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. Introduction

In this paper the structure and phase behavior of
anion adlayers at the metal—electrolyte interface and

*New adress: Institut fur Experimentelle und Angewandte
Physik, Universitat Kiel, Olshausenstrasse 40, 24098 Kiel, Ger-
many.

10.1021/cr000069p CCC: $39.75

Received May 18, 2001

Olaf M. Magnussen was born in Niebll, Germany, in 1963. He received
a diploma in physics from Ludwig-Maximilians-University, Munich, in 1989
and his Ph.D. from University Ulm in 1993, where he studied electrochemi-
cal systems by in situ scanning tunneling microscopy in the surface
chemistry group of Prof. R. J. Behm. From 1993 to 1995 he was a
postdoctoral fellow at Brookhaven National Laboratory with Dr. B. M. Ocko,
where he worked on synchrotron X-ray scattering studies of solid—liquid
interfaces and free liquid surfaces. He returned to the group of Prof. Behm
in 1996 as a research assistant and obtained his habilitation in 2000. In
2001 he joined the Physics Department of University Kiel as a full
Professor. His research interests include surface electrochemisty, elec-
trochemical deposition and nanostructure formation, corrosion and
corrosion inhibition, electrocatalysis, surface phase transitions, and dynamic
phenomena at interfaces.

their influence on the metal substrate structure and
on electrochemical reactions are reviewed. The in-
terface between a metal and an electrolyte solution
is characterized by the presence of an electric double
layer formed by an electronic charge on the metal
surface and an opposite ionic charge in the adjacent
solution. lonic species with strongly bound solvation
shells, such as most cations, F~, ClO,~, and PF¢™,
interact with the electrode surface by purely electro-
static forces, and consequently, the excess ion surface
concentration at a given electrode potential is inde-
pendent of the chemical nature of the ionic species.
In contrast, weakly solvated ions, e.g., SO, Cl-,
Br—, I~ and most other anions, can strip part of their
solvation shell and form a direct chemical bond with
the metal surface, resulting in an ionic surface
concentration that exceeds that given by pure elec-
trostatic interactions. This effect was first ob-
served in early studies of the electrochemical double
layer on Hg electrodes!? and is generally known as
specific adsorption. The surface coverage of specifi-
cally adsorbed ions can be considerably larger than
in the case of nonspecific adsorption, where the
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coverage is typically below 0.1—0.2 monolayer (ML).
As a result, specifically adsorbed anion species can
form close-packed, ordered adlayer structures on
electrode surfaces, which are the major topic of this
review.

It has been realized for a long time that the
presence of specifically adsorbed anions can signifi-
cantly affect the electrochemical reactivity of a metal
electrode, a phenomenon of considerable practical
implications in galvanic deposition, etching, corrosion
science, and electrocatalysis. The most obvious effect—
the direct participation of the anions in the electrode
reaction—occurs, for example, in the electrochemical
deposition and dissolution of metals in the presence
of anions that form complexes with the metal ions.3
In this case the deposition/dissolution reaction typi-
cally involves the formation of an adsorbed interme-
diate, which can have pronounced influence on the
reaction kinetics even in the case of weak complexing
interactions. Furthermore, even if the strongly chemi-
sorbed anions are confined to a single (preadsorbed)
monolayer on the electrode surface and not present
in the bulk electrolyte, they may significantly influ-
ence continuous faradayic reactions, as demonstrated
for the iodine-catalyzed dissolution of Pd in halide-
free electrolyte.* ¢ On the other hand, the reverse
effect can occur, namely, a blocking of reaction sites
by specifically adsorbed anions, resulting in a reduced
reaction rate. Examples for this effect are the inhibi-
tion of Fe dissolution by halides”® and the effect of
halides and sulfate on the oxygen reduction on Pt and
Au.®"15 In addition, as already noted by Frumkin,®
the presence of specifically adsorbed species alters
the potential distribution in the double layer, which
also affects the Kkinetics of electrochemical reactions.
In general, all these effects were—in particular in the
case of solid electrodes—understood only qualitatively
and phenomenologically. Detailed data on the anion
adlayer structure and its influence on the electro-
chemical reactivity are therefore of central impor-
tance to clarify the underlying microscopic mecha-
nisms of these reactions.

