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Abstract

The X-ray standing wave technique was used to probe the sensitivity of Zn2+ and Sr2+ ion adsorption to changes in both the adsorbed
coverage and the background electrolyte species and concentrations at the rutile (α-TiO2) (110)–aqueous interface. Measurements were m
with various background electrolytes (NaCl, NaTr, RbCl, NaBr) at concentrations as high as 1m. The results demonstrate that Zn2+ and Sr2+
reside primarily in the condensed layer and that the ion heights above the Ti–O surface plane are insensitive to ionic strength and th
background electrolyte (with<0.1 Å changes over the full compositional range). The lack of any specific anion coadsorption upon probi
Br−, coupled with the insensitivity of Zn2+ and Sr2+ cation heights to changes in the background electrolyte, implies that anions do not
significant role in the adsorption of these divalent metal ions to the rutile (110) surface. Absolute ion coverage measurements for Zn2+ and Sr2+
show a maximum Stern-layer coverage of∼0.5 monolayer, with no significant variation in height as a function of Stern-layer coverage.
observations are discussed in the context of Gouy–Chapman–Stern models of the electrical double layer developed from macroscopic
pH-titration studies of rutile powder suspensions. Direct comparison between these experimental observations and the MUltiSIte Com
(MUSIC) model predictions of cation surface coverage as a function of ionic strength revealed good agreement between measured an
surface coverages with no adjustable parameters.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The distribution of ions near a charged surface (i.e.,
electrical double layer or EDL) is a well-known phenomen
at oxide–aqueous solution interfaces. The EDL plays an
portant role in many interfacial chemical reactions, includ
both industrial and natural processes, such as mineral dis
tion/precipitation, water purification, and heterogeneous ca
sis[1–3]. Various models have been developed to explain E
macroscopic properties[4–11]. For instance, the recent app
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cation of the MUltiSIte Complexation (MUSIC) model to ruti
surface-charging data has enabled prediction of ion cover
in the condensed and diffuse layers at oxide–aqueous interf
revealing insight into both the ion adsorption strength and
electrostatic potential profile at an interface[9,12,13]. Studies
coupling complexation modeling with electrophoresis meas
ments have yielded new insights into the isoelectric poin
rutile powders, leading to the conclusion that the zeta p
height corresponds to the Debye length[14]. However, many
fundamental aspects of these models have not been teste
cause only a few direct measurements of ion distribution
the EDL have been reported[15–17]. For instance, the variou
surface complexation models (SCMs) implicitly assume
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the condensed-layer ion height is invariant with changes in
solution conditions (e.g., ion concentration and ionic stren
[8–10,18].

X-ray studies, including crystal truncation rod (CTR) a
extended X-ray absorption fine structure (EXAFS) meas
ments, have already revealed some molecular-scale EDL
tures [19–28]. To date, the most direct probe of EDL dist
butions comes from X-ray standing wave (XSW) approach
although only a few results have been reported, including
tal external reflection XSW (TER-XSW) results[15,16,29]and
Bragg XSW measurements[20,30,31]at the mineral–water in
terface. TER-XSW probes the decay length of the diffuse-la
ion distribution[15,16], but it is insensitive to condensed-lay
properties. On the other hand, an XSW generated by Brag
flection typically has a period of a few angstroms, which
suitable for probing the condensed-layer height. This he
is closely related to the distance between the 0-plane an
β-plane in the EDL[2,10], which is a critical parameter fo
modeling EDL structures and properties in most SCMs[9,10,
13,32].

A few in situ X-ray measurements of condensed-layer
heights have been made previously[20,25–28,30,31]. In partic-
ular, Sr2+, Zn2+, Y3+, and Rb+ ion locations were measure
at the rutile (110)–aqueous interface[31]. When this struc-
ture information is combined with computational studies of
rutile–water system using both ab initio methods[33,34] and
molecular dynamics simulations[35,36], our understanding o
the interactions of these ions with the rutile surface have b
greatly extended.

Prior to this work, essentially no information is availab
on the systematic partitioning of ions between the conden
and the diffuse layers or the sensitivity of the EDL structure
changes in solution conditions. Here, we report additiona
sults obtained by using the Bragg XSW technique to probe
sensitivity of Sr2+ and Zn2+ ion distributions at single-crysta
rutile α-TiO2 (110)–aqueous interfaces. Specifically, we sh
that the condensed-layer ion height of these divalent cat
is insensitive to ion coverage and background electrolyte
cluding the choice of electrolyte and ionic strength), and
determine the saturation Stern-layer coverage of each ion
find the Gouy–Chapman–Stern model to be suitable for des
ing the adsorption of Sr2+ and Zn2+ ions at the rutile (110)–
aqueous interface, and we discuss partitioning of ions betw
the condensed and the diffuse layers.

2. Materials and methods

2.1. X-ray standing waves

The single-crystal Bragg XSW method is a powerful to
for probing adsorbate positions at the solid-water interface[37].
When an X-ray plane wave (Fig. 1A) is Bragg-diffracted from
a single crystal lattice, an XSW is generated both above
below the crystal surface as a result of coherent superpos
of the incident and the reflected X-ray beams[37–40]. The
Bragg reflectivity and the X-ray fluorescence signal are m
e
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Fig. 1. (A) Schematic of the Bragg XSW experiment. (B) In situ sample ce

sured simultaneously while the sample is rocked through
H th (= hkl) Bragg reflection.

The normalized fluorescence yieldY(θ) varies with respec
to incident angleθ as

(1)Y(θ) = 1+ R(θ) + 2
√

R(θ)fH cos
[
v(θ) − 2πPH

]
.

Here,R(θ) is the reflectivity, andv(θ) is the phase between th
reflected and the incident X-ray plane waves. BothR(θ) and
v(θ) can be calculated directly for the known bulk crystal str
ture by using X-ray dynamical diffraction theory.PH andfH

are the so-called “coherent position” and “coherent fraction”
the measured element, respectively; they are obtained dir
from the experimental XSW data by using Eq.(1). These two
parameters represent the phase and the amplitude of theH th

Fourier component of the fluorescing species’ spatial distr
tion [37,41], or

(2)fH exp[i2πPH ] = F(H) =
∫

ρ(r)exp[iH · r]dr.

Here|H| = 2π/dH , with dH both the period of the XSW field
and thed-spacing of theH th Bragg diffraction planes; andρ(r)
represents the normalized three-dimensional (3-D) distribu
profile of the fluorescent species; that is,

(3)
∫

ρ(r)dr = 1.

As demonstrated recently, the complete density profile (
jected into the substrate crystallographic unit cell) can be
tained from the inverse statement of Eq.(2) through a discrete
Fourier summation with a full set of theH th Fourier com-
ponents, because no phase information is lost in the X
approach[30,37,41,42]. Here, we instead perform XSW me
surements by using the rutile (110) reflection as a functio
solution conditions in order to obtain insight into systema
changes in EDL properties. Consequently, we must discus
interpretation of the XSW parameters,PH andfH .

A complete discussion of the relationship betweenPH and
fH and the ion distributions for the Gouy–Chapman (GC)
the Gouy–Chapman–Stern (GCS) models is inAppendix A.
Both PH and fH are unitless quantities ranging between
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and 1. When the fluorescing ion has a unique projected l
tion within the substrate’s primary crystallographic unit ce
PH = δH /dH , whereδH is the height of the ion from the un
cell origin along the diffraction plane normal direction. The c
herent fraction,fH , is a measure of the distribution of the io
around the position defined byPH . In general,fH can be de-
scribed as the product of three factors,

(4)fH = aH CDH ,

whereaH is the “geometry factor,”C is the “ordered fraction,”
andDH is the Debye–Waller factor. The geometry factor
counts for the contributions from ions at discrete positions;

(5)aH =
∣∣∣∣∑

j

Θj exp(iH · rj )

∣∣∣∣
/(∑

j

Θj

)
;

Θj is the coverage (2-D number density projected onto
crystal surface) of specifically adsorbed condensed-layer
at positionrj ;

∑
j Θj ≡ ΘC , therefore, is the total condense

layer coverage. When the position of the condensed-layer i
unique alongH direction,aH = 1.

