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Probing Outer-Sphere Adsorption of Aqueous Metal Complexes at the Oxide-Water Interface
with Resonant Anomalous X-Ray Reflectivity
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Resonant anomalous x-ray reflectivity near the Pt Ly edge simultaneously revealed the geometric and
spectroscopic structures of Pt(NH3),?" ions adsorbed at the quartz(100)-water interface. The derived Pt
geometric subprofile shows two discrete ““‘outer-sphere’ adsorbed layers, and the interface-specific x-ray
absorption edge profile exhibits a significant white-line enhancement compared to the bulk-solution

species.
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Interactions of metal oxide surfaces with aqueous metal
ions control a wide range of reaction and transport pro-
cesses in natural systems and industrial applications, such
as ore processing, water treatment, corrosion inhibition,
and catalyst preparation. A key distinction in the nature of
aqueous-ion-oxide interactions is whether the ion’s hydra-
tion sphere is disrupted allowing it to form strong chemical
bonds with oxygen atoms of the substrate (i.e., inner-
sphere surface complex), or if the ion retains its hydration
sphere so that there can be one or more intervening water
layers between it and the substrate (either as a discrete
outer-sphere surface complex [1] or a continuous Gouy-
Chapman diffuse ion distribution [2]). Conventional spec-
troscopic approaches for characterizing such interfacial
systems in situ (e.g., x-ray fluorescence) are not inherently
interface specific, and therefore interfacial signals can be
obscured by fluorescence from solution species. Such limi-
tations can be effectively bypassed by combining surface-
specific resonant anomalous x-ray reflectivity (RAXR;
elastic scattering intensity vs incident photon energy) [3]
with conventional surface x-ray reflectivity (scattering in-
tensity vs momentum transfer), simultaneously exploiting
both element-specific anomalous x-ray dispersion near an
x-ray absorption edge and the surface sensitivity of x-ray
reflectivity. RAXR has been applied previously to studies
of film-substrate registry [4—6], hetero-structure interface
[71, and the oxidation state of buried interfaces or electrode
metal surfaces [8,9], where either the geometric or spec-
troscopic structure was known a priori. Here we report the
ability of RAXR to yield simultaneous interface-specific
geometric and spectroscopic adsorbate structures of
weakly adsorbed surface complexes at the mineral-water
interface.

In this Letter we explore the physical structure and
spectroscopic properties of platinum tetraammine [PTA;
Pt(NH3),>"] adsorbed at the quartz(100)-water interface.
This system represents the initial step in noble metal
catalyst impregnation and is a good analogue for many
natural adsorption processes. The goals of noble metal
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catalyst impregnation are high surface coverage, small
metal particles, and efficient metal use via high active
surface area. These goals are normally assumed to require
strong metal precursor-oxide interaction [10]. Quantitative
modeling of such interfacial systems is relatively new; the
earliest efforts employed parameter-laden triple-layer
models [11,12] and assumed inner-sphere adsorption of
the precursor at the oxide-water interface. However, recent
reports suggest that the interaction of ionic Pt complexes
with common catalyst support oxides is purely electrostatic
[13,14], possibly implying outer-sphere complexes or a
diffuse ion distribution. These differences can be directly
distinguished through the use of an in situ probe of the
interfacial structure.

PTA is readily adsorbed to the negatively charged quartz
surface from dilute (~200 ppm) Pt(NHj3),Cl, solutions at
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FIG. 1 (color). Specular x-ray reflectivity vs momentum trans-
fer for the quartz (100) surface in contact with deionized water
and 200-ppm PTA at pH ~ 10. Calculations (solid lines) are
derived from nonlinear least-squares fits to the data. The vertical
arrows indicate the selected g positions at which the RAXR
spectra were measured.
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pH ~ 10 [13]. The quartz (100) surface was chosen be-
cause its geometric structure in contact with water is
known [15], and its surface functional groups (terminal
silanol groups and bridging oxygens) are similar to those of
the amorphous silica used as a catalyst support. High-
resolution nonresonant specular x-ray reflectivity data for
the single-crystal quartz(100)-water interface with and
without PTA are shown in Fig. 1 as a function of momen-
tum transfer, ¢ = 47 sin(a)/A (where « is the incident
angle of x-ray photons), at fixed energy (E = 20 keV).
RAXR spectra of adsorbed PTA (Fig. 2) were measured
near the Pt Ly edge (11.564 keV) at fixed momentum
transfer values (g, = 1.03, 1.62, 2.50, and 3.24 A_l) in-
dicated by arrows in Fig. 1. Measurements were made at
beam line 12-BM-B [16] (BESSRC-CAT) at the Advanced
Photon Source (for details of sample preparation and pro-
cedures, see Refs. [17,18]).

