
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 70 (2006) 4039–4056
Structure of hydrated Zn2+ at the rutile TiO2 (110)-aqueous
solution interface: Comparison of X-ray standing wave,

X-ray absorption spectroscopy, and density functional theory results q

Zhan Zhang a,*, Paul Fenter a, Shelly D. Kelly a, Jeffery G. Catalano a, Andrei V. Bandura b,
James D. Kubicki c, Jorge O. Sofo c, David J. Wesolowski d, Michael L. Machesky e,

Neil C. Sturchio f, Michael J. Bedzyk g

a Argonne National Laboratory, Argonne, IL, USA
b St. Petersburg State University, St. Petersburg, Russia

c Pennsylvania State University, University Park, PA, USA
d Oak Ridge National Laboratory, Oak Ridge, TN, USA

e Illinois State Water Survey, Champaign, IL, USA
f University of Illinois at Chicago, Chicago, IL, USA

g Northwestern University, Evanston, IL, USA

Received 5 December 2005; accepted in revised form 7 June 2006
Abstract

Adsorption of Zn2+ at the rutile TiO2 (110)-aqueous interface was studied with Bragg-reflection X-ray standing waves (XSW), polar-
ization-dependent surface extended X-ray absorption fine structure (EXAFS) spectroscopy, and density functional theory (DFT) calcu-
lations to understand the interrelated issues of adsorption site, its occupancy, ion–oxygen coordination and hydrolysis. At pH 8, Zn2+

was found to adsorb as an inner-sphere complex at two different sites, i.e., monodentate above the bridging O site and bidentate between
two neighboring terminal O sites. EXAFS results directly revealed a four or fivefold first shell coordination environment for adsorbed
Zn2+ instead of the sixfold coordination found for aqueous species at this pH. DFT calculations confirmed the energetic stability of a
lower coordination environment for the adsorbed species and revealed that the change to this coordination environment is correlated
with the hydrolysis of adsorbed Zn2+. In addition, the derived adsorption locations and the occupancy factors of both sites from three
methods agree well, with some quantitative discrepancies in the minor site location among the XSW, EXAFS, and DFT methods. Addi-
tional XSW measurements showed that the adsorption sites of Zn2+ were unchanged at pH 6. However, the Zn2+ partitioning between
the two sites changed substantially, with an almost equal distribution between the two types of sites at pH 6 compared to predominantly
monodentate occupation at pH 8.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Ion adsorption and electrical double layer (EDL) forma-
tion at the oxide-aqueous solution interface are fundamen-
tal to a number of processes (Stumm et al., 1992; Brown
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et al., 1999). Of particular relevance to geochemical sys-
tems are the influence of the EDL at mineral-water inter-
faces on contaminant transport in the subsurface, mineral
dissolution and precipitation rates and mechanisms, bio-
availability of trace metals, and incorporation of trace met-
als into growing crystals. While there have been extensive
studies of EDL phenomena over the past decades (James
and Healy, 1972; Schindler et al., 1976; Benjamin and Lec-
kie, 1981; Kinniburgh and Jackson, 1982; Fokkink et al.,
1987; Bedzyk et al., 1990; Hiemstra and Van Riemsdijk,
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Fig. 1. Rutile TiO2 (110) surface structure. (a) Perspective view of TiO2

(110) surface. This also corresponds to the TiO2 supercell used in DFT
calculation. A redefined surface unit cell (in blue) is shown. Shaded plane
is defined as Ti–O basal plane. The coordinate system is defined as x, y, z

along ½110�, [001], and [110] direction, respectively. (b) Side view, and (c)
Top view of the surface unit cell with added TO sites. The nominal
adsorption sites, A1 through A6, are labeled. For clarity, only atoms at or
above the surface basal plane are shown in (c).

4040 Z. Zhang et al. 70 (2006) 4039–4056
1996; Venema et al., 1996; Williams et al., 1998; Rietra
et al., 1999; Bourikas et al., 2001; Machesky et al., 2001;
Sverjensky, 2001), the connection between molecular-scale
processes and their macroscopic manifestations has been
elusive.

Recent efforts have begun to establish these relation-
ships through coordinated studies of the adsorption of
mono-, di-, and tri-valent cations at the rutile TiO2 (110)-
water interface. These studies, making use of high resolu-
tion X-ray based structural probes, quantum mechanical
calculations, classical molecular dynamics simulations, sur-
face complexation models, and pH titrations of powder
suspensions and electrophoresis, have provided new in-
sights into EDL phenomena by directly linking microscop-
ic information to macroscopic properties (O’Day et al.,
1996; Towle et al., 1999; Machesky et al., 2001; Fedkin
et al., 2003; Bandura et al., 2004; Predota et al., 2004a,b;
Zhang et al., 2004a,b; Ridley et al., 2005).

More specifically related to the current study, the effects
of solution species and ionic strength on the EDL distribu-
tion were also explored for Zn2+ and Sr2+ ions at the same
interface, revealing that the adsorption structures of diva-
lent ions is largely insensitive to changes of background
electrolytes on this surface (Zhang et al., 2006). The rutile
(110) surface in contact with water consists of a basal plane
of O and Ti atoms with overlying rows of terminal O (TO)
and bridging O (BO) atoms bonded, respectively, to one or
two Ti atoms in the basal plane (Fig. 1a and b). The
adsorption of Zn2+ at the rutile (110)-water interface is
unusual for a number of reasons. First, it was observed
to adsorb by a distinctly different mechanism from all other
ions investigated (Zhang et al., 2004a,b). Unlike Rb+, Sr2+,
and Y3+ which all adsorbed in the same tetradentate site
(above a basal plane O atom and bonded to two BO and
two TO atoms), Zn2+ adsorbs at two distinct sites at pH
8: nominally above the BO site (Fig. 1c, site A1), and be-
tween two TO sites (Fig. 1c, site A2), with the majority of
Zn2+ in the A1 site (Zhang et al., 2004b). Second, the agree-
ment between the experimentally observed ion locations
and those predicted by molecular dynamics simulations
(Predota et al., 2004b) was excellent for Rb+ and Sr2+,
whereas substantial discrepancies between measured and
predicted Zn2+ locations existed. While molecular dynam-
ics (MD) simulations of Zn2+ at a negatively charged,
hydroxylated TiO2 (110) surface also yielded two adsorp-
tion sites around A1 and A2, respectively (Predota et al.,
2004b; Zhang et al., 2004b), there were substantial dis-
agreements between the density functional theory (DFT)
calculations, the MD simulations and X-ray measurement
at site A2, including a discrepancy of �0.7 Å in the predict-
ed heights above the basal plane. We speculated (Zhang
et al., 2004b) that the disagreement might be due to: (1)
uncertainties of the XSW measurements or, (2) an implicit
assumption in the DFT and MD studies that the surface
adsorbed Zn2+ species remained sixfold coordinated, as
found for aqueous Zn2+ (Marcus, 1997; Zhang et al.,
2004b) and suggested from EXAFS studies of Co2+
adsorption on rutile powder and single-crystal surfaces
(O’Day et al., 1996; Towle et al., 1999).

Recent studies show that Zn2+ often changes its coordi-
nation environment from a sixfold coordination in aqueous
solutions to a fourfold coordination on adsorption (Alberts
et al., 1998; Trainor et al., 2000; Trainor et al., 2001; Triv-
edi et al., 2001; Elzinga and Reeder, 2002; Manceau et al.,
2002; Waychunas et al., 2002; Roberts et al., 2003; Kos-
mulski and Maczka, 2004; Lee and Anderson, 2005; Lee
et al., 2005). This might also happen at the rutile (110)-
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aqueous solution interface and could explain some of the
differences between the theoretical and experimental
results.

Analysis of Zn2+ adsorption on rutile powder suspen-
sions using a multi-site complexation model also suggested
surface enhanced hydrolysis of the adsorbed Zn2+, i.e., the
formation of Zn(OH)+ species, at the rutile (110)-aqueous
solution interface at pHs lower than the aqueous hydrolysis
constants of Zn2+ (Zhang et al., 2004b). Therefore, we have
undertaken a more in-depth investigation with a combina-
tion of XSW measurements, polarized surface extended X-
ray absorption fine structure (EXAFS) spectroscopy, and
DFT calculations to explore the structure of adsorbed
Zn2+ at pH 8. The new results are consistent to first order
with the previous data in terms of the Zn2+ locations and
occupancies. XSW measurements were also carried out at
pH 6 to test the sensitivity of Zn2+ adsorption to changes
in pH.

