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Introduction
Electrical double layers (EDLs), which form

spontaneously at oxide-water interfaces by adsorption or
desorption of ions [1], influence many natural and
industrial processes [2]. Classical diffuse-condensed layer
models of EDLs and their modern successors that
incorporate discrete ion binding sites — collectively
known as surface complexation models (SCMs) — have
proven to incorporate some of the most useful and
successful theories of complex fluid-solid interfaces.
They provide a broad framework from which to
conceptualize EDL properties and quantify the
macroscopic effects of charge separation. However, the
ability of these conceptual models to incorporate
molecular-scale information has yet to be firmly
established, and structural parameters derived from such
models are ambiguous.

Prior to the current study, the exact termination and
structure of a rutile surface in contact with dense liquid
water had not been determined experimentally, and little
was known about the specific locations of ions adsorbed
to this surface, with a few exceptions [3-5]. In this study,
we combine in situ synchrotron x-ray measurements on
submerged rutile (110) single-crystal surfaces with ab
initio calculations, molecular-dynamic (MD) simulations,
and macroscopic data from bulk titrations and
electrophoresis studies of rutile powders to obtain an
integrated understanding of the EDL that connects the
actual molecular structures to the macroscopic properties
[6].

Methods and Materials
Crystal truncation rod (CTR) measurements [7] of the

rutile-aqueous interface structure were performed with the
rutile crystal in contact with deionized water and
[Rb+] = 1mol/kg, pH = 12 solutions, respectively. X-ray
standing wave (XSW) data with the (110), (111), (200),
(101), and (211) reflections were measured. Solution
conditions for the XSW triangulation measurements were
10.49 µmol/kg ZnTr2 at pH = 8.0, 104.4 µmol/kg SrCl2 at

pH = 10.7, and 11.2 µmol/kg Y(NO3)3 at pH = 6.11.
Details of surface titration measurements, the molecular
dynamic, and ab initio calculations can be found in
reference [6].

Results
Representative specular and nonspecular x-ray

reflectivity (XR) for rutile (110) in contact with pure
water are shown in Fig. 1(B). In addition to the (2,0) and
(0,2) CTRs that are shown, the (0,0) and (1,1) CTRs were
also measured. The best-fit model was then converted to a
laterally averaged electron density profile (incorporating
the finite resolution of the experimental data), as shown in
Fig. 1(C). These data reveal that the crystal is terminated
by rows of bridging oxygen (BO) sites and terminal
oxygen (TO) sites lying 1.17 ±0.02 Å and 2.12 ±0.02 Å,
respectively, above the surface plane. An additional layer
of adsorbed water molecules, ~3.8 Å above the surface
plane [Fig. 2(C)], is found in laterally ordered sites
characterized as bridging between the surface oxygen
sites. [Note, however, that derived oxygen atom locations
from these XR data are degenerate to translations of (a/2)i
+ (b/2)j (where a = 6.50 Å and b = 2.96 Å are the surface
unit cell dimensions along unit vectors i [-110] and j
[001], respectively), since only a subset of the surface
rods, having surface Miller indices h + k = even, were
measured.] Significantly, no evidence for ordered water is
observed beyond this first hydration layer.

Precise locations of Zn2+, Sr2+, and Y3+ were
determined by XSW triangulation [8, 9], and the starting
point for optimization using structures was obtained
separately by using XSW imaging [3]. In the best-fit
structure, the Sr2+ ions were observed to be displaced
laterally by ∆x = ±0.34 Å and ∆y = ±0.36 Å (where x is
along [-110] and y is along [001]) from the ideal
tetradentate site (the site laterally equidistant to two BO
and two TO sites). Y3+ was found in a position similar to
that derived for Sr2+. The heights of these two ions above
the surface plane were 3.07 ±0.07Å (Sr2+) and 2.75



FIG. 1. (A) Reciprocal space structure of the rutile (110)
surface with CTRs and bulk Bragg reflections (labeled,
with surface Miller indices and bulk Miller indices,
respectively). (B) Representative XR results show the
(2,0,L) and (0,2,L) CTRs for rutile in deionized water
(blue circles) and [RbCl] = 1 mol/kg at pH 12 (red
circles), with changes associated with Rb+ adsorption.
Lines are calculations corresponding to the best-fit
structures, whose laterally averaged density profile is
shown in (C).