Early studies of the specific adsorption of anions
focused on thermodynamic data obtained from elec-
trochemical and surface tension measurements on
liquid Hg electrodes.>21718 Since the specific adsorp-
tion of anions on Hg is particularly weak, the anion
surface densities are considerably below saturation
in the entire double layer potential range. Hence, for
a long time the prevalent picture of electrochemical
interfaces involved a disordered anion adlayer of
partly hydrated species. Similar electrochemical stud-
ies on solid (usually polycrystalline) metal electrodes
were originally hampered by several experimental
and conceptual problems, of which the most signifi-
cantly were the heterogeneity of these surfaces, the
lack of structural characterization, and contamina-
tion problems. Extensive double layer studies on
high-quality single crystal electrodes by cyclic voltam-
metry and capacitance measurements started to
emerge only around 1970 (see ref 19 and references
therein). These studies revealed a typically much
stronger specific adsorption of anions as on liquid Hg,
suggesting that high-density anion adlayers are
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Figure 1. Cyclic voltammogram of Au(111) in 100 mM
H,S0O, solution (potential sweep rate 10 mV/s). The sharp
current spikes at 0.75 V (D3/D3') indicate a phase transi-
tion in the sulfate adlayer.

likely on most metals. In particular, voltammograms
of well-defined electrodes in electrolytes containing
specifically adsorbing anions revealed sharp spikes,
which were interpreted as phase transitions in the
anion adlayer.?°~22 As an example, a cyclic voltammo-
gram of Au(111) in sulfuric acid solution is shown in
Figure 1, where spikes at 0.75 V (D3/D3'), corre-
sponding to the formation of an ordered sulfate
adlayer, are visible (the broader peaks D1/D1' at 0.25
V and D2/D2' around 0.45 V correspond to the anion-
induced lifting of the Au surface reconstruction and
sulfate adsorption, respectively). The extensive elec-
trochemical data and classical and modern models
of the electric double layer were described in detail
in previous reviews.923-25

Direct studies of the microscopic structure of
electrochemical interfaces were for a long time se-
verely limited by the lack of suitable, surface sen-
sitive techniques, which mostly require vacuum
conditions. Consequently, structural data on the
electric double layer were first obtained in ex situ
experiments, where the electrode was emersed in a
controlled way from the electrolyte and then studied
under ultrahigh vacuum (UHV) conditions using
electron diffraction and photoemission tech-
niques.?®=30 In studies of strongly specific adsorb-
ing anions, various ordered adsorbate super-
structures were observed by this method, with the
structure and anion coverage depending on the
emersion potential.?® Although ex situ measurements
continue to be a valuable tool for the study of strongly
bound anions, they are more difficult to apply to
weakly adsorbed species such as sulfate or chloride,
where improper emersion may cause serious arti-
facts.3031

Over the past decade the results of novel experi-
mental and theoretical methods have begun to re-
shape our picture of anion adsorption. A major
contribution has come from in situ structure sensitive
techniques, in particular, scanning probe microscopy
and X-ray scattering and spectroscopy using synchro-
tron radiation, which allow direct studies of the elec-
trochemical interface on the atomic and nanometer
scale. These methods not only provided detailed data
on the structure of ordered anion adlayers as a
function of the potential, but also revealed anion-
induced changes in the electrode substrate structure
and the influence of anions on surface dynamics and
reactivity. In addition, the adsorption geometry of
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molecular adsorbates and the changes in the elec-
tronic properties of metal electrodes induced by anion
adsorption have been extensively studied by estab-
lished and novel in situ spectroscopic techniques.
These results by structure sensitive probes have
been supplemented by adsorption isotherms and
detailed thermodynamic data for single crystalline
surfaces, obtained by traditional electrochemical,
radiochemical, and microgravimetric methods. Fi-
nally, considerable progress has also been made in
the theoretical description and computer simulations
of the electrochemical interface, including anion
adsorption. From these different, synergetic ap-
proaches, a detailed picture of the complex interface
structure in the presence of specifically adsorbing
anions and its role in electrochemical reactions is
emerging.