2. Materials and methods

2.1. Rutile TiO2 (110) surface

Rutile (a-TiO2) has tetragonal structure, with lattice
parameters a0 = b0 = 4.594 Å, and c0 = 2.959 Å at
T = 298 K (Abrahams and Bernstein, 1971; Diebold,
2003). When the rutile (110) surface is immersed into aque-
ous solution, it is known that both the bridging O (BO) and
terminal O (TO) sites are fully occupied through reaction
of the rutile surface with water (Figs. 1a and b), as support-
ed by X-ray scattering measurements (Zhang et al., 2004b),
DFT calculations (Lindan et al., 1998; Bandura and Kub-
icki, 2003; Bandura et al., 2004; Zhang et al., 2004b), and
MD simulations (Predota et al., 2004a). Comparison of
ion adsorption behavior revealed that the surface is best de-
scribed as having both the BO and TO sites protonated at
neutral or acidic pH, corresponding to the dissociatively
adsorbed water molecules at the TiO2 (110) surface (Zhang
et al., 2004b). This is generally consistent with the proton
affinities of the O atoms at BO and TO sites calculated
using the revised MUlti-SIte Complexation (MUSIC) mod-
el (Hiemstra and Van Riemsdijk, 1996; Machesky et al.,
2001) and using DFT-optimized surface bond lengths (Fitts
et al., 2005).

A non-primitive surface 3D unit cell is defined with its
lattice vectors along the crystallographic directions ½110�,
[001], and [110], respectively, as shown in Fig. 1a so that
the results from all three approaches can be compared
directly. The surface lattice parameters are
a ¼ c ¼

ffiffiffi
2
p

a0 = 6.497 Å, and b = c0 = 2.959 Å. The
coordinate system is defined with the origin
(x = y = z = 0) located on the basal plane directly under-
neath the BO site of an unrelaxed bulk lattice, as shown
in Fig. 1. Previous X-ray crystal truncation rod (CTR)
measurements and DFT calculations indicate minimal dis-
placements of the basal plane ions from their bulk struc-
tural positions (Zhang et al., 2004b). The rectangular
unit shown in Fig. 1c is defined as the rutile (110) surface
2D unit cell, with an area of 6.497 · 2.959 = 19.22 Å2.

There are 6 high-symmetry adsorption sites for inner-
sphere adsorbed ions at the rutile (110)-aqueous interface.
These adsorption sites (An, n = 1–6, as labeled in Fig. 1c)
are characterized by their lateral positions: A1 is monoden-
tate to one BO site; A2 is bidentate to two TO sites; A3 is
bidentate to one BO and one TO site; A4 is tetradentate
to two BO and two TO sites; A5 is bidentate to two BO
sites; and A6 is monodentate to one TO site.

Polished rutile (110) single crystals (10 · 10 · 1 mm3)
were obtained from Princeton Scientific with a typical mis-
cut of 60.1� with respect to the (110) crystallographic
plane. The sample preparation procedure and the resulting
surface topography, with large atomically flat terraces, are
described elsewhere (Zhang et al., 2006).

2.2. XSW measurements

The single crystal Bragg X-ray standing wave (XSW)
method is a powerful tool to probe adsorbate positions
at the solid–water interface, as reviewed recently (Bedzyk
and Cheng, 2002). The principles of the XSW imaging
method and its specific application at the rutile–aqueous
solution interface can be found elsewhere (Bedzyk and
Cheng, 2002; Cheng et al., 2003; Okasinski et al., 2004;
Zhang et al., 2004a). Briefly, the fluorescence signal from
a specific element and the Bragg reflectivity are measured
simultaneously as a function of incident angle of the X-
ray beam. The coherent position PH and coherent fraction
fH of the fluorescing element are directly obtained from the
measurements. These two parameters represent the phase
and the amplitude of the Hth (=hkl) Fourier component
of the fluorescing element’s spatial distribution (all nota-
tions of Bragg planes refer to the bulk crystal lattice struc-
ture). As demonstrated recently, the complete density
profile (projected into the substrate crystallographic unit
cell) can be obtained by a discrete Fourier summation with
a full set of Fourier components (Zhang et al., 2004a):

qðrÞ ¼
X

H

fH exp½ið2pP H �H � rÞ�

¼ 1þ 2
X

H>0

fH cos½ið2pP H �H � rÞ� ð1Þ

Here q(r) represents the normalized 3D distribution
profile of the fluorescent species ð

R
qðrÞdr ¼ 1Þ and

H ¼ ha�0 þ kb�0 þ lc�0 is the reciprocal space vector corre-
sponding to the (hkl) Bragg peak. jH j ¼ 2p

dH
, where dH is

the d-spacing of the (hkl) planes. This spatial reconstruc-
tion results in an image with a spatial resolution that is lim-
ited by the number of Fourier components included
(typically, �1 Å).

Further refinement of the structure is carried out by the
traditional XSW triangulation method, where the ion
adsorption structures are modeled to reproduce the mea-
sured coherent positions and fractions. We use the direct,
model independent XSW imaging results as a starting
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structure. Sensitivity to the adsorbate position with this ap-
proach is �0.01 Å.

The XSW measurements were preformed at the Ad-
vanced Photon Source (APS), Argonne National Labora-
tory (ANL). A symmetric Si (111) high heat load
monochromator is used to select the X-ray energy of
10.9 keV. One or two sets of double-bounce Si channel cuts
are used as the post-monochromator optics to further col-
limate the beam. The typical beam size was 0.05 · 0.1 mm2.
The detailed procedures of the Bragg XSW measurements
were described elsewhere (Zhang et al., 2006).

The solution was [ZnTr2] = 10�5 mol/kg (molal or m),
titrated to pH 6.0 or 8.0 by the addition of HTr (Tr� is tri-
fluoromethanesulfonate, a synthetic, non-complexing,
monovalent anion) and buffered by the addition of sub-mil-
limolal final concentrations of Tris(hydroxymethyl)amino-
methane (Tris). At room temperature and these pH’s and
ionic strengths, the solutions are undersaturated with re-
spect to crystalline ZnO and Zn(OH)2 solid phases, and
Zn2þ

aq is the dominant species in solution (Benezeth
et al., 2002; Wesolowski et al., 2004). During the X-ray
measurements, the typical solution thickness above the
sample surface is estimated to be �2–5 lm.

The absolute total adsorbed ion coverage was calibrated
by comparing the fluorescence yield to a Zn-ion-implanted
standard sample measured in the same experimental geom-
etry. A convenient unit for ion coverage is the monolayer
(ML). Here, we define 1 ML as 1 ion per TiO2 (110) surface
2D unit cell area, i.e., 1 ML = 5.3 · 1014 ions/
cm2 = 8.8 lmol/m2.

XSW measurements are summarized in Table 1 with de-
tails on the choice of post-monochromator optics. Two
pairs of surface-symmetry equivalent reflections were mea-
sured, i.e., (111) and ð111Þ, (210) and (120), to probe the
symmetry of the adsorbate sites. The same coherent frac-
Table 1
XSW measurements of Zn2+ at the rutile (110)-aqueous solution interface

Reflection
(H = hkl)

dH (Å) ŒHŒ (Å�1) PM1 PM2 Zn2+

f

(110) 3.25 1.93 Si (220) 50% Si (220) 50% 0.59 (1)
(111) 2.19 2.87 Si (220) 50% Si (220) 50% 0.73 (2)
ð111Þ 2.19 2.87 Si (220) 50% Si (220) 50% 0.64 (4)
(210) 2.05 3.06 Si (220) 50% Si (220) 50% 0.53 (3)
(120) 2.05 3.06 Si (220) 50% Si (220) 50% 0.60 (3)
(101) 2.49 2.53 Si (220) 50% — 0.32 (2)
(200) 2.30 2.74 Si (220) 50% — 0.16 (4)
(211) 1.69 3.72 Si (220) 50% — 0.38 (3)

(101) 2.49 2.53 Si (220) 50% — 0.35 (2)
(200) 2.30 2.74 Si (220) 50% — 0.29 (1)
(211) 1.69 3.72 Si (220) 50% — 0.37 (2)
(111) 2.19 2.87 Si (220) 50% — 0.65 (15)
(210) 2.05 3.06 Si (220) 50% — 0.35 (3)
(110) 3.25 1.93 Si (111) 80% — 0.50 (5)

Post-monochromator (PM) optics and relative tuning; the measured coherent
tainties in parenthesis); and the calculated coherent fractions and positions fo
amplitude rH = 0.1 Å is used for calculating Debye–Waller factors ðDW ¼ ex
tions and coherent positions for each pair of reflections
were obtained within experimental error. This confirms
that the adsorbate distribution follows rutile (110) surface
symmetry.

2.3. Density functional theory calculation

Plane wave, density functional theory (DFT-PW)
calculations were performed on a variety of Zn2–H2O–
TiO2–2OH� structures to determine the most stable
arrangements of Zn2+ on the rutile (110) surface. For this
purpose, a 3D supercell was created to model the (110) sur-
face, which laterally consisted of 1 · 2 non-primitive sur-
face unit cells. Three Ti layers (i.e., nine atomic planes)
were included in the model slab system, which resulted in
the whole unit shown in Fig. 1a. Vertically, the supercell
was chosen to be 24 Å, with neighboring (110) surfaces sep-
arated by a �15 Å vacuum gap. The positions of all atoms
were allowed to relax except the positions of the central
layer atoms which were fixed at the bulk crystal lattice sites
(Bandura et al., 2004). Inversion symmetry was imposed on
the positions of all atomic centers to avoid the non-zero di-
pole moment in z-direction. As a consequence, both sides
of the slab had the same structure and composition. The
supercell dimensions were kept constant during optimiza-
tion. The Zn2+ surface complexes were added to Ti–O–H
surfaces that had been previously energy minimized (Ban-
dura and Kubicki, 2003). Two H+ ions were removed from
these simulation cells to keep the overall system neutral.

