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Abstract

We describe an approach to directly image three-dimensional elemental distributions at the crystal-liquid interface
with ~1 A spatial resolution. This method, based on the Fourier synthesis of X-ray standing wave data, is demonstrated
by imaging the distribution of Sr’*, Zn>** and Y** adsorbed to the rutile (110)-water interface with no a priori
assumptions. The approach resolves distinct sites and is robust for systems with single or multiple simultaneous
adsorption sites. The observed ion distributions reveal unexpected differences in the adsorption sites of these cations

that are needed to interpret electrical double-layer phenomena using surface complexation models.
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Direct knowledge of solid-liquid interface
structure is critically needed to understand many
natural and technological processes [1]. The
spontaneous accumulation of ions at the oxide-
water interface, one manifestation of the widely
studied electrical double layer (EDL) [1,2], can be
described as a partitioning of EDL ions between
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the Stern (adsorbed) and Gouy-Chapman (diffuse)
layers controlled by specific interactions between
the solute ion and the oxide surface. While modern
surface complexation models incorporate such
site-specific interactions [3-6], the lack of direct
knowledge concerning Stern layer structure sub-
stantially impedes a fundamental understanding of
EDL phenomena.

The ability to directly observe cation adsorption
sites at the oxide-liquid interface is strongly lim-
ited. The development of holographic techniques
in recent years has garnered broad interest with
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their ability to provide model-independent images
of atomic structures [7-9]. Yet existing holo-
graphic techniques have characteristics that make
them inappropriate for imaging atomic distribu-
tions at the solid-liquid interface: electron holog-
raphies cannot probe the solid-liquid interfaces
and X-ray holographies do not yet have the sen-
sitivity to probe interfacial structures. Even the
more widely used scanning probe microscopies are
limited for systems having non-conducting sub-
strates and they lack elemental specificity [10].
Here, we describe an approach to directly image
three-dimensional (3D) elemental distributions of
cations at the crystal-liquid interface. Imaging
distributions in a crystallographic approach relies
upon direct measurements of amplitude and phase
for each Fourier component, and it has long been
recognized that these quantities are probed by the
X-ray standing wave (XSW) technique [11,12].
What distinguishes the present results from previ-
ous XSW studies of interface adsorption is the
model-independent derivation of elemental distri-
butions by Fourier synthesis of XSW data using a
suitably complete set of Bragg reflections. This
new imaging capability makes full use of the ele-
mental and phase-sensitive characteristics of the
XSW method [11,12] to reveal adsorbate struc-
tures as a phase-sensitive crystallography by pro-
jecting the element specific profiles into the
substrate unit cell. 3D images of elemental distri-
butions are obtained with a spatial resolution of
~1 A with no a priori assumptions concerning the
elemental distributions (i.e., giving model-inde-
pendent results). This is a significant improvement
upon the traditional analysis of XSW data that
relied on comparison of measured and model-cal-
culated quantities. The feasibility of this XSW
imaging approach at the crystal-fluid interface is
demonstrated through measurements of Sr’*,
Zn*", and Y** adsorbed at the interface between
aqueous solutions and the (110) surface of rutile
(0-TiO,). Details of experimental procedures and
solution conditions are described elsewhere [13].
An XSW is formed by coherent superposition
of incident and Bragg-reflected X-ray beams (Fig.
la), both above and below the surface of a perfect
(or nearly perfect) crystal [14,15]. Measurements
of characteristic X-ray induced emissions (e.g.,
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Fig. 1. (a) Schematic of the XSW technique, showing X-ray
standing wave (in red) as the coherent sum of the incident and
reflected X-ray fields. The fluorescing atoms (in blue) and
substrate lattice (in yellow) are also shown. (b) Representative
XSW data including substrate Bragg reflectivity and Ko fluo-
rescence data for Y**, Sr>* and Zn”>* using rutile (1 10) reflec-
tion are shown as a function of the normalized angle parameter
—1’ (incident angle, 0, increases from left to right in plot). X-ray
fluorescence is measured with a germanium solid-state detector
using dead-time corrections and using suitably detuned Si post-
monochromator crystals to match the incident beam dispersion
to the selected Bragg reflections.