The ordered fraction corresponds to the fraction of all
orescing ions (with equivalent coverageΘtot) in ordered sites
As shown inAppendix A, the diffuse-layer ions (having cov
erageΘD) are sufficiently distributed to appear incoherent
the Bragg XSW measurements. Other incoherent contribu
to fluorescence include ions in the bulk solution, multin
clear/polymeric species, and any other accumulations of
rescing ions in the beam path that are unrelated to the
(110) surface, such as on dust particles, on defects and
edges, on the Kapton window, and on surface organic fi
(collectively referred to asΘother). Consequently, the ordere
fraction can be written as

(6)C = ΘC/Θtot = ΘC/(ΘC + ΘD + Θother).

The Debye–Waller factor accounts primarily for thermal
brations of the fluorescing ions, and more generally for
contribution to the elemental distribution having a Gauss
distribution[37,40]. With a root-mean-squared widthσH , this
leads to

(7)DH = exp
[−|H|2σ 2

H /2
] = exp

[−2π2σ 2
H /d2

H

]
.

For chemically bound species,σH ≈ 0.1 Å. Consequently
for a typical Bragg reflection wheredH ∼ 3 Å, DH ≈ 1. There-
fore, we can describe the coherent fraction of EDL ions
fH ≈ aH C. For ions having a unique adsorption site, such
the previously determined Sr2+, Y3+, and Rb+ ions at the rutile
(110)–aqueous interface,a110= 1. In these cases the measu
coherent fraction is directly related to the fraction of EDL io
that are ordered in discrete sites at the interface. On the
hand, Zn2+ ions are identified at two distinct adsorption sit
whose measured coherent position is the coherently aver
height of the two sites. Witha110 estimated to be 0.9, the me
sured coherent fraction can be written asf110 ≈ 0.9C. (See
Appendix Afor more details.)
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2.2. Experimental details

The XSW measurements were preformed primarily at be
line X15A at the National Synchrotron Light Source (NSLS
Brookhaven National Laboratory, and at beamline 12-ID
(BESSRC-CAT) at the Advanced Photon Source (APS),
gonne National Laboratory. Measurements at X15A used X
energy at 17.0 keV for both Zn2+ and Sr2+, with a typical
beam size of 0.1 × 0.4 mm2. Measurements at beamline 1
ID-D were carried out at 11.5 keV for Zn2+ and 17.5 keV for
Sr2+, with a typical beam size of 0.02× 0.1 mm2. Si or Ge
fluorescence detectors were used to collect characteristic X
fluorescence signals from the crystal surface at a takeoff a
∼6◦. Care was taken to choose a beam spot where the roc
curve was closely matched to the theoretical prediction fo
perfect crystal. Experiments were performed on spots wher
measured absolute peak reflectivity was>70% (as compared t
the theoretical peak reflectivity of∼90% under these condition
for a perfect rutile single crystal), and the rocking curve wi
was less than 1.5ω, whereω is the Darwin width of the rock
ing curve expected on the basis of dynamical diffraction the
including dispersion due to the specific monochromator us

The measurements were performed in situ in a thin-film
as shown inFig. 1B. The solution composition was chang
by injecting solution into the cell through the in-flow tube a
exposing the sample to an aqueous solution∼1 mm thick,
held between the Kapton window and the sample surface.
equilibration between the sample surface and the solution
ensured by waiting 10 to 15 min after each injection and
repeating the procedure at least three times for each new
lution. Adsorption was rapid with respect to exposure tim
Under these experimental conditions (with ion concentrat
of 10−5 or 10−4 m), the total volume of solution passed ov
the crystal surface contained a substantial excess of ions
respect to the available surface sites, suggesting that the
surements should represent the equilibrium ion distribut
A convenient unit for ion coverage is the monolayer (M
Here, 1 ML is defined as 1 ion per TiO2 (110) surface uni
cell. With a surface unit cell area of 6.50× 2.96= 19.24 Å2,
1 ML = 5.3× 1014 ions/cm2 = 8.8 µmol/m2.

Before each XSW measurement, the excess solution
tween the Kapton window and the sample surface was m
mized by applying a small negative pressure, and the cell
sealed to maintain a minimal solution thickness of∼2 µm dur-
ing the XSW measurements. The cell was held in a contro
atmosphere of pure N2 gas to minimize any diffusion of reac
tive atmospheric gases (e.g., CO2) through the Kapton window

Sample preparation is critical for ion adsorption measu
ments. Rutile was chosen for these studies because it has
studied extensively[43,44]. Polished rutile (110) single crys
tals (10×10×1 mm3) were obtained from Princeton Scientifi
with a typical miscut of�0.1◦ with respect to the (110) crys
tallographic plane. The crystal surface was treated as desc
previously[31]. Atomic force microscopy (AFM) images of ru
tile samples as received from the manufacturer (Fig. 2A) and
after the treatment (Fig. 2B) revealed that although the orig
nal surface was very rough, atomically flat terraces (>0.1 µm
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Fig. 2. Atomic force microscopy images of the rutile (TiO2) (110) surface (A)
as received and (B) after annealing in air at 1000◦C. Both images are 2× 2 µm
in area. The treated surface shows atomic-scale flat terraces separated b
the height of a single unit cell.

across) separated by steps with the height of a single unit
(3.25 Å) were present after the treatment. CTR measurem
of the treated surface[31] showed no evidence of surface r
construction observed for oxygen-depleted surfaces prep
by sputtering and annealing in high vacuum[44–46].

The composition, ionic strength, and calculated De
length for each solution discussed below are listed inTables 1
and 2 for Zn2+ and Sr2+ measurements, respectively. Ea
solution condition is labeled (e.g., Zn-1) for ease of re
ence. For the Sr2+ solutions, pH was adjusted with NaOH
For the Zn2+ solutions, pH was controlled by the addition
HTr (where Tr− is trifluoromethanesulfonate, a synthetic, no
complexing, monovalent anion) and buffered by the additio
tris(hydroxymethyl)aminomethane (Tris).

Ionic strength was controlled in both Zn2+ and Sr2+ mea-
surements by the addition of NaCl. For each ion, meas
ments were carried out at [NaCl]= 0, 10−2, 10−1, and 1m,
teps

ll
ts

ed

f

-

respectively. The dominant solution species under these
ditions are Zn2+ and Sr2+, respectively, as shown inFig. 3.
Additional measurements were made to check the sensit
of the condensed-layer ion height to the divalent ion conc
tration, pH, and background electrolyte. For instance, solut
Zn-11, Zn-12, and Zn-13 had [Zn2+] = 10−6 m and pH 10,
and solution Zn-8 had [Zn2+] = 10−4 m and pH 4.3. Although
NaCl was normally used as the background electrolyte,
lutions Zn-6, Zn-7, Zn-8, Sr-7, Sr-8, and Sr-9 contained B−
instead of Cl− as anion; solution Zn-4 had [NaTr]= 10−1 m;
and solutions Zn-9, Zn-10, and Zn-11 had [RbCl]= 10−1 m.
For most solution compositions, measurements were repe
at least once to test stability and reproducibility of the heigh
the adsorbed divalent ion.

Changes in ionic strength were arranged so that the b
ground electrolyte was varied from low to high concentratio
After measurement of each specific EDL ion, the sample
face was rinsed several times with dilute HCl (10−3 m) and then
several times with deionized water. A fluorescence spect
was taken after rinsing to ensure that no divalent ions rema
in the sample cell when subsequent adsorption measurem
began.