Minimum energy structures of slab models were deter-
mined using the generalized gradient approximation
(GGA) of Perdew and Wang (Perdew, 1991) (PW91) calcu-
lations within the CASTEP (Segall et al., 2002) module of
Cerius2 (Accelrys Inc., San Diego, CA). Ultrasoft pseudopo-
tentials (Vanderbilt, 1990) were used in most calculations,
Ti pH

P Htot (ML) f P DW fcal Pcal

1.01 (1) 0.41 (5) 0.95 (1) 1.01 (1) 0.98 0.98 1 8
0.53 (1) 0.41 (5) 0.31 (1) 0.75 (4) 0.96 0 — 8
0.59 (1) 0.41 (5) 0.37 (1) 0.75 (1) 0.96 0 — 8
0.57 (1) 0.41 (5) 0.08 (1) 0.70 (1) 0.95 0 — 8
0.51 (1) 0.41 (5) 0.09 (1) 0.20 (1) 0.95 0 — 8
0.91 (2) 0.50 (5) 0.97 (1) 0.92 (1) 0.97 0.97 1 8
0.89 (4) 0.50 (5) 0.82 (1) 0.99 (1) 0.96 0.96 1 8
0.89 (2) 0.50 (5) 0.88 (1) 0.99 (1) 0.93 0.93 1 8

0.90 (1) 0.08 (5) 0.82 (1) 0.98 (1) 0.97 0.97 1 6
0.89 (1) 0.08 (5) 0.87 (1) 1.00 (1) 0.96 0.96 1 6
0.85 (1) 0.08 (5) 0.85 (1) 1.00 (1) 0.93 0.93 1 6
0.69 (3) 0.08 (5) 0.30 (3) 0.75 (3) 0.96 0 — 6
0.34 (1) 0.08 (5) 0.19 (1) 0.74 (1) 0.95 0 — 6
0.98 (3) 0.08 (5) 1.00 (1) 1.03 (1) 0.98 0.98 1 6

fractions f and coherent positions P for Zn2+ ions and Ti atoms (uncer-
r Ti atoms based on the bulk rutile crystal structure. Here, the vibration
pð�2p2r2

H=d2
HÞÞ of bulk Ti atom.
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allowing us to apply a small plane wave cut-off energy
�340 eV. The default CASTEP Monkhorst-Pack scheme
(Monkhorst and Pack, 1976) was used for choosing k-
points and reciprocal space was sampled by special points
set 2 · 2 · 1 resulting in 2 k-points in the irreducible part
of Brillouin zone. Default CASTEP criteria as implement-
ed in Cerius2 4.9 (Accelrys Inc., San Diego CA) were used
for seeking the energy minimum.

The selection of these parameters was justified by per-
forming tests of the stability of the structure and relative
energies with increasing the accuracy of the parameters.
Increasing the number of k-points from 2 · 2 · 1 to
3 · 3 · 1 in the Monkhorst-Pack scheme led to insignificant
variations of the equilibrium geometry (Bandura et al.,
2004). The corresponding change in the water adsorption
energies was less than 4 kJ/mol. Also, that investigation
gave evidence that 340 eV energy cutoff is sufficient to pro-
duce the correct relative energies for the different H2O–
TiO2 structures.

The value of the translation vector of 24 Å provides
approximately equal distances (10–12 Å) between the cen-
ters of Zn2+ in z direction when the 3-Ti-layer slab model
was used. The test calculations showed that applied vacu-
um gap is sufficient to avoid the strong H2O–H2O interac-
tions in the adjacent periodic replicas in z-direction. One of
the investigated structures (sixfold coordinated Zn2+ above
the BO) has been calculated in equal surface configurations
using two different shifts between the structures on oppo-
site slab faces to check the sensibility of the results on
changing the distance between Zn2+ in the neighboring
periodic images. In those cases, the minimal distance be-
tween the centers of Zn2+ across the vacuum gap differed
by about 1 Å, but the predicted energies coincided to with-
in 1 kJ/mol. It should be noted that the minimal distance
between Zn2+ in x and y directions is �6 Å which is insuf-
ficient to avoid strong Zn2+ and H2O–H2O interactions in
different surface cells. However, study of the convergence
of the results with the cell size is problematic due to the
rapidly increasing number of H2O molecules required to
provide solvation around the Zn2+ ions.
Table 2
Positions of Zn2+ and coordinates of the nearest O atoms at the rutile (110)-a

Structure Zn2+ structure Relative energy (kJ/mol)

Site Coordination number

A A1 6 0
B A1 5 2
C A1 4 �59
D A2 5 �22
E A2 5 �41
F A2 5 49
G A6 4 �49
H A2 4 �115
I A4 5 �54
J A3 4 �60
C* A1 4 �89
J* A3 4 �67

The energies are provided relative to the energy of structure A. The nearest su
optimizing structure C and J with VASP and then CASTEP.
The number of H2O molecules was chosen to complete
the first hydration sphere of the adsorbed Zn2+ ion. At least
one bond of the adsorbed cation is occupied by the surface
O atom, so a minimum of 5 H2O molecules were added on
each side of the slab to provide the possibility of sixfold
coordination of the cation. To satisfy the neutrality condi-
tion, terminal hydroxyl groups were attached to the fivefold
Ti atoms on each surface (Zhang et al., 2004b). This model
is the smallest one that can be used for simulating the
adsorption of Zn2+ on the rutile (110) surface. As was men-
tioned above, the effects from the interacting of periodically
repeated structures may not be negligible, especially due to
presence of localized charged centers on Zn2+. Hence, the
relative stability of calculated structure obtained using the
1 · 2 surface unit cells will be interpreted with caution.
However, these artifacts do not affect the comparison of
calculated positions with the XSW and EXAFS results.

Energy minimizations for systems with many degrees
of freedom usually end in local energy minima (rather
than global minima) that are close to the initial geometry
point. For this reason, we investigated ten different initial
positions of Zn2+ on the surface (Table 2) to obtain a suf-
ficiently representative range of conformations for the
surface complex. In addition, the Vienna Ab Initio Simu-
lation Package (VASP) (Kresse and Furthmuller, 1996)
was used in some instances to ensure that CASTEP
results were not influenced by the details of the computa-
tional scheme. The VASP calculations were carried out
using projector-augmented-wave (PAW) pseudopotentials
for core-valence electron interactions and the PBE form
of GGA was adopted for the exchange-correlation
functionals. The same values of the energy cut-off as were
used in CASTEP simulations (340 eV), and a sufficiently
large number of NGi and NGiF grid-points for the
fast Fourier transformations, NGX = 40, NGY = 42,
NGZ = 150; NGiF = 2NGi, i = X, Y, Z, have been
applied in VASP calculations. The small-core PAW
pseudopotential for Ti and Zn atoms with energy cutoff
ENMAX = 275 and 277 eV, respectively, which explicitly
treats 3s and 3p electrons of Ti, and 3d electrons of Zn as
queous solution interface as calculated by DFT

Zn2+ location (Å) O location (Å)

x ½110� y [001] z [110] Site x y z

0.09 0.07 3.41 BO 0.11 �0.07 1.36
0.34 0.30 3.58 BO 0.08 �0.04 1.35
0.19 0.32 3.20 BO 0.05 0.08 1.28
3.06 1.25 3.17 TO 3.35 �0.21 1.97
3.13 1.01 3.61 TO 3.66 �0.09 2.08
3.23 1.42 3.02 TO 2.93 �0.08 1.91
3.24 0.88 3.57 TO 2.75 �0.16 2.05
3.08 1.68 2.98 TO 3.34 0.05 2.00
1.64 1.37 2.40 BO 0.12 0.01 1.33
1.37 0.10 2.83 BO 0.10 0.06 1.32
0.44 0.55 3.18 BO 0.06 0.07 1.31
1.27 0.14 2.98 BO 0.08 0.02 1.31

rface adsorption site is also listed. Structure C* and J* are derived by re-
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Fig. 2. EXAFS data (open symbol and black line) and fit (solid grey line)
from ZnO powder, (a) EXAFS data only, (b) magnitude of the Fourier
transform of data and fit, and (c) real part of Fourier transform of data
and fit.
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valence, has been used. The default break condition for
the electronic SC-loop, EDIFF = 10�4, was used. Geome-
try optimizations were carried out until all forces on
atoms were less than 0.02 eV/ Å.