X-ray fluorescence) as a function of incident angle
at the H = hkl Bragg reflection (with Bragg plane
spacing dy) reveals the Hth Fourier coefficient,
Fy, of the element-specific normalized density
profile, p(r) (including both its amplitude, f, and
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phase, Py, also referred to as the coherent frac-
tion and position, respectively). That is, Fy =
[ p(r)exp(i2nH -r)dr = fy exp(i2nPy) [11,12].
Cations Sr?*, Zn**, and Y3* specifically adsorb
at the interface between rutile single-crystal (1 10)
surfaces and aqueous electrolyte solutions (at 25
°C, with pH~6 to 11 and [Me**],, < 107* M), as
evidenced by the coherent modulation of the Ko
X-ray fluorescence at the (110) rutile Bragg
reflection (Fig. 1b). Coherent positions and frac-
tions for each reflection, determined through
comparison of the angular variation of the Bragg
reflectivity and X-ray fluorescence signals with
calculations using dynamical diffraction theory
(shown as lines in Fig. 1b), are listed in Table 1.
This analysis does not impose any assumptions on
the derived structure since it relies only on infor-
mation about the substrate crystal structure and
the incident X-ray beam properties, with no a
priori knowledge concerning the ion distribution.
XSW data for adsorbates are traditionally inter-
preted using a triangulation approach. The ad-
atom location is determined by the intersection of

Table 1
Measured Fourier coefficients of the elemental distributions
d[] Zn Sr Y Ti
3.25 Py 0.95(2) 0.93(2) 0.832) 0.99(1)
firo 0453)  0.532) 0.36(3)  0.95(1)
2.19 Py 0.603) 0.933) 0.86(2) 0.76(1)
Sin 0.312) 0.393) 0.503) 0.17(2)
2.30 Psoo 0.89(4) 0.53(4) 0.35(3) 0.99(1)
fr00 0.16(4) 0.36(6) 0.36(8) 0.82(1)
2.49 Pioi 091(2) 0.458) - 0.90(1)
Sion 0.32(2) 0.093) - 0.99(1)
1.69 Py 0.89(2) 0.66(5) 0.34(9)  0.99(1)
S 0.38(3) 0.11(5 0.07(5) 0.88(1)
(0] 0.25 0.42 0.12 -

Measured coherent positions, Py, and fractions, fy;, used to
create the XSW images shown in Fig. 2, with estimated
uncertainty of last digit in parentheses. Also shown are the
Bragg plane spacing dy (in A) and the cation Stern-layer cov-
erage © in ML (1 ML = 8.8 umol/m?), estimated as the product
of the total EDL ion coverage and the coherent fraction for the
(110) reflection, f1;¢ (the so-called coherent coverage). Abso-
lute ion coverages are determined by comparison to previously
calibrated ion-implanted standards.

multiple non-colinear planes, each representing a
constraint on the adatom location derived from a
particular Bragg reflection. However, such an ap-
proach is complicated when one or more of the
measured coherent fractions is smaller than expec-
ted (e.g., see f>o0 for Zn, and f¢; and f>,, for Srin
Table 1 the low value of f;; for Ti is expected and
is a result of phase cancellation between Ti atoms
at this reflection). This is indicative of a non-trivial
elemental distribution that normally must be
understood through comparison of measured and
model-calculated values of f;; and Py.