The stability of the sample cell and surface composit
were monitored by X-ray fluorescence during the meas
ments. Ti_Kα fluorescence from the substrate rutile crys
with a characteristic energy of 4.5 keV, is strongly attenua
by the solution and Kapton window at the experimental take
angle of∼6◦. Consequently, the Ti fluorescence signal is
rectly sensitive to the thickness of the aqueous layer becau
linear attenuation. Constancy of the Ti signal during each ex
iment implies that the aqueous-layer thickness does not ch
over the period of the measurement. TheKα fluorescence o
nt
for
Table 1
Solution conditions for Zn2+ measurements (concentration, pH, and ionic strengthS), with calculated Debye lengthΛ of the EDL diffuse-layer, measured cohere
positionP110, derived ion heightδ110, coherent fractionf110, total coverageΘtot, derived coherent coverageΘcoh, and statistical uncertainty (in parentheses)
each single measurement

Solution Concentration (m) pH S (m) Λ (Å) P110 δ110 (Å) f110 Θtot (ML) Θcoh (ML)

[Zn2+] [Na+] [Cl−] [Tr−]

Zn-1 10−5 0 0 2× 10−5 8 3.1× 10−5 547 0.91 (1) 2.96 (3) 0.63 (3) 0.35 (5) 0.24 (5)
Zn-2 10−5 10−2 10−2 2× 10−5 8 10−2 30 0.90 (1) 2.93 (3) 0.61 (2) 0.60 (5) 0.41 (5)
Zn-3 10−5 10−1 10−1 2× 10−5 8 10−1 9.6 0.91 (1) 2.96 (3) 0.72 (3) 0.20 (5) 0.16 (5)
Zn-4 10−5 10−1 0 10−1 8 10−1 9.6 0.91 (1) 2.96 (3) 0.72 (2) 0.40 (5) 0.32 (5)
Zn-5 10−5 1 1 2× 10−5 8 1 3.0 0.93 (1) 3.02 (3) 0.60 (2) 0.45 (5) 0.30 (5)
Zn-6 10−5 10−4 10−4 Br− 2× 10−5 8 1.3×10−4 266 0.93 (1) 3.02 (3) 0.72 (4) 0.50 (5) 0.40 (5)
Zn-7 10−5 5× 10−4 5× 10−4 Br− 2× 10−5 8 5.3× 10−4 132 0.92 (1) 2.99 (3) 0.70 (2) 0.50 (5) 0.39 (5)
Zn-8 10−4 5× 10−4 5× 10−4 Br− 2× 10−4 4.3 8× 10−4 107 – – – 0.20 (5) –
Zn-9 10−5 10−1 Rb+ 10−1 2× 10−5 7.9 10−1 9.6 0.92 (1) 2.99 (3) 0.68 (1) 0.60 (5) 0.46 (5)
Zn-10 10−5 10−1 Rb+ 10−1 2× 10−5 7.9 10−1 9.6 0.94 (1) 3.06 (3) 0.65 (1) 0.60 (5) 0.43 (5)
Zn-11 10−6 10−1 Rb+ 10−1 2× 10−6 10 10−1 9.6 0.91 (1) 2.96 (3) 0.73 (1) 0.60 (5) 0.49 (5)
Zn-12 10−6 0 0 2× 10−6 10 1.02× 10−4 302 0.90 (1) 2.93 (3) 0.56 (1) 0.50 (5) 0.31 (5)
Zn-13 10−6 0 0 2× 10−6 10 1.02× 10−4 302 0.89 (1) 2.89 (3) 0.65 (2) 0.50 (5) 0.37 (5)
Zn-14 10−5 0 0 2× 10−5 7.9 3.08× 10−5 549 0.92 (1) 2.99 (3) 0.57 (2) 0.55 (5) 0.36 (5)
Zn-15 10−5 0 0 2× 10−5 7.9 3.08× 10−5 549 0.91 (1) 2.96 (3) 0.37 (2) 0.30 (5) 0.12 (5)
Zn-16 10−5 0 0 2× 10−5 8 3.1× 10−5 547 0.97 (1) 3.15 (3) 0.52 (2) 0.50 (5) 0.29 (5)
Zn-17 10−5 0 0 2× 10−5 8 3.1× 10−5 547 0.96 (1) 3.12 (3) 0.46 (1) 0.50 (5) 0.26 (5)
Zn-18 10−5 10−1 10−1 2× 10−5 8 10−1 9.6 0.90 (1) 2.93 (3) 0.64 (3) 0.20 (5) 0.14 (5)
Zn-19 10−5 0 0 2× 10−5 8 3.1× 10−5 547 0.88 (1) 2.86 (3) 0.70 (3) 0.30 (5) 0.23 (5)
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Table 2
Solution conditions for Sr2+ measurements (concentration, pH, and ionic strengthS), with calculated Debye lengthΛ of the EDL diffuse layer, measured cohere
positionP110, derived ion heightδ110, coherent fractionf110, total coverageΘtot, derived coherent coverageΘcoh, and statistical uncertainty (in parentheses)
each single measurement

Solution Concentration (m) pH S (m) Λ (Å) P110 δ110 (Å) f110 Θtot (ML) Θcoh (ML)

[Sr2+] [Na+] [Cl−] [OH−]

Sr-1 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8×10−4 107 0.91 (1) 2.96 (3) 0.39 (2) 0.85 (5) 0.33 (5)
Sr-2 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8×10−4 107 0.91 (1) 2.96 (3) 0.62 (2) 0.50 (5) 0.31 (5)
Sr-3 10−4 10−2 10−2 5×10−4 10.7 10−2 30 0.92 (1) 2.99 (3) 0.59 (2) 0.60 (5) 0.35 (5)
Sr-4 10−4 10−1 10−1 5×10−4 10.7 10−1 9.6 0.91 (1) 2.96 (3) 0.65 (2) 0.40 (5) 0.26 (5)
Sr-5 10−4 1 1 5× 10−4 10.7 1 3.0 0.93 (1) 3.02 (3) 0.74 (2) 0.30 (5) 0.22 (5)
Sr-6 10−4 1 1 5× 10−4 10.7 1 3.0 0.91 (1) 2.96 (3) 0.74 (2) 0.30 (5) 0.22 (5)
Sr-7 10−4 8× 10−4 5× 10−4 Br− 5× 10−4 10.7 1.1×10−3 92 0.93 (1) 3.02 (3) 0.66 (2) 0.50 (5) 0.33 (5)
Sr-8 10−4 9.7× 10−3 9.4× 10−3 Br− 5×10−4 10.7 10−2 30 0.91 (1) 2.96 (3) 0.57 (1) 0.70 (5) 0.40 (5)
Sr-9 10−4 9.7× 10−3 9.4× 10−3 Br− 5×10−4 10.7 10−2 30 0.91 (1) 2.96 (3) 0.60 (1) 0.70 (5) 0.42 (5)
Sr-10 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.92 (1) 2.99 (3) 0.54 (4) 0.30 (5) 0.16 (5)
Sr-11 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.90 (2) 2.93 (7) 0.54 (5) 0.40 (5) 0.22 (5)
Sr-12 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.91 (1) 2.96 (3) 0.51 (2) 0.60 (5) 0.31 (5)
Sr-13 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.93 (1) 3.02 (3) 0.56 (1) 0.70 (5) 0.39 (5)
Sr-14 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.93 (1) 3.02 (3) 0.53 (1) 0.80 (5) 0.42 (5)
Sr-15 10−4 5× 10−4 2× 10−4 5× 10−4 10.7 8× 10−4 108 0.95 (1) 3.09 (3) 0.55 (1) 0.80 (5) 0.44 (5)
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Fig. 3. Speciation calculation for (A) pH 8,[Zn2+] = 10−5 m, ionic strength
S = 10−4–1m; (B) pH 10.7,[Sr2+] = 10−4 m, ionic strengthS = 10−3–1m.
The ionic strength was adjusted by addition of NaCl. The calculations w
performed without equilibration of the solution with atmospheric CO2.

EDL ions (e.g., Sr2+), on the other hand, is determined by t
total coverage of ions, including ions adsorbed at the inter
and in the bulk solution, with the latter contribution expected
be proportional to the solution thickness at a given concen
tion. This provides information about EDL stability, the deg
to which ion coverages have equilibrated, and any perturba
induced by the X-ray beam.

Absolute ion coverages were obtained by compariso
measurements of calibrated ion-implanted standards. The
solute total coverage of Zn2+ was calibrated with a Ga
implanted silicon wafer (with corrections for differences
e

e

-

n

o
b-

atomic cross section, fluorescence yield ratio, attenua
through the water layer, and detector efficiency at the spe
energy). The Sr2+ coverage was calibrated with a Sr-implant
silicon wafer. For an expected solution layer∼2 µm thick, the
equivalent coverage of ions in the bulk solution would be
more than 1.2 × 1013/cm2, or ∼0.02 ML. This is a much
smaller value than the expected or measured ion covera
the EDL, which is normally>0.2 ML and typically∼0.5 ML
for divalent ions (Tables 1 and 2). This result suggests that th
signal from the bulk solution ions is negligible in our me
surements. Thus, the XSW measurements reflect the intr
distributions of the EDL ions. The bulk solution thickness
the sample cell is substantially greater than the Debye len
Λ, which is <550 Å for all solution conditions probed her
Thus, these XSW measurements reflect the EDL distributio
a free surface–solution interface, with no complications ass
ated with overlapping diffuse layers.