2.4. EXAFS measurements

Polarization-dependent Zn K-edge surface extended X-
ray absorption fine structure (EXAFS) measurements were
performed at beamline 11-ID-D, BESSRC/XOR, of the
Advanced Photon Source (APS), located at Argonne
National Laboratory (ANL), with the preliminary mea-
surements carried out at beamlines 12-BM (BESSRC/
XOR) and X-15A at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory
(BNL). The X-ray beam at beamline 11-ID-D was mono-
chromated with a high-heat-load double-bounce Si (220)
crystal. The photon energy was scanned through the Zn
K-edge (9.580–10.230 keV). The EXAFS measurements
were made with polarized X-rays, with the E-field parallel
to x ð½110�Þ, y ([001]), and z ([110]) directions, respectively.
The crystal orientation was determined with three non-col-
linear Bragg reflections ((110), (200), and (111)), and the
incident angle and crystal orientation were controlled pre-
cisely with a Psi-C spectrometer. The X-ray beam was inci-
dent upon the crystal surface at an angle of �6� to make
the geometry directly comparable to the surface-normal
XSW measurement. Zn Ka fluorescence signal was collect-
ed with a 9-element Ge solid state detector (Canberra�).
An X-ray absorption spectrum of a ZnO powder standard
was measured simultaneously in transmission mode to ob-
tain a precise energy calibration of the Zn Ka absorption
edge (using X-rays that were scattered from the incident
beam by a Kapton film) (Cross and Frenkel, 1999). The
EXAFS measurements were performed using the same
pH 8 solution described in XSW measurements.

The absolute amount of the adsorbed Zn2+ at the rutile
(110)-aqueous solution interface was measured with X-ray
fluorescence and calibrated with a standard of Ga ion
implanted Si wafer. X-ray fluorescence confirmed that the
surface was clean prior to exposure to Zn2+ solution
(<1013/cm2 Zn2+). After the exposure to solution, the
Zn2+ coverage was 3 · 1014/cm2, which is typical for
Zn2+ adsorption at the rutile (110) surface, as judged by
the previous XSW measurements (Zhang et al., 2006). Ear-
lier XSW measurements showed that the partitioning of
Zn2+ ions between the adsorbed phase and all other com-
ponents is reproducible and typically >50% of the total
Zn2+ in the system is expected to be in the Stern layer at
the rutile (110)-aqueous solution interface (Zhang et al.,
2006).

Several EXAFS energy scans were collected and aver-
aged to increase the signal to noise ratio in the measured
spectra. The background was removed using the program
Athena (Ravel and Newville, 2005) which is an interface
to the IFEFFIT (Newville, 2001) algorithms. The variable
Rbkg, which specifies the maximum frequency that can be
included in the background function which is removed
from the oscillatory part of the absorption spectrum (New-
ville et al., 1993), was equal to 1.0 Å for all EXAFS spectra.
The theoretical models were constructed using Feff 7.02
(Zabinsky et al., 1995) with the atomic positions for both
Zn2+ and the TiO2 surface calculated using the DFT results
from this study as initial values.

The EXAFS models are built from scattering paths of
the photoelectron that is created during the absorption of
an X-ray by the atoms of interest. These paths originate
at the absorbing atom, go to one or more neighboring
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atoms and then return to the original absorbing atom.
These paths are described in part by the degeneracy of
the path, the half path length, and a mean-square displace-
ment of the half-path length, r2. For a simple single scatter-
ing path, the degeneracy is the number of equivalent atoms
in a shell around the absorber, the half-path length is the
bond length, and the r2 is a measure of the thermal and
static disorder in the bond lengths of the atoms.

EXAFS data were collected from a ZnO powder and
used to determine an appropriate S0

2 value. The model is
based on the crystal structure of ZnO (Albertsson et al.,
1989) with 4 O atoms in the first coordination shell of Zn
with an initial Zn–O bond length of 1.974 Å. The data
range, k = 2.4 to 12 Å�1, and the fit range, R = 1–2.3 Å re-
sult in 10 independent points as defined by the Fourier
transformed data range and modeled region of the spectra
(Stern, 1993). The model for the first O shell contains four
parameters, (change in bond length of �0.010 ± 0.006 Å,
r2-value of 0.002 ± 0.001 Å2, energy shift value of
�1.5 ± 0.9 eV, and S0

2-value of 0.89 ± 0.06) (Fig. 2). The
fit quality is excellent with an R-factor, representing the
average difference between the data and model over the fit-
ted range, of 1%.

3. Results

3.1. XSW results

The measured coherent fractions, coherent positions,
and the total coverage of adsorbed Zn2+ ions are listed in
Table 1. The measured and calculated coherent fractions
and coherent positions of bulk Ti atoms are also listed, with
calculated values based on the bulk rutile crystal structure.
At reflections H = (110), (101), (200), and (211), all Ti
atoms are on equivalent atomic planes (i.e., separated by
1 d-spacing). The expected Ti coherent positions are 1 (or
0) and the coherent fractions are due to Debye–Waller fac-
tors DW ¼ expð�jH j2r2

H=2Þ ¼ expð�2p2r2
H=d2

HÞ, with rH

the vibration amplitude of the lattice Ti atoms. For simplic-
ity, rH = 0.1 Å is used for all reflections. At reflections
H = (111) and (210) (and the symmetry equivalent ones
such as ð111Þ and (120)), however, the Ti atoms are equally
distributed between two atomic planes which are displaced
by 1/2 of a d-spacing. These two planes destructively inter-
fere, therefore the Fourier component magnitudes (i.e.,
coherent fractions) for these two reflections are 0, and the
phases (i.e., coherent positions) are undefined. The non-ze-
ro Ti coherent fractions and 0.75 coherent positions ob-
served for these reflections are due to the under-estimated
absolute Bragg peak reflectivity for the less-than-perfect ru-
tile crystal.

The total coverage of Zn2+ ions was measured to be
0.08 ML and 0.50 ML, at pH 6 and pH 8, respectively.
The fact that a much smaller Zn2+ coverage was observed
at pH 6 suggests a smaller negative surface charge, which
agrees with direct measurements of surface charge from
powder titration (Machesky et al., 1998; Machesky et al.,
2001) and second harmonic generation (SHG) (Fitts
et al., 2005) measurements. However, previous studies indi-
cate that a single coverage measurement only sets a lower
limit on the actual adsorbate saturation coverage, because
the coverage of an adsorbate can also be reduced by extrin-
sic factors, such as surface cleanliness (Zhang et al., 2006).

The Ti atom and Zn2+ ion distribution density profiles
are generated with the measured coherent fractions and
coherent positions according to Eq. (1). Bulk symmetry
equivalent reflections are included for imaging Ti atom
positions. For instance, ð110Þ and (110) are bulk symmetry
equivalent reflections; therefore, the Ti coherent fractions
and positions should be identical for these two reflections.
We find that the rutile (110) surface symmetry is preserved
according to our results of Zn2+ XSW measurements for
surface symmetry equivalent reflections, by comparing
the (210) and (120) reflections, and the (111) and ð111Þ
reflections. Some reflections that are symmetry-related by
the bulk crystal structure, such as ð110Þ and (110), howev-
er, are inequivalent with respect to ion adsorption measure-
ments because they differ in their orientations with respect
to the surface (110) plane. The resulting image of Ti atom
distribution (Fig. 3a) clearly reproduces the bulk Ti atom
arrangements, which implies that the subset of the rutile
reflections that we measured are sufficient to obtain a prop-
er element-specific distribution.

The images of the adsorbed Zn2+ ion distribution for pH
8 and pH 6 are shown in (Figs. 3b and c), respectively. These
two density profiles are similar with respect to their Zn2+

locations. The similarity of the Zn2+ positions to the derived
Ti distribution suggests that the adsorbed Zn2+ ions are
located close to the projected bulk Ti atom positions, as
was also reported for Co2+ sorption on rutile surfaces pre-
viously (Towle et al., 1999). These two sites correspond to
the A1 and A2 sites at the rutile (110) surface. These images
also directly show that the height of A2 site above the Ti–O
basal plane is significantly lower than that of A1 site and the
occupancies at the two sites are different, especially at pH 8
where Zn2+ is predominately adsorbed at the A1 site. Con-
sequently, the two adsorption sites are inequivalent for
adsorbed Zn2+ ions, consistent with the surface symmetry.