In the XSW imaging approach, the full ele-
mental distribution, p(r), is obtained simply and
directly by Fourier inversion of the XSW-mea-
sured Fourier coefficients:

p(r) = Re[ZyF y exp(—2niH -r)]

= Re[Zyfu exp(2ni(Py — H - 1))]. (1)

This approach is robust as long as a sufficiently
complete set of F coefficients is measured by
XSW. This principle was recently established in
the measurement of one-dimensional impurity
distributions within a bulk crystal lattice [16]. This
has also been applied to a UHV surface adsorbate
phase [17]. Such images cannot be simply gener-
ated by conventional diffraction techniques (e.g.,
surface X-ray diffraction) because the phases, Py,
are not directly measured (the so-called ‘phase
problem’ in crystallography).

Full 3D model-independent images of the cle-
mental distributions are obtained with Eq. (1) with
the measured coherent fractions and positions in
Table 1, making use of the rutile (110) surface
symmetry for symmetry-equivalent reflections. In
these images, the derived density profile is shown
as a color map. Slices through the derived 3D
distributions at the plane of maximum density are
shown for Ti (from the substrate crystal) and the
adsorbed ions (Fig. 2) to emphasize the ability to
determine the adsorbate site. For example, the
derived Ti distribution clearly shows two locations
within the surface unit cell corresponding to Ti
directly bonded to bridging oxygen (BO) sites
along [001] and Ti directly below the terminal
oxygen (TO) in the Ti-O plane (see Fig. 2e—g for
perspective views of the rutile (1 10) unit cell). In
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Fig. 2. (a—d) Measured lateral distributions of Ti (from the TiO, substrate), and cations Zn>*, Sr>* and Y** adsorbed to rutile shown
as a cut through the plane of maximum density (whose height above the Ti-O plane is indicated below each image) (scale bar shown as
inset in panel (a)). (¢) Schematic perspective view from above the rutile surface unit cell (oxygen in red, titanium in blue) with BO and
TO rows (at heights of 1.265 and 1.983 A above the Ti-O plane, respectively) along the [00 1] direction. Schematic adsorption
geometries are shown for (f) Zn and (g) Sr and Y in perspective three-dimensional views of the rutile-water interface. The Ti-O plane is
shaded green in (f-g) showing Ti atoms between BOs and directly below each TO.

this approach, images of cation distributions are
determined in a similar fashion and are directly
referenced to the substrate lattice. These images
reveal that Sr’>* and Y3* are adsorbed at a “tet-
radentate” site between two terminal oxygen sites
(TO) and two bridging oxygen sites (BO), with
differences in their heights controlled primarily by
ion radii. In contrast, Zn** is adsorbed at two
distinct sites (each at a different height), primarily
above a single BO and to a lesser extent in a bid-
entate adsorption site between TOs. These Zn>"
sites are both close to the projected Ti lattice sites
and therefore can be qualitatively understood as
due to the similarity of Zn and Ti ionic radii.
These data indicate that the Stern layer distri-
butions are under crystallographic control by the
substrate lattice, and reveal two potential difficul-

ties of interpreting ion adsorption phenomena in
the absence of such structural information: (1) the
unexpected difference in adsorption site for two
divalent metals, Sr** and Zn®*, and (2) the similar
adsorption sites for Sr’* and Y**, even though
Sr** and Y3 are weakly and strongly bound,
respectively (as indicated by their differing sensi-
tivity to the concentration of indifferent back-
ground electrolytes [13]), and have very different
bare ionic radii. Such independent structural
information is needed to interpret EDL phenom-
ena using surface complexation models [13].