±0.07Å (Y3+). Unlike Sr2+, there was little lateral
displacement of Y3+ away from the ideal tetradentate site
(with a net displacement of ∆x = -0.15 ±0.16 Å), although
the direction and magnitude of this small displacement
was consistent with the expectation of a single Y-O bond
length to the BOs and TOs.

Zn2+ ions were found dominantly (~75%) to be above
the BO at 3.12 ±0.06 Å from the Ti-O surface plane (with
the lateral offset from the BO position, ∆x = 0.71 ±0.06
Å, ∆y = 0.00 ±0.21 Å). A second minor species was
observed between the TO sites at 2.60 ±0.06 Å above the
surface plane (with the lateral offset from the high-
symmetry site of ∆x = 0.39 ±0.45 Å, ∆y = 0.00 ±0.36 Å).
These results are similar to sorption sites proposed for
Co2+ on rutile (110) from grazing-incidence extended x-
ray absorption fine structure (EXAFS) measurements [4],
but they provide greater insight into both the exact
location of the sites and the distribution between the two
sites that cannot be distinguished by EXAFS
measurements.

XR measurements [Fig. 1(B)] at a pH of 12 with Rb+ at
1 mol/kg revealed that Rb+ also specifically adsorbs, as
indicated by the significant change in the shape of the
CTR. The best-fit model indicates that Rb+ adsorbs within
the surface hydration layer at a height of 3.44 ±0.03 Å, as
evidenced by the increase in electron density. Further
measurements are in progress to determine the uniqueness
of the lateral Rb+ positions as well as the exact location of
ordered interfacial water molecules.

Ion and interfacial water locations, derived by XR and
XSW, are summarized in Fig. 2, plotted side by side with
the results from the molecular dynamics simulations.
These results provide reasonable adsorbed metal-surface
oxygen distances, consistent with the known differences
in crystallographic radii for these ions. They are also
representative of the interfacial ion locations at rutile
(110) in neutral to alkaline aqueous solutions over a broad
range of solution conditions.

These molecular-scale insights have also been
integrated into SCMs that describe proton release and
cation adsorption of rutile powders that predominantly
express the (110) crystal face [10]. With the relaxed
surface metal-oxygen bond lengths from the ab initio
calculations, the MUlti-SIte Complexation (MUSIC)
model [11, 12] predicts pHppzc = 4.8 for rutile (110), in
reasonable agreement with the powder titration results
(pHppzc = 5.4).

The MD and x-ray observations that cation heights are
insensitive to ionic strength validate Stern-based SCMs
over diffuse-layer-only models. These heights, derived
through a combination of experimental and computational



FIG. 2. (A) Top, (B) perspective, and (C) side views of the bare rutile (110) surface with BO and
TO rows, and the locations of derived surface hydration and ion adsorption sites, including
interfacial water, Rb+, Sr2+, Y3+, and Zn2+. X-ray and MD-derived adatom locations are shaded
differently, as noted in the top view. Note the close similarity of ion locations between the x-ray
derived and MD-derived ion sites.

approaches, indicate that all cations are bound as inner-
sphere complexes on the rutile (110) surface. This finding
is consistent with the hypothesis [13] that oxides with
high bulk dielectric constants are able to “hydrate” sorbed
cations at least as effectively as do solvent molecules. Na+

and Rb+, which are prototypical “indifferent” electrolyte
cations, therefore compete directly with Ca2+, Sr2+, and
Y3+ for adsorption at the tetradentate sites. Thus, the
ionic-strength-dependent uptake of Ca2+ and Sr2+ on rutile
is a consequence of relatively weak intrinsic binding (with
respect to other divalent ions such as Zn2+) coupled with
competition with the more abundant background
electrolyte cations.

Discussion
In summary, these XR and XSW results establish

(1) the termination of the rutile surface with both terminal
and bridging oxygen atoms above the Ti-O surface plane;
(2) the presence of an interfacial water layer with water
molecules that are both vertically and laterally ordered
with respect to the rutile surface; and (3) the precise
adsorption sites of various ions, including Rb+, Sr2+, Zn2+,
and Y3+, showing that all cations adsorb near the
tetradentate site except for Zn2+, which adsorbs primarily
above the BO but also has a minor contribution that
adsorbs between TO sites.
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