The spatial resolution of the derived Zn2+ distribution
profile is approximately 1.6, 1.5, and 1.1 Å along x

ð½110�Þ, y ([001]), and z ([110]) directions, respectively.
While these images show the Zn2+ profile as a single broad
density contour at each of the two adsorption sites, the
actual Zn2+ distribution could be either a single site at
the center of the contour or multiple Zn2+ locations distrib-
uted within the density contour. Because these features are
not resolved by the XSW images, further details of the ad-
sorbed Zn2+ ion site distribution were obtained by the tra-
ditional XSW triangulation model-fitting method, using
these model-independent images as the starting point for
optimization. This approach allows us to determine the ex-
act locations and occupation factors (i.e., percentage of
Zn2+ ions at each site) of the structure, albeit in a model-
dependent manner.



a b c

Fig. 3. XSW generated 3D iso-density contour surfaces for (a) Ti atoms, and (b) Zn2+ ions at pH 8, and (c) Zn2+ ions at pH 6 [(210) reflection excluded].
The iso-density contour surfaces at 65% of the peak element density are plotted overlapping with the reference ball-and-stick model of a half rutile surface
unit cell terminated at the Ti–O basal plane. (Note: for clarity, symmetry equivalent densities generated by the bulk rutile translational symmetry are not
shown in (b) and (c).)
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The basic structural model includes two Zn2+ positions,
i.e., A1 and A2 sites as seen in XSW images. The fitting
parameters include the offsets for both Zn2+ sites along
x, y, and z direction and the occupation factors, respective-
ly. Zn2+ ions from disordered sources (e.g., solution ions
and/or adsorption on the Kapton window) are parameter-
ized with the ordered fraction, C. The rutile (110) surface
symmetry is assumed for structures that nominally break
the surface symmetry through equal occupation of sym-
metrically displaced species. Occupation at one location
with the coordinates (x0, y0, z0) by Zn2+, leads to the same
amount of Zn2+ at positions (�x0, y0, z0), (x0, �y0, z0),
and (�x0, �y0, z0).

The best-fit parameters of the model structure at pH 6
and pH 8 are listed in Table 3. Substantial lateral offsets
are needed for both A1 (towards A3) and A2 (towards
A4) sites to explain the measured coherent fractions and
positions. These results show that the differences between
adsorbed Zn2+ locations at pH 6 and 8 are insignificant
when including the derived uncertainties. The partitioning
of Zn2+ between A1 and A2 sites, however, is sensitive to
pH. The derived Zn2+ coverage at site A1 is almost three
times as much as that at A2 at pH 8, whereas the relative
coverage of these two sites is comparable at pH 6 (but with
a substantially smaller total coverage). This suggests that
the relative affinities of the two sites are similar at pH 6
while Zn2+ apparently favors the A1 site at pH 8.

There is one internal inconsistency in the pH 6 data set
that should be noted. The measured coherent position for
the (111) reflection is P111 = 0.69 ± 0.03. Due to the fact
that the Zn2+ species on the A1 and A2 sites are out of
phase at this condition, the coherent position is determined
Table 3
Adsorbed Zn2+ ion locations and occupation factors of the two Zn2+ sites (A1

and EXAFS measurements, and DFT calculations (with uncertainty in the par
and then CASTEP

pH Site A1

x (Å) y (Å) z (Å) Occu (

XSW 6 0.19(58) 0.41(15) 3.18(26) 37(13)
8 0.74(6) 0.31(12) 3.23(6) 59(10)

DFT 0.19 0.32 3.20 (Struct
0.44 0.55 3.18 (Struct

EXAFS 8 0.33(7) 0.43(9) 3.16(9) 41(12)
by the location of the majority species, so that the A1 site
should have a higher coverage than the A2 site. Conse-
quently, the (210) reflection is expected to have a coherent
position of P210 > 0.50. However, the measured coherent
position for reflection (210) is P210 = 0.34 ± 0.01, which
suggests that A2 site should have a higher coverage. This
nominal discrepancy was not due to variations in the inter-
facial structure because repeated measurements of the (111)
reflection (including the surface equivalent ð111Þ reflection)
yielded the same coherent positions within experimental
uncertainty at both pH 6 and 8, while repeated measure-
ments of the (210) reflection at pH 8 showed a similar sta-
bility. This nominal contradiction concerning the site
occupation of the A1 and A2 sites at pH 6 derives from a
single (210) reflection measured at pH 6 that had relatively
poorer statistics and therefore may be unreliable. The XSW
triangulation results are, however, only slightly different
whether it is included or not. Therefore the derived uncer-
tainties of the structural parameters have been increased to
account for this uncertainty, as listed in Table 3. All other
combinations of up to 3 out of A1–A6 sites were also ex-
plored but none of them could explain the XSW data as
well as the A1 + A2 model.

3.2. DFT results

The A1 site (directly above the BO) is the dominant site
for adsorption of Zn2+ as seen by the XSW data (Zhang
et al., 2004b). The Zn2+ adsorption complex was initially
modeled (Zhang et al., 2004b) with octahedrally coordinat-
ed Zn2+ at A1 site (Fig. 4a) because Zn2+ is commonly
octahedrally coordinated in aqueous solution (Marcus,
and A2/A4 sites) at the rutile (110)-aqueous solution interface from XSW
enthesis). Structure C* are derived by reoptimizing structure C with VASP

Site A2/A4

%) x (Å) y (Å) z (Å) Occu (%)

2.53(52) 1.48(30) 2.71(12) 30(9)
2.64(21) 1.48(47) 2.53(12) 20(6)

ure C) 3.08 1.68 2.98 (Structure H)
ure C*) 1.64 1.37 2.40 (Structure I)

1.38(21) 0.71(21) 2.51(22) 20(11)
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Fig. 4. Structural models of adsorbed Zn2+ at the rutile (110)-aqueous
solution interface as determined by DFT calculations: adsorption structures
of Zn2+ at site A1 are shown as in (a)–(c), at site A2 or A6, in (d)–(h), at site
A4, in (i), and at site A3, in (j). Dashed lines indicate hydrogen bonds.
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1997). The positions of five water molecules around the cat-
ion did not change significantly during the energy minimi-
zation. In the resulting structure, two of the equatorial
H2O molecules H-bonded with the nearest BO sites, the
other two H2O molecules H-bonded with the surface
hydroxyls at TO sites, and the fifth H2O molecule was
directed away from the TiO2 surface and not H-bonded.
Small changes in the initial positions of the cation and
H2O molecules did not produce a noticeably different struc-
ture, so the initial configuration can be regarded as relative-
ly stable (Fig. 4a). The minimum energy obtained for this
structure will be used as the reference point for energy val-
ues reported below for other surface complex configura-
tions (Table 2). (The DFT structures explored are
referred hereafter as structures A–J, as shown in Table 2
and Figs. 4a–j, respectively.)

Structure B (Fig. 4b) was obtained by starting with the
initial 6-fold coordinated Zn2+ in which the position of cat-
ion was shifted along x ð½110�Þ direction by approximately
1 Å. This configuration had slightly higher energy than that
of structure A (Table 2). During the energy minimization,
one proton from an H2O transferred to the nearest BO site,
thus producing a hydroxyl group attached to Zn2+. Anoth-
er H2O molecule moved away from the cation during the
energy minimization, so the coordination number of
Zn2+ became five.

Another attempt to produce a more favorable fivefold
structure in which Zn2+ was surrounded by neutral H2O
molecules resulted in a stable fourfold complex with one
OH� group bonded to the Zn2+ (Fig. 4c). Again, a proton
jumped from an H2O coordinated to Zn2+ to a neighboring
terminal hydroxyl on the surface. The energy of the final
structure was �59 kJ/mol lower than that of structure A.
Therefore, this tetrahedral configuration is predicted to
be more stable based on potential energies than the octahe-
drally coordinated Zn2+ species calculated previously
(Zhang et al., 2004b). The six to fourfold coordination
change should also be favored entropically because release
of H2O from cation coordination results in positive DS val-
ues (Shock and Koretsky, 1993). In addition, the calculated
Zn2+ to TiO2 surface basal plane distance is in better agree-
ment with XSW measurement compared to earlier results.
Consequently, other configurations involving tetrahedrally
coordinated Zn2+ on the surface were investigated.

The second adsorption site on the rutile (110) surface
identified by XSW is near the A2 site, i.e., between two
TO sites. Starting with different initial Zn2+ positions and
surrounding H2O molecules, the set of structures (Figs.
4d–h) were obtained. Attempts to find a stable, octahedral-
ly coordinated Zn2+ failed in this case. In most of the cal-
culated structures, Zn2+ has the coordination number 5
(Figs. 4d–f). However, the coordination state is readily
converted to an energetically more stable fourfold upon
slight perturbation of the structure and further energy min-
imizations (Figs. 4g and h). The relative energies of these
structures are given in Table 2. In structures E, G, and
H, an additional hydroxyl at Zn2+ was created via the
H+ transfer from a coordinated H2O to neighboring TO
(structures E and G) or BO (structure H) site. Structure
H with a bidentate configuration has significantly lower
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energy than all other calculated structures (Table 2). Fur-
thermore, the Zn2+ height from the Ti–O basal plane differs
by only 0.3 Å with respect to XSW result in this case,
among the best agreement of the modeled surface complex
structures (Table 2). Surprisingly, although structure F pre-
dicts a similar Zn2+ height, it is the least stable of the tet-
rahedral complexes based on these potential energy
calculations. Thus, a combination of relative energies and
comparison to observed structures is employed to deter-
mine the configuration of the actual surface complexes.