The nonresonant reflectivity R(q) of a solid-liquid inter-
facial system is proportional to the squared magnitude of
the total nonresonant structure factor Fyg(g), which is
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FIG. 2 (color). RAXR spectra normalized with nonresonant
reflectivity near the Pt Ly edge (11.564 keV) of the quartz(100)-
PTA interface at selected momentum transfers. Lines represent
calculations corresponding to the best-fit model (red thick lines)
and two other models described in the text. The vertical lines
indicate the energies noted in Fig. 3(b). Data are offset vertically
as indicated for clarification.

related to the laterally averaged total electron density
p(z) by
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Here, 0, is the occupancy, f(g) is the atomic form factor,
and o is the root mean square width of a Gaussian
distribution of the kth atom in the system. In Fig. 1, sensi-
tivity of the nonresonant data to the interfacial structure is
seen in large changes in specular intensity upon PTA
adsorption. The interfacial structure [blue line in
Fig. 3(a)], and consequently Fyr(g) in Eq. (1), was ob-
tained in the context of a “water-equivalent profile,” by
assuming that all contributions above the quartz surface
derive from water and is compared to the initial
quartz(100)-water interface structure (black line). In spite
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FIG. 3 (color). (a) Derived resolution-broadened interfacial
profiles [18] of quartz (100) surfaces in contact with deionized
water and 200-ppm PTA at pH ~ 10. The Pt-specific profile of
adsorbed PTA is also shown. The peaks at z < 0 A correspond to
quartz lattice atoms, and the peak at z ~ 1 A corresponds to
“adsorbed” water. (b) Derived fp,/(E) and fp,”(E) of PTA. The
vertical lines represent the positions of the minimum and the
maximum of f,/(E) near the Pt Ly edge (at 11.564 and
11.570 keV, respectively) for the adsorbed PTA species. The
relative difference of 6 eV corresponds to the width of the white-
line (I') in fp(E) for the adsorbed Pt species.
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of large changes in the data, changes in the interfacial
structure are relatively small, and the PTA location cannot
be uniquely associated with any individual peaks in the
electron density profile. For example, analysis of the non-
resonant data in Fig. 1 after assignment of Pt to one or more
of the interfacial layers results in indistinguishable qual-
ities of fit and derived density profiles.

The RAXR spectra (Fig. 2) can be used to directly probe
the Pt-specific structure. These spectra are derived solely
from elastic scattering and thus are related only to the
coherently adsorbed interfacial species. The scattering in-
tensity is modulated as a function of incident photon
energy by anomalous dispersion of the resonant atomic
scattering factor f(qo, E) = fxr’(q0) + fr'(E) + ifg"(E),
where fNRO(qO) corresponds to the nonresonant scattering
factor as used in Eq. (1), and f/(E) and f"(E) are related
by Kramers-Kronig dispersion relationships [19]. The
resonant total structure factor at a fixed momentum transfer
go can be expressed as F(qo, E) = Fxr(qo) + Fr(qo, E)
where,

Frlao E) = Y 0,LfUE) + if{(E)]expligoz,)
J

X exp(—q3o?/2). )

Here, Fnr(qo) and Fr(go, E) correspond to the nonreso-
nant and resonant parts of the structure factor, and the sum
is over j resonant components. The g-dependent atomic
scattering factor of the resonant atom, f? (go), is included in
Fnr(qo) in Eq. (2) as a water-equivalent component, and
the ¢ dependence of anomalous dispersion, f' + ifR”, is
negligible [19]. Equation (2) suggests a new approach for
understanding the RAXR data in Fig. 2: with the total
nonresonant structure factor determined independently by
the derived total density profile in Fig. 3(a), the RAXR data
are constrained by the resonant atom’s geometric (6, z;,
o ;) and spectroscopic (f7, f7) structures.

Direct insight into the data of Fig. 2 can be obtained by
normalizing Eq. (2) to the nonresonant reflectivity:

‘ F(qo E) |2 _ Frlqo. E) |2, | Fr(q0, E)
Fxr(qo) Fxr(qo) Fxr(qo)
X cos[ pnr(q0) — dr(q0. E)] 3)

Here, ¢nr(qo) and ¢r(qo, E) represent the phases of the
nonresonant and resonant structure factors, respectively.
This expression shows that the changes in the normalized
resonant intensities are usually large where the nonreso-
nant reflectivity signal is small. The resonant modulation
should also change in sign whenever the cosine term equals
to zero, as seen in the experimental data when comparing
spectra at g, = 1.03, 1.62, and again at 2.5 A™!.

Direct information concerning the average Pt height
comes through examination of this behavior at small ¢
and for E < Ep,;, where f/(E) is increasingly negative
and f"(E) is small and approximately constant. Choosing

the mathematical origin at the unit cell border [as shown in
Fig. 3(a)] so that ¢xr(g) = —7/2 below the first Bragg
peak, we see that the phase inversion takes place whenever
¢r = nw (n = integer). Also, since the phase due to
anomalous dispersion of the Pt form factor is small (i.e.,
atan[ fp,"(E)/ fp/(E)] < ), we find that ¢ (q, E) = ¢{z),
where (z) is the average height of the Pt distribution.
Consequently, the first phase inversion takes place at g =
7/(z), and the resonant intensity should show a positive
slope for E < Ep;;,, when the phase associated with the
resonating atom’s height, g{z), is small. The data show that
RAXR intensity has a negative slope for E < Ep;  at
go = 1.03 A~! (Fig. 2), which suggests that the phase
term in Eq. (3) has already changed in sign below g, =
1.03 A™!, and consequently the average Pt height is >3 A
above the origin in Fig. 3(a). Because the average PTA
height is significantly above the surface hydration layer
locating at z ~ 1 A, this immediately suggests an “outer-
sphere” or ‘“diffuse ion distribution” mode for PTA
adsorption.