Although a detailed description of modern tech-
niques for studying electrochemical interfaces is
beyond the scope of this review, it is important to
assess the advantages and limitations of the indi-
vidual techniques in the study of anion adsorption.
This review will therefore begin with a brief evalu-
ation of the employed methods. Then the structure
and phase behavior of specifically adsorbed anion
adlayers on solid metal surfaces will be described,
with particular emphasis on the ordered structures
formed in the regime of high surface coverages. Here
we will first discuss halide adlayers, the simplest type
of anion species, starting with an analysis of the
thermodynamic data and chemical interactions in the
adlayer. Then an overview on the current structural
data on ordered halide adlayers will be given to
outline some general effects and trends. Using se-
lected examples of structures and structural phase
transitions in halide adlayers it will be shown how
the observed adlayer structures can be understood
as a result of the competing adsorbate—adsorbate and
adsorbate—substrate interactions. In addition, the
close correspondence between adlayers formed by
electrochemical halide adsorption and by gas phase
adsorption of halogens will be demonstrated. Subse-
quently, adlayers formed by other simple anions will
be discussed, namely, sulfide and hydroxide; the
pseudohalides cyanide and thiocyanide, where the
observed structures closely resemble those of the
halides; and the oxyanion sulfate, which exhibits a
more complex adlayer structure. Strong specific
adsorption involves the presence of an excess surface
concentration of counterions, which can result in the
formation of ordered, mixed layers of anions and
cations, an effect that is also briefly discussed. We
then turn our attention to the influence of anions on
the surface structure and reactivity of metal elec-
trodes. Here first examples of anion-induced recon-
struction and surface restructuring processes are
presented before finally the influence of ordered
anion adlayers on the mechanisms and dynamics of
bulk metal deposition and dissolution, organic ad-
sorption, electrocatalytic reactions, and outer-sphere
electron-transfer reactions is described. The paper
concludes with an outlook on the future prospects and
remaining challenges in the study of specific anion
adsorption.
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ll. Experimental Methods

A. Scanning Probe Microscopies

Scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) have become highly popular
over the last 2 decades due to their ability to directly
resolve the local surface structure and morphology
with up to atomic resolution. The application of these
techniques for in situ studies of electrochemical
interfaces has been extensively described in several
reviews®2~36 and will only be briefly treated here, with
an emphasis on the study of anion adlayers. Indeed,
the in situ observation of an ordered iodine adlayer
on Pt(111) by Yau et al.’” was one of the first
examples of atomic resolution imaging in an electro-
chemical environment and has considerably pro-
moted the interest of the electrochemical community
in scanning probe methods. In addition to providing
in situ data on the adlayer lattice structure, the local
character and high resolution of these techniques
offer the opportunity to study the defect structure of
adlattice and substrate, e.g., domain boundaries,
vacancies, and steps, which often gives considerable
insight into the adsorption geometry and interactions
within the adlayer. Furthermore, time-resolved meas-
urements allow investigations of dynamic processes,
such as phase transitions, equilibrium fluctuations,
or local surface reactions. The unique possibility to
study the local structure and reactivity with up to
atomic resolution has significantly contributed to the
popularity of in situ scanning probe techniques.

For a realistic assessment of the data obtained,
however, the limitations of STM/AFM should not be
overlooked. First, due to thermal drift effects and
calibration errors, the experimental errors in lattice
distances and angles measured in high-resolution
STM and AFM images are usually a few tenths of
an angstrom and a few degrees, respectively. An
exact determination of the structure of high-order
commensurate or incommensurate adlattices is there-
fore often difficult. A higher precision can be obtained
(i) by direct subsequent imaging of both adlattice and
substrate, either via potential-induced desorption of
the adsorbate®° or via variation of the tunneling
parameters,313740-43 or (ii) for high-order commen-
surate or incommensurate structures by analysis of
the Moiré pattern resulting from the mismatch of
adsorbate and substrate lattice.*4~46 Second, due to
the small area probed in the measurements, repro-
ducibility and statistical relevance are of major
importance, in particular since coexistence of differ-
ent structural phases is possible for strongly bound
adsorbates.*”*8 Third, in the interpretation of high-
resolution STM data, one should be aware that—in
contrast to AFM—STM does not probe the position
of the ion cores but the electronic structure. Hence,
the bumps and shapes visible in the STM image or,
even more, their apparent heights do not necessarily
reflect the actual atomic positions, in particular for
molecular adsorbates and coadsorbate structures.
Detailed experimental studies under UHV conditions
as well as theoretical approaches have shown that
contributions to the STM images come from the
adsorbate as well as the underlying substrate, both
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perturbed by their mutual interaction.*®% In addi-
tion, the images can be substantially influenced by
the geometric and electronic structure of the STM tip.
The complex structures at electrochemical interfaces
can therefore not be reliably determined by STM
alone, but complementary techniques are required.

