
‘‘background’’ electrolyte ions that are only present in
the diffuse double layer as fully-hydrated cations. The mea-
surements here directly prove that picture is incorrect. Like
multivalent ions, Rb+ ions also adsorb specifically as inner-
sphere species at the interface. The primary difference is a
much weaker thermodynamic driving force (i.e. weaker
binding constant) due to the reduced charge. This is seen
when comparing with Sr2+, which yielded a surface cover-
age of �0.4 ML at solution condition of 10�4 m concentra-
tion and pH 10.7, whereas Rb+ ions achieved this level of
adsorption only at 1 m concentration and pH 12. Therefore
when present in the solution at the same time, the Rb+ is in
competition for sorption at the inner-sphere sites with mul-
tivalent cations, as discussed previously [27].

6. Summary

CTR measurements have been used to probe the de-
tailed structure of the rutile (110)–aqueous solution inter-
face. The crystal surface structure in 1 m RbCl solution at
pH 12 is similar to that in DIW, albeit with smaller inter-
facial relaxations, especially for Ti atoms in the RbCl solu-
tion. Both BO and TO sites are fully occupied in aqueous
solutions. Above the BO and TO layer, an additional water
layer is observed with well-defined vertical and lateral
molecular locations. No further water layering is observed
beyond this layer.

At the rutile (110)–DIW interface, the Ti atoms below
the BO row relax outwards and the Ti atoms below the
TO row relax inwards, with their relaxation amplitudes
decreasing from 0.05 Å at the surface to �0.01 Å at the
fourth Ti-layers. The Ti2–O1 distance is observed to be
2.13 ± 0.03 Å, suggesting the water adsorbs primarily
molecularly at the TO site. There are three water adsorp-
tion locations at a similar height above the TO site, around
the A4, A3, and A1 sites, respectively.

At rutile (110)–RbCl solution interface at pH 12, the
relaxations of the Ti atoms are similar to those in DIW, ex-
cept with smaller amplitudes. The Ti2–O1 distance is ob-
served to be 2.05 ± 0.03 Å, suggesting that dissociatively
adsorbed water, i.e. OH�, as the dominant species at the
TO site, as predicted from proton-affinity calculations
[18,52]. The adsorbed water layer structure is perturbed
by Rb+ ions, which primarily replaces the adsorbed water
molecules at the A4 (tetradentate) site. While the adsorbate
at the A1 site has minimal change between DIW and RbCl
solution, the adsorbate at the A3 site is removed and an-
other component shows up at the A2 site. A water molecule
is also observed next to the adsorbed Rb+ ion further away
from the surface, probably associated with the hydration
shell of Rb+. The coverage of adsorbed Rb+ is estimated
to be �0.4 ML at this condition.
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The distances of adsorbed Rb+ ions to surface oxygens
in the BO and TO sites are similar to the average bond
length of hydrated Rb+ in bulk aqueous solution. This
indicates that four of the hydrating water molecules are re-
placed by four surface oxygens when Rb+ sorbs at the tet-
radentate (A4) site, to form an inner-sphere species. This
observation provides definitive proof that ‘background
electrolyte’ ions compete directly with multivalent ions
for sorption at inner-sphere sites, though the sorption affin-
ities of the multivalent ions are much stronger, due to the
increased cation charge. This competition for sorption at
inner sphere sites provides a partial explanation for the of-
ten-observed ionic strength dependence of multivalent cat-
ion adsorption on metal oxide surfaces.
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