In addition to two clearly defined adsorption centers ob-
tained from XSW measurements, we have investigated the
possibility of Zn2+ adsorption in the intermediate positions
between the TO and BO sites. Two structures were consid-
ered: sites A4 (Fig. 4i) and A3 (Fig. 4j). The resulting coor-
dination number of Zn2+ are 5 and 4, for structure I and J,
respectively, with the calculated energy being slightly more
favorable for structure J (Table 2).

Based on these DFT energy minimizations, we conclude
that adsorption of hydrated Zn2+ cation is accompanied by
hydrolysis and the reduction of the coordination number of
Zn2+ from six to either five or four. This process should be
more probable during the adsorption of Zn2+ on a nega-
tively charged rutile surface that is probed experimentally,
as compared with the neutral surface used in these models.

3.3. EXAFS results

Initially, the polarization-dependent surface EXAFS
data were analyzed to determine the O coordination num-
ber of Zn2+ upon adsorption to the rutile (110) surface.
The averaged v(k) data are shown in Fig. 5. The low data
quality is due to the low concentration of Zn2+ ions at the
rutile surface. Simple single-shell Zn–O models failed to
accurately describe the EXAFS data due to non-Gaussian
distribution of Zn–O distances and overlap of neighboring
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Fig. 5. EXAFS v(k) Æ k (Å�1) data (symbols) and model fit (line) derived
from a single-shell fit for the polarization directions along x, y, and z

directions, respectively.
Ti signals from the rutile surface. This simple model results
in erroneous coordination numbers for O in the range from
8 to 15 with extremely large r2 values, representing a highly
disordered O shell. A further indication that this simple ap-
proach is inappropriate is that it results in a derived Zn–O
bond length of 1.99–2.02 Å which is intermediate between
the known Zn–O bond lengths of �1.96 and �2.10 Å for
the four and sixfold coordinated aqueous species. This
model is further flawed because the ordered O shell around
the Zn2+ ions at the rutile surface will have a polarization-
dependent coordination number that was not accounted
for in the analysis. Specifically, the effective coordination
number Neff of a polarized measurement depends on the co-
sine square of the angle, hj, between the polarization vector
and the scattering path to the neighboring atoms (with the
absorbing atom at the origin), i.e. N eff ¼ 3

P
j cos2 hj (Stohr

et al., 1982). Polarization effects for the 1st-shell O and the
more distant neighbors are accurately accounted for by
specifying the proper polarization dependence in the
theoretical FEFF calculation. Consequently, molecular
models based on the DFT calculations which give the spa-
tial distribution of the O atoms around the Zn2+ serve as
useful starting points for accurately fitting the EXAFS data
and extracting the needed coordination and structural
information.

Based on the XSW results and the DFT calculations, the
EXAFS data were analyzed with a mixture of DFT calcu-
lated structures and solution Zn2+ species, where aqueous
Zn2+ ions are sixfold coordinated and the Zn–O distance
is 2.10 Å. The positions of all atoms in the models were
held at the values predicted from the DFT calculations.
The only fitting parameters are the relative occupation fac-
tors of Zn2+ at different surface sites (with aqueous Zn2+

making up the remainder) and three r2 values (one value
for Zn2+ to solution O, one for Zn2+ to surface O, and
one for Zn2+ to surface Ti). However, limits of the model-
ing approach (e.g., limited cell size and solvation, neglect of
pH and temperature, inaccuracy of the pseudopotentials in
describing H-bonding, etc.) make it impossible to guaran-
tee that the DFT results will exactly mimic experiment.
The data contains approximately 7, 7, and 13 independent
points as determined from the data and fit ranges listed in
electronic annex EA-1-1. All ten energy-minimized config-
urations from the DFT calculations shown in Fig. 4 were
explored and the fitting quickly converged to combinations
of structures C, H, I, and aqueous (AQ) Zn2+ (electronic
annex EA-1-2). Although this model was highly successful
in describing the data from the first shell of O atoms con-
tained in the first peak in the Fourier transform of the data,
the model failed to reproduce the other features in the data
(Fig. 6).

To further refine these structures, the positions of the
Zn2+ ions on the surface were parameterized in terms of
the half-path lengths of all the scattering paths included
in the model. This parameterization allows the position
of Zn2+ to be refined using a minimum of three parameters
for each Zn2+ position. These models include a total of 13
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parameters; 3 parameters for the x, y, and z positions of
(each) Zn2+ on the surface at sites A1 and A2/A4, 1 param-
eter for the distance to all non-surface O atoms bound to
the Zn2+ ions on the surface, one r2-value for the Zn2+

to Ti paths, three energy shift values for each polariza-
tion-dependent theoretical calculation, and 2 fractional
occupancies for surface sites A1 and A2/A4 with the
remainder modeled as aqueous Zn2+. The r2 values for
the aqueous Zn–O paths and for the surface Zn–O paths
were held at 0.002 Å2 as found for the ZnO standard. This
parameter was optimized in the fit but was found to be sta-
ble at the unrealistic value of zero with an uncertainty that
was consistent with the aqueous Zn–O value. A total of 27
independent points for the simultaneous fit to all three data
sets is sufficient to refine 13 parameters required for the
models.

Fig. 7 shows the local structure of Zn2+ in DFT struc-
tures C, H, and I with atomic labels used to describe the
scattering paths used in the model and listed in electronic
annex EA-1-3. The model C–I–AQ is statistically a better
match to the data than model C–H–AQ with a reduced-
v2 value that is approximately two times smaller. In addi-
tion, the heights for the Zn2+ atom above the surface and
the occupancy fractions are in better agreement with the
XSW results for the C–I–AQ model than for C–H–AQ
model. There is an excellent agreement between the refined
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Fig. 7. Models of EXAFS-optimized Zn2+ ion locations derived from the
DFT calculated structures (a) C, (b) H, and (c) I. The atom labels
correspond to the path labels used in the EXAFS model as listed in
electronic annex EA-1-3 and EA-1-4.
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C–I–AQ model (Table 3 and electronic annex EA-1-4) and
the EXAFS data throughout the fit range from 1 to 4 Å
(Fig. 8). The derived Zn2+ position from EXAFS data
for the minor site at pH 8 (Table 3) are between the
DFT positions I and J, i.e., around site A4. The EXAFS
model for the minor site is based on the DFT structure I,
which is fivefold coordinated. The EXAFS spectra were
not reproduced starting with structure J, which is fourfold
coordinated. Note that the site A4 is approximately equiv-
alent to the tetradentate site favored by all other ions,
including the alkali and alkaline-earth cations and Y3+

investigated by this group (Predota et al., 2004b; Zhang
et al., 2004b).

4. Discussion

These results demonstrate that the adsorption of Zn2+ at
the rutile (110)-aqueous solution interface is unlike that of
other ions that have been studied (e.g., Rb+, Sr2+, and Y3+)
where a single adsorption site was observed and there was
no apparent change in the ion coordination shell relative to
that of the aqueous ion. Instead, the combination of XSW,
EXAFS, and DFT results clearly shows that Zn2+ adsorbs
to rutile in two distinct sites, with an O coordination shell
that is perturbed from the octahedrally coordinated geom-
etry in solution, and the adsorption coincides with sorp-
tion-induced hydrolysis of the Zn2+ ion. Surface-
enhanced hydrolysis was also found beneficial in fitting
pH-titration and sampling studies of rutile powder suspen-
sions using a Guoy–Chapman–Stern site complexation
model (Zhang et al., 2004b).

There is good agreement between the locations of Zn2+

at the rutile (110)-aqueous solution interface derived by
EXAFS, XSW, and DFT (Fig. 9). The occupation frac-
tions for sites A1 and A2 from EXAFS and XSW are in
excellent agreement (Table 3), with both showing the A1

site as dominant with �2/3 of the specifically adsorbed
Zn2+, and �20% of the total Zn being disordered or char-
acteristic of the solution species. In addition, the precise
heights derived for Zn2+ agree very well. Zn2+ in the A1 site
is at heights of 3.23 ± 0.06 Å and 3.16 ± 0.09 Å, and
Zn2+in the A2/A4 site is at heights of 2.53 ± 0.12 Å and
2.51 ± 0.22 Å for XSW and EXAFS (Table 3),
respectively.

The dominance of the A1 site is also consistent with the
proton affinities of the bridging and terminal O atoms
predicted from the revised MUSIC model (Hiemstra and
Van Riemsdijk, 1996; Machesky et al., 2001) when DFT
Ti–O bond lengths are used (Fitts et al., 2005). These cal-
culations indicate that the bridging O is either bare or
singly-protonated at near-neutral pH’s, while the terminal
O is either singly, or doubly protonated (equivalent to an
associated water molecule) at all pH’s. Though the depro-
tonation constants are within 1.5 pH units of one another,
the proton bound to the bridging O is more acidic and
more labile than the second proton on the terminal O.
As can be seen in Fig. 4, the energy-minimized structure
C involves a fully deprotonated bridging O, while struc-
tures H and I involve two terminal O atoms with one
or two bound protons. With increasing pH, the DFT-op-
timized MUSIC model predicts that there will be more
fully deprotonated bridging O atoms available for binding
Zn2+ than deprotonated terminal O atoms. Furthermore,
it is clear from Fig. 4 that binding of Zn2+ to two
terminal O atoms that also have bound protons requires
a coordinated rearrangement of Ti–O bond angles and
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environment were optimized in the fit to the data, as indicated in Fig. 7. The fit results are listed and compared with DFT and XSW results in Table 3.
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shifts of the bound protons away from the sorbing Zn2+,
whereas bonding atop the bare BO requires essentially no
additional surface rearrangement. Finally, the DFT calcu-
lations (Bandura et al., 2004) assign significantly higher
negative charge to the bare bridging O than to the singly
protonated terminal O. Thus, from both entropic and
electrostatic considerations, it is reasonable to expect the
A1 site to be favored, relative to the A2 site, particularly
with increasing pH.