3. Results and discussion

3.1. Cation adsorption: Ion height vs ionic strength

For the specifically adsorbed ions Sr2+ and Zn2+, the effect
of background electrolyte concentration on the adsorbed ca
heights was explored first. The XSW data inFig. 4show, for so-
lutions Zn-1 through Zn-5 described inTable 1, the measured
rutile TiO2 (110) reflectivityR(θ) and Zn2+ fluorescence sig
nalsY(θ) as a function of incident angleθ − θb (θb is the Bragg
angle), with the best fit to the data using Eq.(1). Similar data
for Sr2+ solutions Sr-2 through Sr-5 are plotted inFig. 5. The
coherently averaged Stern layer ion height above the su
Ti–O planeδ110 is used in place ofP110 for simplicity. Here
δ110= P110d110, with d110= 3.25 Å thed-spacing of the rutile
(110) reflection.

The variation of the Stern-layer height (δ110) as a function of
the solution ionic strength (S) is summarized inFig. 6. These
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Fig. 4. XSW measurements of Zn2+ ion heights at the TiO2 (110)–aqueous in
terface as a function of ionic strengthS. The normalized TiO2 (110) reflectivity
curve is shown at the bottom. Normalized fluorescence curves for Zn-2 thr
Zn-5 are vertically offset as indicated. For all solutions,[Zn2+] = 10−5 m at
pH 8. The electrolyte medium was NaCl in all but Zn-4, where 0.1m NaTr was
used. SeeTable 1for more details.

data scatter around 3.0 (±0.1) Å and show no significant tren
as a function of ionic strength. Specifically, for the measu
ments Zn-1 through Zn-5 and Sr-2 through Sr-5, which w
performed under comparable conditions and are highlig
with circles in Fig. 6, the Stern-layer heights were fitted
a functional form,δ110 = k log(S) + δ0

110. The best fits were
k = 0.014± 0.009 andδ0

110 = 3.00 ± 0.03 Å for Sr2+ and
k = 0.012± 0.014 andδ0

110 = 2.98± 0.03 Å for Zn2+, where
the estimated errors were derived solely from the statistica
rors of the individual measurements. The data imply that
Stern-layer heights for adsorbed Zn2+ and Sr2+ change by only
∼0.03±0.06 and∼0.06±0.06 Å, respectively, while the ioni
strength varies over more than 3 orders of magnitude. G
that the statistical uncertainty of an individual measuremen
about±0.03 Å (and the systematic error may be as large
±0.1 Å), Stern-layer heights for Zn2+ and Sr2+ show no sig-
nificant changes in these measurements.

Comparison of the measured coherent positions and co
ent fractions at the rutile (110)–aqueous interface with the si
lation results based on the GC and GCS ion distribution mo
(seeAppendix A for detail) indicated the following: (1) Th
GCS model offers a reasonable explanation for the meas
coherent fractions and positions at different solution conditio
while the GC model does not. In other words, the divalent i
form a condensed layer with a well-defined position. (2) T
divalent ions reside predominantly in the condensed layer,
h
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Fig. 5. XSW measurements of Sr2+ ion heights at the TiO2 (110)–aqueous in
terface as a function of ionic strengthS. The normalized TiO2 (110) reflectivity
curve is shown at the bottom. Normalized fluorescence curves for Sr-3 thr
Sr-5 are vertically offset as indicated. All solutions contained[Sr2+] = 10−4 m

at pH 10.7. The electrolyte medium was NaCl in all but Sr-4, where 0.1m NaTr
was used. SeeTable 2for detailed information about the solutions and resul

Fig. 6. Coherently adsorbed ion heightsδ110 as a function of ionic strength
S for (A) Zn2+ and (B) Sr2+. The lines are fits to the data points show
as open circles, which indicate consecutive measurements made by
ing only the background electrolyte concentration, with the functional f
δ110 = k log10(S) + δ0

110. For Sr2+, k = 0.014± 0.009 andδ0
110 = 3.00 ±

0.03 Å; for Zn2+, k = 0.012± 0.014 andδ0
110= 2.98± 0.03 Å.

balance almost all of the surface charge. In such a situation,δ110
indicates the Stern-layer height.

3.2. Cation adsorption: Absolute ion coverages

The EDL ions balance the surface charge and lead to o
all electrical neutrality across the interfacial region. Therefo
the surface charge density, the total number of adsorbed c
terions, and the ion distribution should be constant for a g
solution condition. Ions may be adsorbed as “inner-sph
species in direct contact with the surface oxygens or as “ou
sphere” species with their first hydration shells intact[2]. In
either case, these ions would be assigned to a Stern laye
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.
d

Fig. 7. Measured coherent fractionf110 and total ion coverageΘtot as a function of ionic strengthS for Zn2+ in (A) and (C) and Sr2+ in (B) and (D), respectively
The lines in (B) and (D) are guides for the eye only, suggesting the possible sensitivity of Sr2+ ion distribution atS > 10−2 m that would be expected if backgroun
electrolyte ions were exchanged for Sr2+ in the diffuse layer.
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the height of this layer above the surface would be rela
to the bare ionic radius or the hydrated radius, respecti
[10,31]. These Stern-layer ions coexist with background e
trolyte ions in the diffuse layer, which balances any resid
surface charge and decays exponentially to the bulk-solu
composition. Such a model was applied previously in SC
with strictly inner-sphere Stern-layer binding of all catio
along with the Gouy–Chapman approximation of the diffu
layer ion distribution[31]. We argued in that case that mu
tivalent and monovalent ions compete directly for sorption
specific sites within the Stern layer(s), as well as in the diff
layer, with monovalent ions being weaker adsorbates. The
ative strengths of ions adsorbed at the rutile (110) surface
be probed by looking for changes in the multivalent cation
tribution as a function of ionic strength (i.e., monovalent cat
concentration) and other solution variables revealed by X
measurements. Specifically, the displacement of diffuse-l
multivalent ions with background electrolyte ions should re
in a decrease of the diffuse-layer multivalent ion coverage,ΘD ,
which would further lead to an increase in the coherent fract
fH , according to Eqs.(4) and (6). Alternatively, displacemen
of multivalent ions in the Stern layer by competing backgrou
electrolyte ions would decrease the Stern layer multivalent
coverage,ΘC , and may lead to a decrease in the coherent f
tion. In both scenarios, the total EDL ion coverage would
crease.

The coherent fractions,f110, and the total coverages,Θtot, of
the specifically adsorbed divalent ions are summarized inFig. 7.
The Zn2+ data show no significant systematic trends for eit
f110 or Θtot as a function of ionic strength. Instead, the data
pear to vary randomly from one measurement to the next.
Sr2+ data appear to show a trend of increasingf110 and decreas
ing Θtot with increasing ionic strength, as would be expecte
the specifically adsorbed Sr2+ ions coexisted with a diffuse-io
d
y
-
l
n
s

-

t
e
l-
n

-

r
t

,

n
-
-

r
-
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distribution. However, the data at the lowest ionic strengths
sufficiently variable to prevent us reaching a definitive conc
sion.

To reveal the intrinsic EDL ion distribution, we focus o
the behavior of the Stern-layer ions. The Stern-layer ion c
erage,ΘC , can be derived from the product of the orde
fraction, C, and the total coverage,Θtot, asΘC = CΘtot. Al-
though it is not directly measurable,C is well approximated
by fH /aH , as described earlier (whenDH ≈ 1). Consequently
we use the coherent coverage,Θcoh = fH Θtot/aH , as an ap-
proximation forΘC . For Sr2+, unique adsorption site leads
a110 = 1; therefore,Θcoh = f110Θtot. For Zn2+, if the geome-
try factor does not depend upon ionic strength, so thata110 =
0.9, we haveΘcoh = f110Θtot/0.9. The systematic variation o
condensed-layer ion height with coherent coverage is sh
in Figs. 8A and 8B. The Stern-layer heights are found to
δ110 = 3.00 (±0.10) Å for both Sr2+ and Zn2+ ions, showing
no significant trend as a function of coherent coverage.