Calculated RAXR spectra for an exponentially decaying
diffuse ion distribution with an expected Debye length of
56 A derived from the Gouy-Chapman model results in
negligible modulation in the RAXR spectra for each ¢ that
was measured (black dashed lines, Fig. 2). This, coupled
with the significant modulation observed even at 3.24 A™!,
leads to the conclusion that the Pt distribution is primarily
in the form of an adsorbed species with a narrow height
distribution. A single Gaussian distribution with bulk-
solution XANES profiles [blue solid lines in Fig. 3(b)]
[20] leads to a derived height of ~3.0 A, roughly consis-
tent with the model independent analysis above, but the
quality of fit is poor (y*> = 4.6) and many qualitative
features of the RAXR data are not properly explained
(thin green lines, Fig. 2). These RAXR data therefore
strongly suggest that the geometric and/or spectroscopic
structures of the actual PTA species are more complex than
anticipated.

Analysis of the RAXR data through nonlinear least-
squares fits to model structures (thick red lines in Fig. 2)
results in satisfactory agreement only when the Pt distri-
bution contains at least two distinct layers [Fig. 3(a), red
solid line] and the interface-specific anomalous dispersion
(i.e., the XANES profile) contains a substantial white-line
enhancement at the Pt Ly edge [Fig. 3(b), red solid lines].
The best-fit geometric structure is described by the pa-
rameters 6, = 0.15 = 0.02 ML, z; = 2.97 = 0.02 A, and
o, = 0.20 = 0.06 A for the first layer and 6, = 0.16 =+
0.03 ML, z, = 5.11 £ 0.05 A, and o, = 0.74 + 0.07 A
for the second layer (1 ML = 1Pt/26.566 A?). The non-
trivial agreement between the derived Pt substructure and
similar features in the total electron density plot [Fig. 3(a)],
both in size and location, is direct evidence of the consis-
tency of the nonresonant and resonant structural analyses.
This result clearly shows that the Pt distribution is in the

076104-3



PRL 94, 076104 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 FEBRUARY 2005

form of an “outer-sphere” adsorbate [1], because PTA is
not incorporated into the surface hydration layer at z ~
1A [Fig. 3(a)], as would be characteristic of “inner-
sphere”” adsorbates [21]. The derived fp,” and fp, spectra
for the adsorbed species [red solid lines in Fig. 3(b)] are
obtained by adding a Lorentzian white-line (height 16.5 =
3 eu, width 3.6 = 0.4 eV, center 11568.9 = 0.15 eV) and
its Kramers-Kronig counterpart [22] to the solution’s PTA
anomalous dispersion spectra [blue solid lines in Fig. 3(b)]
[20], obtained by using the difference Kramers-Kronig
transform technique [23]. These spectra show substantial
white-line enhancement relative to the solution XANES
for both adsorbed PTA species.

A geometric model consistent with these observations
suggests that the large hydrated, square planar PTA com-
plex adsorbs by “lying down,” presumably so that Pt can
be coordinated with the surface hydration layer and simul-
taneously maximize electrostatic energy between PTA and
the charged surface sites. Here the white-line enhancement
may be due to polarization-dependent transition probabil-
ities, as shown in Ref. [24]. Other mechanisms to explain
this white-line enhancement involve structural or chemical
modification of the adsorbed PTA species. For instance, the
derived spectrum is comparable to those of a-PtO, and
Na,Pt(OH)4 [25], possibly indicating that the adsorbed Pt
complex is octahedrally coordinated and oxidized with
respect to the solution PTA species (e.g., due to the x-ray
beam [26]). This is inconsistent with the known electro-
statically controlled adsorption, because oxidized Pt spe-
cies are anionic and should be repelled from the negatively
charged quartz surface [13]. Also, the incident beam flux
was sufficiently small that negligible oxidation should
have taken place under our experimental conditions. Full
resolution of these issues may require improved under-
standing of polarization-dependent transition probabilities.

These results demonstrate a useful element-specific ap-
proach for probing ion adsorption at the oxide-water inter-
face and show that adsorption of electrostatically bound
aqueous metal complexes at the oxide-water interface can
exhibit complexities that can be understood only when
both the geometric and spectroscopic substructures are
fully resolved. This behavior highlights the need for a
deeper understanding of such systems, especially in regard
to the central role of ion-oxide interactions at the liquid-
solid interface in technology (e.g., noble metal catalyst
preparation) and nature (e.g., transport of nutrients and
pollutants in the environment).
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