The primary discrepancies between the XSW, EXAFS,
and DFT studies involve the lateral Zn2+ positions for
the two sites. While all the techniques see substantial
displacements along the x direction (i.e., perpendicular to
the BO and TO rows), the XSW, DFT, and EXAFS results
appear to maintain the optimized Zn2+ position with min-
imal displacements along the y direction for the A1 site.
The EXAFS results show the largest displacements along
the y direction for the A2 site. For the A1 site, there is a dif-
ference in optimized positions of 0.4 Å along the x direc-
tion, which is somewhat bigger than the derived errors
and with a somewhat larger discrepancy between DFT
and XSW results. The differences between the EXAFS
result as compared to the DFT position for A1 site are
�0.10 Å in all directions, which is similar to the uncertain-
ties of the EXAFS measurement. The largest discrepancy is
found, however, for the Zn2+ position at the A2/A4 site,
which differs between XSW and EXAFS results by
1.30 Å along the x-axis, with the DFT structure H a better
match to the XSW results in term of the lateral position,
but structure I a better match to the EXAFS results (Table
3 and Fig. 9).

A simulated XSW image based on the optimized EX-
AFS positions shows only a single component at the A1 site
which is inconsistent with the image (Fig. 3) obtained



z

x

b

x

y

a

Fig. 9. Comparison of derived Zn2+ positions on the rutile (110) surface
with the three approaches. Zn2+ is shown in the A1 site (the solid circle)
and A2/A4 sites (the dashed circle), respectively in (a) top view and (b) side
view of the rutile (110) surface. The optimized Zn2+ locations for the
XSW, EXAFS, and DFT results are labeled with X, E, and D (DC, DH

and DI indicate the DFT structures C, H, and I), respectively.

4052 Z. Zhang et al. 70 (2006) 4039–4056
directly from XSW measurements. This is not surprising
because both of the EXAFS sites are similar to the XSW
derived A1 site. Similarly, EXAFS calculations based on
the XSW results could not reproduce the polarization-de-
pendent EXAFS data. This suggests that there is a contra-
diction between the XSW and EXAFS results on this
aspect of the structure. The main issue with the EXAFS
model based on the XSW derived A2 position is the short
Zn2+ to TO bond lengths (as discussed previously). We re-
laxed these TO positions within our EXAFS model, but
were unable to reproduce the measured spectra suggesting
that this difference is not due solely to structural displace-
ments of the TOs upon adsorption of Zn2+. The discrepan-
cy in the lateral positions for the minor Zn2+ site (A2/A4) is
not understood but may arise from measurement uncer-
tainties (see below) or assumptions within the EXAFS
model.

XSW data analysis derived a Zn2+ ion height at the A2

site lower than would naively be expected, which is the ma-
jor discrepancy between the XSW measurement and the
DFT structure H. According to the X-ray crystal trunca-
tion rod measurement and DFT calculations, the relax-
ations of the surface O sites are minimal when the rutile
(110) surface is in contact with aqueous solution. This leads
to an unusually short Zn–O bond length of �1.7 Å. How-
ever, the TO position is not directly measured at the Zn/
TiO2 (110) interface with XSW. On the other hand, the
XSW resolution along x direction is only 1.6 Å, which
makes the model determined Zn2+ lateral position less reli-
able. The bond length would be more realistic if Zn2+ were
displaced away from the A2 site along x direction (i.e., to-
wards the A4 site), or if there were substantial displacement
of the surface O locations due to bonding with Zn2+, as
seen in some of the DFT optimized structures (e.g.,
Fig. 4h).

In comparing these results, we note that the DFT calcu-
lations were performed for a small simulation cell and did
not consider the influence of pH or water molecules in bulk
aqueous solution. This might explain the lower calculated
energies in DFT calculations of Zn2+ at the A2 site rather
than the A1 site, which contrasts with the experimentally
observed larger occupation factor at site A1 at pH 8 in both
XSW and EXAFS. The discrepancy could be because the
DFT calculations were done for a charge-neutral surface
whereas XSW measurements were carried out on a nega-
tively charged surface. Further calculations combined with
molecular dynamic (MD) simulations may yield detailed
insights. Including the adsorption of Zn2+ at both sites in
the same DFT calculation with a larger slab could help
probe any interactions between adsorbed Zn2+ ions at
the two sites. In spite of these significant limitations, we
find that the dominant species is correctly predicted by
DFT calculations to be the lowest energy structure for
adsorption in the A1 site, and that the minority species in
the A2/A4 site is found to be one of the lowest energy struc-
tures for Zn2+ ions interacting with the TO’s. While the
lowest energy structure at the A2 site (structure H, Table
2) is found to be in quantitatively poorer agreement with
respect to the model-optimized EXAFS data, the absolute
difference between the predicted location and that observed
independently by XSW is similar to the discrepancy be-
tween structure I and the XSW results, albeit with the dif-
ferences mostly in the vertical and lateral positions,
respectively.

To check the reproducibility of the DFT results, the
most important structures were re-optimized starting from
the final structures listed in Table 2, using VASP (Kresse
and Furthmuller, 1996). (Note: VASP was used as an alter-
native to CASTEP here to generate different initial struc-
tures. The VASP results were obtained after most of the
CASTEP calculations were complete, so we report only
CASTEP results here for consistency.). Those structures
that transformed to another (deeper) minimum were re-op-
timized by CASTEP (using the same approach and unit cell
as described in Section 2). As a result, two structures were
refined. Structure C has a significantly lower energy:
�89 kJ/mol instead of �59 kJ/mol, which implies the in-
creased importance of A1 site with respect to A2/A4 site.
Structure J also has a slightly decreased the energy from
�60 to �67 kJ/mol, and it is accompanied by the hydroly-
sis of one attached water. The two structures, labeled as
structure C* and J*, are also listed in (Tables 2 and 3).
The slight changes of the Zn2+ coordination environments
in C* and J* do not affect the qualitative results of the
EXAFS component analysis, as listed in electronic annex
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EA-1-2. The final best fit results should have no essential
change from the C–I–AQ combination as shown in Table
3 when Relaxation of Zn2+ positions allowed.

We looked into the possibility of the polynuclear Zn2+

species forming at the interface, as a possible explanation
for the �20% of the Zn2+ that is not coherently bound at
the surface. Attempts to include Zn2+ as a second shell con-
tribution to the EXAFS data failed to improve the quality
of fit. The surface coherent coverage of Zn is estimated to
be 0.3 ML (�3 lmol/m2) at pH 8, which is smaller than the
saturated coherent coverage we found earlier (Zhang et al.,
2006). Because this saturated coherent coverage is compa-
rable with the estimated coverage based on close-packing
of hydrated ions (Zhang et al., 2006), it is reasonable to be-
lieve that the Zn2+ adsorbs primarily as mononuclear spe-
cies at rutile (110)-aqueous solution interface. On the other
hand, our earlier observation showed that Zn loading in-
creased with extended X-ray exposure, which leads to a
decreasing Zn coherent fraction (Zhang et al., 2006). This
may indicate surface induced Zn2+ precipitation under
those circumstances. In contrast, Zn coverage remained
stable which suggests beam induced damage was minimal
during our most recent measurements.

Normally Zn2+ is found in either fourfold (e.g., ZnO) or
sixfold (e.g., Zn2þ

aq, ZnCO3) first-shell O coordination
environments (and less commonly in fivefold coordination
environments). Zn2+ has been reported to change coordi-
nation from a sixfold coordinated aqueous species to a
fourfold species upon sorption to (hydr)oxide surfaces
(Trainor et al., 2000; Trainor et al., 2001; Trivedi et al.,
2001; Elzinga and Reeder, 2002; Manceau et al., 2002;
Waychunas et al., 2002; Roberts et al., 2003; Kosmulski
and Maczka, 2004; Lee and Anderson, 2005; Lee et al.,
2005) or to bio-ligands (Alberts et al., 1998). This transfor-
mation has been observed to happen in two situations, in-
ner-sphere adsorption and precipitation. In precipitation
(or coprecipitation), the Zn2+ coordination is determined
by the structures of precipitates. For instance, when amor-
phous Zn(OH)2 precipitates, fourfold coordinated Zn was
observed (Roberts et al., 2003). On the other hand, when
inner-sphere adsorption occurs, any preference that Zn2+

shows for a fourfold coordination would likely depend
on the detailed structure and protonation state of the sur-
face ligands, which in turn depend on substrate and solu-
tion conditions.