Although the measured total EDL coverages were hig
variable, plots ofΘcoh as a function ofΘtot immediately re-
vealed a strong correlation for both Sr2+ and Zn2+, as shown
for all XSW measurements using the rutile (110) Bragg
flection (Figs. 8C and 8D). Here the uncertainties in both to
tal and coherent coverages are estimated to be 0.05 ML
both data sets,Θcoh increases linearly with increasingΘtot.
The data can be fitted to a functional formΘcoh = kΘtot. For
Zn2+, k = 0.70 ± 0.02; for Sr2+, k = 0.55 ± 0.02. Consid-
ering thatΘcoh is defined asΘcoh = fH Θtot/aH , the slope,
k = f110/a110 ≈ C, is the “ordered fraction” out of all ions
A constantk value for an adsorbate under different solut
conditions means that the fraction of EDL ions in the St
layer is constant, which implies no change in the overall E
structure. The variability of the total coverage, therefore, is
intrinsic to the EDL but is an extrinsic effect. For instan
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Fig. 8. Adsorbed-ion heightδ110 as a function of coherent coverageΘcoh for (A) Zn2+ and (B) Sr2+. Also shown is the coherent coverageΘcoh as a function of
total coverageΘtot for (C) Zn2+ and (D) Sr2+. Lines in (C) and (D) are fits of the data to the functional formΘcoh = kΘtot, with k(Zn2+) = 0.70± 0.02 and
k(Sr2+) = 0.55± 0.02.
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a dirty or defective patch of surface might prevent adsorp
of ions and reduce the eventual total coverage. For ions
do become adsorbed to the surface, the EDL structure is
same under our experiment conditions. The slightly lowek

value for Sr2+ than for Zn2+ might suggest a different ED
profile, with a higher partitioning of ions in the diffuse lay
for Sr2+ than for Zn2+. Unlike Zn2+, the Sr2+ data can be
fitted better with the functional formΘcoh = kΘtot + b. This
suggests a possible change in EDL profile with ionic stren
(specifically, the partitioning of ions between condensed
diffuse layers), although the effect is very subtle, especi
considering the uncertainties of the ion coverage meas
ments. This effect is consistent with the weak variation
Sr2+ Stern-layer coverage and coherent fraction summar
in Fig. 7.

For all data with various ionic strengths, the maximum
herent coverage observed was about 0.5 ML for Zn2+ and
0.45 ML for Sr2+. In a few cases, the total coverage was s
stantially higher (e.g.,>1 ML) after extended exposure of th
sample (∼2 days) to undulator X-ray beams. Even under th
circumstances, the coherent coverage never exceeded the
imum values shown inFig. 8. We believe that this abnormall
high total coverage is not intrinsic to EDL. Instead, it appe
to arise from ions elsewhere in the in situ cell, for example
the Kapton window or associated with a preexisting patch
adventitious carbon adsorbed to the rutile surface. There
we conclude that the maximum coherent coverage indicate
saturated Stern-layer coverage for an adsorbate on a perfe
tile (110) crystal surface. If additional ions were incorpora
into the condensed layer, we would find either a higher co
ent coverage or a different coherent position because of cha
in the adsorption sites, yet this was not observed.
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In summary, the absence of any sensitivity of the Zn2+ co-
herent position and coherent fraction to ionic strength sugg
that few Zn2+ ions occur in the diffuse double layer. The a
sence of variation in coherent coverage and coherent fra
as a function of ionic strength suggests that competition f
monovalent ions was negligible under all of our experime
conditions. In comparison, a weak variation in Sr2+ coherent
coverage and coherent fraction might exist at elevated i
strength, suggesting displacement of the diffuse-layer ion
background electrolyte ions. At the highest background e
trolyte concentrations, the ratios of Na+ to Sr2+ and Zn2+ ions
in the solution are 104 and 105, respectively. Therefore, the a
sorption strength of Na+ at the rutile (110)–aqueous interface
lower by at least 4 or 5 orders of magnitudes than that of S2+
and Zn2+.

The data inFig. 8 provide some insight into the variabilit
of the data inFig. 7. The total coverage might not be simp
related to the intrinsic EDL structure, but it might be affec
by extrinsic factors such as crystal surface quality. Althou
we used the highest quality samples available, the variabili
total coverage suggests that our samples were not perfectl
mogeneous. Consequently, no simple correlations can be
between total coverage and ionic strength.

The saturated coherent coverages for Sr2+ and Zn2+ ions, as
discussed above, appear to be a good approximation of th
tual intrinsic EDL ion coverages under these conditions. B
Sr2+ and Zn2+ ions are adsorbed at rutile (110) surface p
marily as inner-sphere complexes; i.e., they lose some of
hydration shell water molecules to bond to the surface oxy
site(s). These ions most likely retain part of the hydration s
upon adsorption which could limit their coverages. The ma
mum inner-sphere adsorbed ion coverage can be estimat
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Fig. 9. (A) Total fluorescence signals of Sr2+, Br−, and Ti in the system as a function of time, with the fit to the functional form ofΘtot = Θ0(1+ αt). These data
give α(Sr2+) = −5× 10−5, α(Ti) = 1× 10−4, andα(Br−) = 0.11. (B) The measured Br− XSW data at the TiO2 (110) Bragg peak at timet = t0, marked with a
circle in (A).
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assuming that the lateral size of the adsorbed hydrated i
similar to that found in solution, which is∼6 Å for Sr2+ and
Zn2+ [47]. This suggests a maximum coverage of∼0.5 ML
(∼1 ion per 40 Å2), which agrees with what we observed exp
imentally. The results imply that the surface charges of the ru
(110) surface may be fully compensated by the adsorbed
consistent with the observation that no significant contri
tion from diffuse-layer ions was observed under our experim
conditions. This would suggest that any additional increas
surface charge might result in the development of outer-sp
complexes or diffuse layer.

3.3. Anion adsorption

A more subtle issue concerns the role of anions in c
trolling or influencing cation adsorption. Anions might for
ternary sorption complexes with multivalent cations at the in
face[48–51], leading, for example, to the adsorption of ZnC+
or ZnCl02 instead of Zn2+ at the rutile–water interface. We e
plored this effect in two ways. First, we looked for chang
in cation height for various background anions (Cl−, Br−, and
Tr−) and cations (Na+ and Rb+). The absence of the effect o
the height of the specifically adsorbed divalent cations (Fig. 6,
Tables 1 and 2) demonstrates the insensitivity of Sr2+ and Zn2+
ion heights to the presence of Cl−, Br−, and Tr− anions. Be-
cause the tendencies of these anions to form ion pairs with2+
and Zn2+ differ strongly, this observation suggests that th
anions do not form ternary adsorption complexes with Sr2+ or
Zn2+ at the rutile (110)–aqueous interface.

To probe the role of anions in the EDL structure more
rectly, we used Br−, an anion whoseKα fluorescence ca
penetrate the water film and can therefore be measure
rectly by XSW. Unlike the measurements described abov
which cation adsorption was stable during X-ray exposur
XSW measurements, the Br− fluorescence signal had a su
stantial X-ray-induced time dependence. Representative
surements of a solution with pH 10.7, [SrBr2] = 10−4 m, and
[NaBr] = 3 × 10−4 m are shown inFig. 9A, in which the off-
Bragg X-ray fluorescence signals for Sr2+, Br−, and bulk Ti
are plotted as a function of time. The Ti signal provides a
rect measure of the stability of the solution thickness. The s
positive and negative slopes for Ti and Sr2+, respectively, can
be explained by a slight (<10%) reduction in solution thick
ness during these measurements. Both coherent position
is

e
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-
t
n
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-
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coherent fractions of Sr2+ were unchanged over these measu
ments, indicating that the EDL cation distribution was sta
The change in Br− signal with time, however, was large, and t
Br− coverage eventually exceeded that of the adsorbed S2+.
Extrapolating this time variation to zero (when the sample
first exposed to the X-ray beam) gave an intrinsic Br− cover-
age of∼0.04 ML, which is approximately the expected val
for Br− ions in the bulk solution (implying that Br− is not sig-
nificantly associated with the rutile surface in the absenc
the X-ray beam). Measurements of separate spots on the
surface showed similar Br− signal levels, suggesting that the
changes were not localized to the specific X-ray footprint. A
flushing of the cell with fresh solution, the Br− signal returned
to its time-zero level and grew again with the same linear tre
The cause of this increasing Br− signal is not understood a
present, but it appears to be due to an X-ray-related perturb
(e.g., charge buildup on the Kapton window). Once the Br− flu-
orescence signal was strong enough to be measured, XSW
showed no significant Br− ordering at the interface, as indicat
by negligible Br− coherent fractions (Fig. 9B).