An important aspect of this XSW imaging ap-
proach is its spatial resolution. As is immediately
evident from the images in Fig. 2, the resolution
obtained from these data is more than sufficient to
resolve the various sites. In fact, the intrinsic res-
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olution of this approach corresponds to dy,,, /2,
where Hy.x is the highest order reflection in Eq.
(1) along a particular direction, H [16], so that
the present data provide a full 3D image of the
ion distributions with a resolution of ~1 A. The
derived Ti distribution is dominated by the exper-
imental resolution, indicated by the largely iso-
tropic distribution in Fig. 2a, as expected since the
experimental resolution is substantially larger than
the Ti atom vibrational amplitude (<0.1 A). In
contrast, the adsorbate distributions exhibit some
additional broadening (e.g., along [00 1] for Sr and
[-110] for Zn) suggesting that the actual distri-
butions may include either static or dynamic dis-
placements from the nominal adsorption sites
described above. More precise information con-
cerning the adsorbate locations can be obtained by
XSW triangulation [15] using the ion adsorption
sites in Fig. 2 as a model-independent starting
point for a quantitative comparison of measured
and calculated fy and Py. This model-dependent
analysis yields the relative coverage of Zn>* in the
two distinct adsorption sites and reveals that both
Zn>* species are displaced from their nominal
high-symmetry adsorption sites [13].

The Bragg-XSW approach used here is usually
assumed to be applicable only to a few select
materials that can be grown as perfect crystals
(e.g., silicon, germanium). In contrast, the present
XSW measurements were performed with imper-
fect synthetic rutile crystals that would normally
be considered inappropriate for XSW analysis, but
are made feasible with recent advances in high
brilliance X-ray sources that can illuminate small
(~100 um in cross-section) coherently scattering
volumes with sufficient flux to retain sub-mono-
layer sensitivity. The present results demonstrate
that XSW-based measurements, including the
imaging approach described here, are now appli-
cable to probe reactions at a far broader range
of solid-liquid interface systems than previously
thought to be possible.

Bragg-XSW images of surface adsorbed species,
described here, project 3D ion distributions into
the primitive substrate crystallographic unit cell,
and therefore emphasize the Stern ion locations
over the diffuse ion distribution (because the Debye
length is substantially larger than unit cell dimen-

sions). This also results in the well-known modulo-
dy ambiguity in the derived adsorbate position
[11,12]. The present results therefore do not dis-
tinguish if the adsorbate is, for instance, adsorbed
directly to the surface (as an ““inner-sphere” ad-
sorbate), or above the surface plane (e.g., either
as an “outer-sphere adsorbate” or in the diffuse
layer). This inner- vs. outer-sphere ambiguity can
be resolved only with additional information (e.g.,
independent knowledge of ion-substrate interac-
tions, X-ray reflectivity data, molecular dynamics
simulations). In this case, the close agreement be-
tween XSW results and molecular dynamics simu-
lations demonstrate that each measured adsorbate
species occurs as an inner-sphere adsorbate bond-
ing directly to the rutile surface lattice [13]. Bond
lengths between adsorbed ions and surface oxygens
can be inferred by constraining the positions of
surface oxygen atoms with X-ray reflectivity [13] or
through analysis of X-ray absorption fine struc-
ture data [18,19].

This new model-independent image-based
analysis of XSW data is especially important for
understanding complex ion distributions. This is
illustrated, in this case, by its ability to directly
resolve the two distinct Zn>* adsorption sites in a
manner that is no more difficult than determining
the substrate atom locations or the simpler distri-
butions for Sr*>* and Y3*. In systems where there
may be co-adsorption of two or more species (e.g.,
ternary sorption complexes), the elemental sensi-
tivity of XSW allows the distributions of each
element to be determined in the same manner as
that described above as long as those elements are
spectroscopically resolved (e.g., by their respective
characteristic emissions).

Extensions of this XSW imaging approach to
larger-scale distributions that extend beyond the
dimensions of typical substrate crystallographic
unit cells can, in principle, be accomplished with
other variations of the XSW technique that em-
ploy standing waves with longer periods (e.g.,
through total external reflection or reflection from
layered synthetic multilayers [20]), thereby allow-
ing characterization of structures that extend >100
A from the oxide—water interface. Therefore a com-
plete and direct determination of elemental distri-
butions at the liquid-solid interface can also be



achieved for various phenomena with distributions
that have defied largely direct characterization,
ranging from the diffuse layer distributions in the
EDL and ion incorporation in membranes.
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