Although it is widely believed that the dominant species
in the aqueous solution at pH < 8 is sixfold coordinated,
DFT calculations show that the energy difference between
the fourfold and sixfold Zn2+ species in the gas phase are
minimal (Pavlov et al., 1998). There are also suggestions
that the reduced dielectric constant could enhance the
transformation of aqueous species from sixfold to fourfold
because lower dielectric constants favor ion pairing and
smaller charges (Dudev and Lim, 2000). The dielectric con-
stant may be lower near the oxide-aqueous solution inter-
face than that in the bulk solution (Brown et al., 1999;
Zhang et al., 2004b), although the magnitude of the inter-
facial dielectric constant and its spatial extent into solution
are not well understood.

Based on MUSIC model fitted Stern-layer capacitance
values from powder titration measurements and the XSW
measured Zn2+ height above the rutile (110) surface, the
Stern-layer dielectric constant appropriate for Zn2+ is
about 50 (Machesky et al., 2001; Zhang et al., 2004b).
Moreover, a limited extent of water dipole ordering (within
15 Å of the rutile surface) is found from X-ray reflectivity
and MD simulations. Therefore, it is reasonable to infer
that the adsorbed Zn2+ will be in a lower dielectric environ-
ment than bulk solution. Another contributing factor may
be the local charge distribution. It has been proposed that
the negatively charged ligand(s) could enhance the stability
of the fourfold coordination geometry because strong OH�

ligands have shorter metal–O bond distances which length-
ens the remaining metal–O bond lengths to the associated
H2O molecules (Dudev and Lim, 2000; Manceau et al.,
2002). Such observations are consistent with bond valence
theory, where the change in bond valence due to the substi-
tution of a H2O by a surface O ligand would favor fourfold
coordination. That these dielectric and charge distribution
effects are significant enough to alter Zn2+ surface coordi-
nation from that observed in bulk solution is not surprising
given the relatively small energy differences between the
octahedral and tetrahedral coordination environments.

The hydrolysis of metal ions upon adsorption has been
suggested in many previous macroscopic and spectroscopic
studies (James and Healy, 1972; Schindler et al., 1976; Ben-
jamin and Leckie, 1981; Kinniburgh, 1983; Lowson and
Evans, 1984; Spark et al., 1995; Miyazaki et al., 1996; Tra-
inor et al., 2000; Hiemstra and Van Riemsdijk, 2002; Rob-
erts et al., 2003; Peacock and Sherman, 2004), and surface
induced hydrolysis is a common and successful construct in
Surface Complexation Models (Criscenti and Sverjensky,
2002; Ridley et al., 2005). However, an integrated approach
is needed to confirm that hydrolyzed surface structures do
indeed exist. X-ray based measurements can derive the
adsorption structure but are insensitive to whether a first
shell O atom exists as in a water molecule or a hydroxyl
group. Bond valence theory is not definitive enough by it-
self to determine whether hydrolysis occurs for an ad-
sorbed species (Trainor et al., 2000). With the atomic
level knowledge from the XSW measurements, a Gouy–
Chapman–Stern surface complexation model predicted
that the surface induced hydrolysis would happen at the
rutile (110)-aqueous solution interface upon Zn2+ adsorp-
tion, (Zhang et al., 2004b). The present DFT calculations,
in combination with the XSW and EXAFS measurements,
confirm the hydrolysis of Zn2+ upon adsorption and that
the transformation of water to hydroxyl in the Zn2+ coor-
dination shell is directly coupled to the loss of O atoms
from the first coordination shell of the sixfold coordinated
solution Zn2+ species.

Based on this integrated set of observations, we can
speculate what happens when Zn2+ adsorbs to rutile
(110)-aqueous interface. The X-ray measurements (Zhang



4054 Z. Zhang et al. 70 (2006) 4039–4056
et al., 2004b), DFT calculations (Lindan et al., 1998; Zhang
and Lindan, 2003a,b), and molecular dynamic simulations
(Predota et al., 2004a,b) all showed that the first few ad-
sorbed water layers on the rutile (110) surface are highly
constrained and oriented. This leads to a dielectric constant
at the interface that is lower than in the bulk solution, as
suggested in many previous investigations of surface
adsorption phenomena (Brown et al., 1999; Teschke
et al., 2000). When a hydrated Zn(H2O)6

2+ ion adsorbs un-
der the effects of a lower interfacial dielectric constant and
a locally charged interfacial ligand(s), the first shell coordi-
nation is reduced to four or fivefold by dehydration. At the
same time, hydrolysis of Zn2+ ion would reduce the overall
charge of the adsorbed group; thereby lowering the free
energy, especially in a region where the dielectric constant
is lower than in bulk aqueous solution. This is consistent
with studies that have suggested that the dehydration pro-
cess could be accompanied by proton transfer, i.e., hydro-
lysis occurs (Peschke et al., 1999; Shvartsburg and Siu,
2001) in the gas phase when the coordination number of
Zn2+ is less than 6. Although the environment of a hydrat-
ed interface is different from that in the gas phase (e.g., with
a higher dielectric constant and a hydrogen bonding net-
work), similar coupling of the dehydration and proton
transfer processes could be occurring during the adsorption
of Zn2+ on rutile as well.

5. Summary

Adsorption of Zn2+ at the rutile TiO2 (110)-aqueous
solution interface was investigated by XSW measurements,
DFT calculations and polarization-dependent surface EX-
AFS measurements. XSW measurements show that while
Zn2+ adsorption sites are insensitive to pH in the range
of 6–8, the partitioning of Zn2+ between the two sites
and the coherent coverage change substantially.

The adsorption position with the lowest energy among
the various configurations explored with DFT calculations
is for structure H (A2 site), in which Zn2+ is adsorbed be-
tween two TO sites (relative energy �114 kJ/mol). The next
group of lowest energy configurations, includes 5 (i.e.,
structures C, E, G, I, and J) of the 10 attempted structures
spanning all configurations tested.

The XSW measured Zn2+ positions are on top of a sur-
face BO site (site A1) and bridging between two TO sites
(site A2). The closest matches from the DFT determined
positions are the structure C (site A1) and structure H or
I (site A2/A4).

Polarization-dependent surface EXAFS measurements
at pH 8 are interpreted with a mixture of the adsorbed
Zn2+ at two different sites plus the aqueous Zn2+ species
which is fully consistent with XSW results. The occupancy
factors of Zn2+ adsorbed at the different sites and the
height of the Zn2+ ions above the rutile surface also agree
very well with the XSW measurements. The derived
adsorption sites, however, show discrepancies between
the XSW and EXAFS in terms of the detailed lateral
adsorption position. The dominant EXAFS site matches
closest with the DFT structure C which is similar to the
XSW A1 site. All three measurements (DFT, EXAFS,
and XSW) converge well for this site as demonstrated in
Fig. 9, and molecular dynamics simulations indicate a sim-
ilar sorption geometry for the dominant site (Predota et al.,
2004b). Despite the quantitative differences in the lateral
positions of the Zn2+ minor species determined by XSW,
DFT, and EXAFS, all of the results reveal that the adsorp-
tion site is between A2 and A4. It is possible that although
the Zn2+ ion cannot simultaneously bond to the two TO
and BO sites in the tetradentate site because of its smaller
ionic radius, it may favor a similar geometry by shifting
from the A2 site towards one of the neighboring TO sites.
The same behavior has been observed (M. Predota, person-
al communication, 2005) for Li+ at the rutile (110) surface
in preliminary MD simulations using the same model de-
scribed previously (Predota et al., 2004a,b). Bare Zn2+

and Li+ have similar ionic radii, 0.75 and 0.69 Å, respec-
tively (Marcus, 1997), making them too small to contact
all four O atoms in the tetradentate site favored by larger
ions.

The DFT calculations are in agreement with the XSW
and EXAFS results for the dominant site at pH 8 that pre-
dict that Zn2+ ions is fourfold coordinated and hydrolyzed,
which is significantly different from the typical Zn2+ species
in the aqueous solution. The minor site at pH 8 is predicted
to be either four or fivefold coordinated; in either case the
Zn2+ ions are hydrolyzed at this site as well.

These results demonstrate that a multi-technique ap-
proach, including structural and spectroscopic measure-
ments and high level DFT theory, allow for a complete
characterization of the adsorption of ions at the oxide-
water interface, even when the actual structure involves
multiple adsorption sites, changes in the ion hydration shell
structure, as well as hydrolysis of the adsorbed species.
Comparison of such results with macroscopic pH-titra-
tion/adsorption studies of powder suspensions and large-
scale molecular dynamics simulations can lead to definitive
information on the molecular structure of sorbed species at
the oxide-water interface, as well as realistic models to
rationalize and accurately predict the macroscopic manifes-
tations of ion adsorption phenomena.
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