The observations of negligible Br− coherent fractions an
an initial intrinsic Br− coverage that is consistent with the bu
Br− concentration suggest that no significant Br− coadsorption
with Sr2+ occurs at the rutile (110) interface under our exp
iment conditions. The time dependence of the Br− signal was
unlike that of the other ions we have studied with XSW (Sr2+,
Zn2+, and Y3+), for which the fluorescence signal was typica
stable over extended periods[31].

3.4. Quantitative comparison to surface complexation model
predictions

We previously showed that the MUSIC model is capa
of incorporating the detailed cation height and adsorption
measured by XSW and CTR with traditional macroscopic
formation (e.g., proton desorption enthalpies and ion adsorp
behavior)[31]. The MUSIC model can also use this informati
to make direct predictions of condensed-layer ion coverage
partitioning of the cation between condensed and diffuse la
as a function of solution conditions. The data described ab
therefore present an additional way to directly test the pre
tions of the MUSIC model with experimental XSW results a
establish additional connections between molecular-scale s
ture and macroscopic properties of the EDL.
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Fig. 10. Simulated coverage (ML) for Zn2+ (10−5 m, pH 8,S = 3× 10−2 m),
Sr2+ (10−4 m, pH 10.7, S = 10−3 m), and Y3+ (10−5 m, pH 6.1, S =
5 × 10−4 m) with increasing solution weight (at fixed solid surface area)
predicted by using model parameters fitted to rutile powder titration data
sented in Ref.[31]. TheX axis contains a break in scale for clarity.

The MUSIC model results were extrapolated from fits
titration data for rutile powders by increasing the solutio
to-solid ratio (the solution weight) from values typical
our powder titrations (50:1) to the essentially infinite rat
(20,000,000:1) appropriate for our XSW experiments, wh
keeping all model parameters constant. These model par
ter values and other details concerning our modeling eff
were published previously[31]. Representative results of sim
ulations for Sr2+, Zn2+, and Y3+ (Fig. 10) show the expecte
-

e-
s

trend of Langmuir isotherm behavior with increased adsorp
of cations as solution-to-solid ratios increase, until a cat
specific plateau is reached as residual solution cation con
trations approach bulk values.

Results from a similar set of simulations over a range
ionic strengths are presented inFig. 11, together with the mea
sured values. As discussed above, we used the coheren
erage as an estimate of the Stern-layer coverage. Becau
are interested in the saturation coverage for a perfect sur
we took the highest coherent coverage at a given ionic stren
This comparison shows that the MUSIC model predictions
absolute units and with no adjustable parameters, are rem
ably close to the saturation coverages derived from the X
data. The differences between the experimental and the m
predictions are typically∼20%, similar to the statistical error o
the XSW measurements. Although the measured data sho
clear trend as a function of ionic strength, the slightly decre
ing condensed-layer coverage predicted by the MUSIC m
is clearly within the range of the experimental observations

Table 3compares X-ray measurements and MUSIC mo
calculations at identical solution conditions for Sr2+ and Zn2+
ions and includes results for adsorption of Rb+ and Y3+ to
the rutile–water interface. The minimum coherent coverag
Y3+ is estimated from our previous XSW imaging study[30],
while the coverage for Rb+ is estimated from previous CTR
measurements[31]. In addition to the Stern-layer ion cove
age (ΘC ), Table 3shows the fraction of total surface char
(QC + QD) compensated for in the Stern layer (QC ), Q∗ =
QC/(QC + QD), as predicted by our MUSIC model sim
lations. This value is a good approximation for the orde
fraction, C = ΘC/(ΘC + ΘD) if the coverage of ions extrin
f the
Fig. 11. Coherent coverage (saturated),Θcoh, vs ionic strength,S, for (A) Zn2+ and (B) Sr2+. The XSW measurements are shown as points; predictions o
MUSIC model are shown as the line with markers.

Table 3
Stern-layer coverages from XSW and CTR measurements with results predicted by the MUSIC model at the rutile (110)–aqueous interface

Ions Solution conditions XSW measurements MUSIC predictions

pH [Me+] (m) S (m) Θcoh (ML) C ΘC (ML) Q∗

Zn2+ 8 10−5 1.3× 10−3 ∼0.50 0.73 0.52 0.98
Sr2+ 10.7 10−4 10−3 ∼0.45 0.60 0.30 0.96
Y3+ 6.1 10−5 5× 10−4 �0.1a >0.50 0.14 1.006
Rb+ 12 1 1 0.25–0.50a No data 0.20 0.434

11 10−3 10−3 <0.05 0.05 0.08 0.40

The fractionQ∗ = QC/(QC + QD) as predicted by the MUSIC model fits is a good approximation for the ordered fractionC = f110/a110.
a From Ref.[31].
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sic to EDL (Θother) is negligible. In reality,Θother could never
be zero, and the measured valueC is always less thanQ∗. The
MUSIC model captures the EDL feature that multivalent io
reside mainly in the condensed layer, while monovalent ions
more abundant in the diffuse layer. The MUSIC model pred
that at high Rb+ concentrations (1m), significant amount o
Rb+ ions are present in the condensed layer at the rutile (1
aqueous interface as earlier measurements showed[31]. It also
suggests that more Rb+ ions exist in the diffuse layer than in th
condensed layer even at high Rb+ concentrations, which wa
not able to be uniquely determined from the measurements

4. Summary

Our direct measurements of the Stern layer position of d
lent ions at the rutile (110)–aqueous interface show for the
time that the position is largely independent of solution con
tions, even with changes in ionic strength spanning three or
of magnitude. The presence of other monovalent ions (C−,
Br−, Tr−, or Rb+) had negligible effects on the condense
layer heights. The present results provide direct proof tha
GCS model is suitable for describing divalent ions at the ru
(110)–aqueous interface.

The insensitivity of the coherent position and coherent fr
tion to ionic strength suggests that the proportion of diva
ions either in the diffuse double layer or in the bulk solution
small relative to that in the Stern layer. The implication that
rutile (110) surface charge is primarily compensated by d
lent ions under these solution conditions is supported by M
SIC model simulations. Noticeable differences between Z2+
and Sr2+ adsorption behaviors imply that Zn2+ ions are more
strongly bound adsorbates than Sr2+ at the rutile (110)–aqueou
solution interface. For Zn2+ and Sr2+, we found saturated co
herent coverages of∼0.5 and 0.45 ML, respectively. Under o
experimental conditions, the adsorption strength of Na+ or Rb+
was lower by more than 4 orders of magnitude than that of S2+
or Zn2+.

The predictions of the Stern-layer ion coverages from
MUSIC model agree well with the measured results in abso
units, providing independent support for the model. Previou
such surface complexation models could only be tested by c
parison with macroscopic properties such as proton charge
have demonstrated that macroscopic models and micros
structures can be linked directly to provide a powerful met
to explore EDL phenomena.
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Appendix A. Direct comparison of EDL models and
XSW data

In the simplest EDL model, the GC model (also known
the diffuse-layer model), surface charge is compensated fo
a continuous, exponentially varying ion distribution that can
written as[52]

(A.1)ρ(z) = ρ0 exp

[
− z

Λ

]
+ C0, 0� z � zmax,

whereρ0 is the ion concentration at the interface;Λ is the De-
bye length of the diffuse layer exponential distribution;C0 is
the ion concentration in the bulk solution; andzmax is the solu-
tion thickness. The finite ion size and charge repulsion betw
adsorbates make it reasonable to assume the presence of
layer next to the interface with a saturated ion concentra
ρ0 [16]. In addition to the continuous exponential distributio
the GCS model includes a layer of counterions at a well-defi
position adjacent to the interface, known as the Stern or
densed layer.

The ion distribution function of the GC model, including t
saturation layer, can be written as

(A.2)ρGC(z) =
{

ΘEDL
2∆+Λ

z0 − ∆ � z � z1,

ΘEDL
2∆+Λ

exp
[− z−z1

Λ

] + C0 z1 < z � zmax.

Similarly, the normalized ion distribution function of the GC
model can be written as

(A.3)

ρGCS(z) =
{

xΘEDLδ(z − z0) 0� z < z1,
(1−x)ΘEDL

Λ
exp

[− z−z1
Λ

] + C0 z1 � z � zmax,

whereΘEDL is the coverage of the EDL ions, which is related
the surface charge;x (0 � x � 1) is the partition number of th
EDL ions in the condensed layer (that is, the coverages o
condensed-layer and diffuse-layer ions areΘC = xΘEDL and
ΘD = (1 − x)ΘEDL, respectively);z1 = z0 + ∆ is the starting
position of the diffuse layer from the interface (the so-calledd-
plane height);z0 is the center position of the condensed-la
(the so-calledβ-plane height);∆ is the distance from thed-
plane to theβ-plane (for instance, in Ref.[16], ∆ = 0); and
Λ is the Debye length of the diffuse layer. Here exp[−(zmax−
z1)/Λ] = 0 is used, sincezmax� z1 andzmax� Λ.

The normalized distribution function would simply b
ρ(z)/Θtot where the total coverage of ions in the system is

(A.4)Θtot =
∞∫

0

ρ(z)dz = ΘEDL + C0(zmax− z1).

Therefore, the fraction of the ions in the EDL is defined as

(A.5)cEDL = ΘEDL/Θtot = 1− C0(zmax− z1)/Θtot = 1− c0,

wherec0 = C0(zmax− z1)/Θtot.
To account for the expected breadth of the EDL ion po

tions, two Gaussian functions with different widths were u
for convolution with the functions describing the condensed
diffuse parts of the EDL, respectively. Because the GC mo
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Fig. A.1. Schematic of the EDL ion distribution profile. (A) Gaussian smeared GC model. (B) Gaussian smeared GCS model.
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has no condensed layer, only one Gaussian function is
there. Closer to realistic distribution profiles for the GC a
GCS models can be achieved this way, as is shown sche
cally in Figs. A.1A and A.1B, respectively.

For the 1-D ion distribution function,ρ(z), Eq. (2) can be
rewritten as

(A.6)fH exp[i2πPH ] = F(H) =
∞∫

−∞
ρ(z)exp[iHz]dz.

The inverse Fourier transforms of the normalized ion distri
tions are

(A.7)

FGC(H) = cEDL exp[iHz0]
(2∆ + Λ)

(
2 sin(H∆)

H
+ Λexp[iH∆]

(1− iHΛ)

)

× exp

[
−H 2σ 2

D

2

]
+ Fbulk(H),

(A.8)

FGCS(H) = cEDL exp[iHz0]
(

x exp

[
−H 2σ 2

C

2

]

+ (1− x)exp[iH∆]
(1− iHΛ)

exp

[
−H 2σ 2

D

2

])
+ Fbulk(H),

(A.9)Fbulk(H) = c0(exp[iHz1] − exp[iHzmax])
iHzmax

.

Here σC and σD are the Gaussian function widths for co
densed and diffuse layers, respectively, andFbulk(H) represents
the contribution of ions in the bulk solution.

Other potential sources of ions in the system that are no
cluded in the models are those not associated with the r
(110) surface, for example, adsorption to surface-adsorbe
ventitious carbon or the Kapton window. Such other source
ions are normally randomly or homogeneously distributed o
a broad range and would have contributions similar to th
of the bulk-solution ions. Therefore, we may consider th
as equivalent to bulk-solution ions. For simplicity, hereafterc0
includes all the ions extrinsic to EDL. TheFbulk(H) term be-
comesFother(H), or

(A.10)Fother(H) = c0(exp[−iHz1] − exp[−iHzmax])
iHzmax

.

Because of the periodicity of the exponential term exp[i(Hz

± 2π)] = exp[iHz] and the fact that normallyzmax − z1 �
ed

ti-

-

-
le
d-
f
r
e

2π/H = dH , we can approximate that exp[iHz1] −
exp[iHzmax] = 0, or Fother(H) = 0. This implies that ran
domly distributed sources make little if any contribution
the phase of the Fourier transformation (the coherent posi
PH ). These sources do, however, reduce the amplitude o
Fourier transformation (the coherent fraction,fH ) by reduc-
ing cEDL = 1 − c0 as c0 increases for a given EDL system
Therefore,Fother(H) is not included explicitly below. Instead
its effect is carried into the simulation by varyingcEDL. The
Fourier transformations of the normalized ion distributions
written as

(A.11)

FGC(H) = cEDL exp[iHz0]
(2∆ + Λ)

(
2 sin(H∆)

H
+ Λexp[iH∆]

(1− iHΛ)

)

× exp

[
−H 2σ 2

D

2

]
,

(A.12)

FGCS(H) = cEDL exp[iHz0]
(

x exp

[
−H 2σ 2

C

2

]

+ (1− x)exp[iH∆]
(1− iHΛ)

exp

[
−H 2σ 2

D

2

])
.

Combining Eq.(2) with Eq. (A.11) or Eq. (A.12) allows
us to calculate the coherent fractionfH and the coherent po
sition PH from a specific ion distributionρ(z) at a givenH .
For the GCS model (withx = 1 andc0 = 0, which means tha
all the ions are in the condensed layer), we findFGCS(H) =
exp[iHz0]exp[−H 2σ 2

C/2]. Consequently,fH = |FGCS(H)| =
exp[−H 2σ 2

C/2] = DH , PH = Hz0/2π = z0/dH , and δH =
PH dH = z0 is the condensed-layer height referenced to the b
lattice planes. The Gaussian term, accounting for factors
as thermal vibration, does not affect the coherent position.

The coherent fractionfH and coherent positionPH are cal-
culated as a function of the fraction of EDL ions in the co
densed layer,x, and the diffuse-layer Debye length,Λ, for both
models. The parameters are listed inTable A.1. In all but one of
the calculations, the coverage of the ions in the EDL is 10 tim
that in other sources; that is,cEDL = 0.91, which is the nomina
upper limit for ions from the bulk solution under our expe
mental conditions.cEDL = 0.50 is checked in one calculatio
for comparison.

We used typical values ofz0 = 3.0 Å and∆ = 2.0–3.0 Å
in all calculations. The Gaussian distribution widths were se
σC = 0.1 Å, which is the typical vibration amplitude of atom
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Table A.1
Values of parameters used for calculations of coherent fractions and pos
with the different EDL models (see text for the meanings of all parameters

Model cEDL ∆ (Å) Λ (Å) z0 (Å) σC (Å) σD (Å)

GCS1 0.91 2.0 4
GCS2 0.91 2.0 24
GCS3 0.91 2.0 137
GCS4 0.50 2.0 104 3.0 0.1 1.0
GCS5 0.91 2.5 104
GC1 0.91 2.0 4
GC2 0.91 2.0 70

Fig. A.2. Simulated (A) coherent fractionf110 and (B) ion heightδ110 as a
function of the fraction of the EDL ions in the condensed layerx for models
GC1 and GC2 and GCS1 through GCS5, respectively.

in the bulk rutile crystal (<0.1 Å) [53], andσD = 1 Å, which is
a typical value for water molecules near a solid–aqueous in
face (∼1 Å) [23]. From the solution ionic strength, the Deb
length of the diffuse layer,Λ, was estimated at 3–600 Å. A fe
representative values were chosen for the simulations. The
culated coherent fractions as a function of the condensed-
ion partition numbers for both the GC and the GCS mode
different Debye lengths are plotted inFigs. A.2A and A.2B.

That the GC model, which consistently predicts cohe
fractions close to zero, does not describe the divalent ion d
bution at the rutile (110)–aqueous interface properly is appa
from our observation of much higher coherent fractions in
of our measurements. For instance, for Sr2+ solution Sr-3 with
[NaCl] = 10−2 m, the measured coherent fractionfH = 0.59,
whereas calculation with the GC model predicts a cohe
fraction∼0 for any value of condensed-layer occupation at
expected condition ofΛ ∼ 30 Å.

On the other hand, the GCS model provides a reason
explanation for the measured coherent fractions. This fin
confirms that the divalent ions form a condensed layer wi
well-defined position at the rutile (110)–aqueous interface
ns

r-

l-
er
t

t
i-
nt
l

t

le
g
a
-

der our experimental conditions. Consequently, we now fo
on the GCS model. The calculated coherent fractions for
ferent values ofΛ are indistinguishable. If they were plotte
in Fig. A.2A, calculations with the GCS2, GCS3, and GC
models would yield exactly the same result as that of GC
This observation establishes that the coherent fraction is i
pendent of the diffuse-layer Debye lengthΛ (as expected, sinc
the period of the Bragg XSW field is substantially smaller th
the Debye length). Instead, these results establish that th
herent fraction is determined primarily by the partitioning
ions in the condensed layer,x. Similarly, the coherent fractio
is largely independent of the other two parameters descri
the EDL structure:∆, the distance between thed-plane and the
β-plane, andz0, the condensed-layer ion height.

In our experiments, the coherent fractions are typically
the range of 0.5 to 0.75. Thus, we can estimate that the fra
of the EDL ions in the condensed layer must be greater
0.5. Under these circumstances, the calculated coherent
tion is expected to be independent ofx, ∆, cEDL, andΛ, being
determined solely by the height of the condensed-layer i
z0. The effect of the diffuse layer ion on the coherent posit
(<0.01 Å) is also well below our sensitivity limit (0.02 Å). Onl
when the coherent fraction is very low and the Debye len
is very short do the coherent positions deviate from the
ical value determined byz0. This scenario is not relevant t
the present measurements. Therefore, in the Bragg XSW
surements of divalent ions adsorbed at the rutile (110)–aqu
interface, the coherent fractions and coherent positions do
directly represent the diffuse-layer ion distributions.

For a weakly bound adsorbate such as Rb+, the diffuse
ions are dominant (e.g.,x < 0.1) under similar conditions
(i.e., [Rb+] < 10−3 m). The coherent fraction will be∼0,
as observed in our measurements and predicted by the
model[31].

According to the calculations above, the coherent fractio
close to the fraction of all ions found in the condensed la
xcEDL. The ions in the diffuse layer,(1 − x)cEDL, and other
sources,c0 = 1 − cEDL, are indistinguishable by coherent p
sition and coherent fraction in a single measurement. Ne
has an effect on the coherent position, adding only to the i
herent fraction of the total ions. However, the diffuse-layer i
balance part of the surface charge. Direct measurement o
surface charge inevitably requires evaluation of the cover
of the diffuse-layer and the condensed-layer ions. Becaus
measured Bragg XSW parameters do not directly present in
mation about the diffuse-layer ion distribution, we must look
the variation of the coherent fraction as a function of solut
parameters.

If incoherent ions occur primarily in the diffuse layer, t
total coverage of divalent ions should decrease when the b
ground electrolyte concentration increases significantly
cause of competition from the background electrolyte.
instance, in the solution where[Zn2+] = 10−5 m and[Na+] =
1 m, the diffuse layer will predominantly consist of Na+ ions
that are overwhelmingly abundant in the solution, while
coverage of inner-sphere Zn2+ complexes adsorbed in the co
densed layer will be unchanged. Therefore, a decrease i
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total Zn2+ coverage will be directly related to the partitionin
of Zn2+ and Na+ in the diffuse layer.

With Zn2+ displaced from the diffuse layer, the cohere
fraction will increase, as predicted inFig. A.2A. This was
not observed, however, with the measured coherent fract
Figs. 7A and 7Cshow no systematic trend in either the co
erage or the coherent fraction for Zn2+ as a function of the
solution ionic strength. This observation indicates that the
coherent ions are not primarily from the diffuse layer but fr
other sources. This observation also implies that the diva
condensed-layer ions compensate for most or all of the su
charges. A weak variation of these parameters is suggeste
the Sr2+ data (Figs. 7B and 7D), especially at ionic strength
S > 10−2 m, potentially indicating a modest partitioning of ion
between the condensed and the diffuse layers.

The discussion above assumes that the condensed-laye
have a unique height, which is not always the case. For insta
in the XSW triangulation of Sr2+ and Zn2+ at the rutile (110)–
aqueous interface, we found a single Sr2+ height but two sub-
stantially different Zn2+ heights, with the predominant speci
at a height of 3.16 ± 0.14 Å above the surface Ti–O plan
(with >75% of the Stern-layer Zn2+) and the minor species a
a height of 2.70± 0.25 Å (with <25% of the Stern-layer Zn2+)
[31]. In this case, the measured coherent position is affecte
only by the height of each of the multiple positions but also
the partitioning of ions between those positions.

Because diffuse-layer divalent ions are known to mak
negligible contribution to the measured coherent position,
will ignore them in investigations of the influence of mul
ple condensed-layer ion heights. For simplicity, we assume
the distributions of ions are a series ofδ-functions at different
heights, convoluted with a normalized Gaussian distribut
The inverse Fourier transformation of such a distribution wo
be

Fm(H) =
+∞∫

−∞

{∑
j

cC_j δ(z − zC_j ) ⊗ 1

σj

√
2π

× exp

[
− z2

2σ 2
C_j

]}
exp[iHz]dz

(A.13)=
∑
j

cC_j exp[iHzC_j ]exp

[
−H 2σ 2

C_j

2

]
.

HerecC_j andσC_j are the partitioning and the Gaussian d
tribution width of the ions at heightzC_j , respectively. If we
assume that all condensed-layer ions have the same Gau
distribution width,σC_j = σC , the inverse Fourier transforma
tion of the ion distribution with two heights is given as

Fm(H) = (
cC_1 exp[iHzC_1] + cC_2 exp[iHzC_2]

)
(A.14)× exp

[
−H 2σ 2

C

2

]
,

instead of

(A.15)Fs(H) = cEDL exp
[
iHzC

]
exp

[
−H 2σ 2

C

2

]
,
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Fig. A.3. Simulated (A) coherent fractionsf110 and (B) ion heightδ110
as a function of the fractional occupation of the ionscC_1/cEDL at height
zC_1 = 3.16 Å, for the one-height (I, dashed lines and open markers)
two-height (II, solid lines and filled markers) models. Parameters used in
simulations (explained in the text):zC = 3.0 Å, σC = 0.1 Å, andcEDL = 1,
0.8, and 0.5, respectively. Note that in (B) exactly the same coherent pos
were calculated by each model with differentcEDL values.

which is the appropriate form for a single ion height dis
bution, wherecEDL = cC_1 + cC_2 is the total condensed
layer coverage;zC is the weighted average position of the tw
heights,zC_1 andzC_2. That is,

(A.16)zC = cC_1zC_1 + cC_2zC_2

cC_1 + cC_2
.

For Zn2+ adsorbed at the rutile (110)–aqueous interface,
ion heights were observed atzC_1 = 3.16 Å andzC_2 = 2.70 Å.
The coherent fractions and positions calculated with both m
els are shown inFigs. A.3A and A.3B, respectively. Here
cEDL = cC_1 + cC_2 represents the fractional occupation of t
condensed-layer ions in the system, wherecEDL = 1 means tha
all ions are in the condensed layer andcEDL = 0.5 means tha
half of the ions are in the condensed layer;σC = 0.1 Å; and for
the one-height modelzC = 3.0 Å.

As Fig. 6 shows, ion height does not change significan
as ionic strength changes. The constancy of the more we
bound Sr2+ ion height over this ionic strength range suppo
the assumption that the two Zn2+ ion heights did not chang
in the measurements. Therefore, ion participation between
two sites (cC_1 : cC_2) should be constant to keep the avera
position fixed.

The coherent fractions calculated with the two-height mo
are always lower than those from the one-height model, bu
difference is less than 10%. This means that the actual S
coverage in the two-height case could be higher by∼10% than
the number derived from the measured coherent fractions b
ing the one-height model. AsFig. A.3clearly shows, changes i
the degree of partitioning of ions between the condensed l
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and other sources affect only the coherent fractions, not the
herent positions.

When the diffuse-layer and bulk-solution ions are includ
the earlier discussions about the GC and the GCS mode
main valid when Zn2+ ions have two heights. However, in th
situation more parameters must be taken into consideratio
calculations of the coherent fraction and position.
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