B. X-ray Scattering and Spectroscopy

High-precision structural data on electrochemically
adsorbed adlayers can be obtained by in situ surface
X-ray scattering (SXS) and X-ray spectroscopy stud-
ies using synchrotron radiation.5=%* To minimize
adsorption losses, these measurements are usually
performed in a thin-layer geometry, where the elec-
trolyte thickness is confined to several microns by a
thin plastic window. Particularly fruitful for elucidat-
ing the structure and phase behavior of ordered
adlayers on electrode surfaces have been X-ray dif-
fraction measurements under grazing incident angles
(GIXD), which allow determination of the lattice
parameters with picometer precision and, via quan-
titative analysis of peak intensities and peak widths,
provide data on adsorption sites and average domain
sizes. In addition, the surface normal structure of
ordered as well as disordered adlayers, e.g., the
average adsorbate density, the distance between ad-
and surface layer, and the influence of the adsorbate
on the substrate lattice spacing, can be probed in the
same experiment via measurements of the specular
and the nonspecular crystal truncation rods of the
substrate. Due to its unsurpassed precision and
quality, the structural information obtained by in situ
X-ray scattering techniques will be preferentially
used in the discussion of the structure of close-packed
anion adlayers. Unfortunately, SXS measurements
of adsorbates with low atomic number Z are severely
hampered by the Z? dependence of the scattered
intensity and the high background, resulting from
scattering at the bulk electrolyte and the plastic
window. The lowest Z anion adsorbate where an
ordered adlayer structure has been observed up to
now by GIXD is CI®® (with a signal-to-background
ratio of 1:4 for first-order peaks); attempts to obtain
diffraction peaks for an ordered sulfate adlayer of
known structure were unsuccessful.>®

In situ structural data on adsorbate—adsorbate and
adsorbate—substrate bond lengths can in principle
be obtained also by X-ray spectroscopy, such as
surface extended X-ray absorption fine structure
(EXAFS)*” or X-ray standing wave (XSW) tech-
niques,®® which are based on changes in the X-ray
absorption or fluorescence due to electronic interfer-
ence effects between neighboring atoms (EXAFS) or
spatial modulations of the X-ray field intensity at the
interface (XSW). These methods were frequently
employed for the study of halogen adlayers under
UHV conditions. Studies of electrochemical inter-
faces, however, have been largely limited to metal
deposits and oxides and—with a single exception®*—
only in this context were data on anion (co)adsorption
obtained.>”%°-62 This is related to problems with the
position of the relevant adsorption edges and back-
ground caused by the bulk electrolyte.
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C. Optical Spectroscopy

Spectroscopic methods, such as electroreflectance,
ellipsometry, and Raman spectroscopy, belong to the
oldest and most established in situ techniques. In
particular, they probe the electronic structure and
hence provide insight into the chemical bond between
adsorbate and substrate. The latter also holds true
for infrared adsorption spectroscopy, the most widely
used in situ optical spectroscopic method.53-% IR
spectroscopy has been especially useful for studies
of molecular adsorbates, i.e., in the case of anionic
adsorbates cyanide, thiocyanide, and oxyanions, where
it can provide data on the local adsorption geometry.
Conventionally, these studies are performed in thin-
layer geometry, using difference or modulation tech-
niques to remove the contributions of the bulk
electrolyte. Higher sensitivity and even a surface-
enhancement effect can be obtained in attenuated
total reflection (ATR) experiments,¢ although the
interpretation of these data for metal (thin-film)
electrodes is still under debate (see section 1V.C).

More recently, the nonlinear optical methods of
second harmonic generation (SHG) and sum fre-
guency generation (SFG) have been applied to elec-
trochemical interfaces.’” These methods are intrin-
sically surface-sensitive and hence well-suited for in
situ studies. SHG gives data on the electronic struc-
ture and symmetry of the electrode surface, but the
interpretation relies heavily on theory. SFG allows
vibrational spectroscopy of adsorbates at electro-
chemical interfaces; however, up to now it has not
been employed heavily due to the rather demanding
experimental setup. Nevertheless, the first SHG data
on anion adlayers were recently reported.58-74

D. Macroscopic Measurements

Important complementary results come from tra-
ditional electrochemical studies on single-crystal
electrodes, e.g., by chronocoulometry or potential step
experiments, which provide detailed thermodynamic
and kinetic data on anion adsorption. Similar data
can be obtained by several other in situ techniques
that measure changes in macroscopic properties
associated with anion adsorption. For example, radio-
active labeling techniques™ have been used to obtain
adsorption isotherms as well as information on
dynamic effects, such as the exchange between ad-
layer and solution, and mass changes due to adsorp-
tion processes have been measured by electrochemi-
cal quartz crystal microbalance.”®~78 All these tech-
niques have in common that they measure integral
properties, such as the total surface excess of the
chemisorbed species, and hence are insensitive to the
adlayer structure.

E. Studies under UHV Conditions

As already mentioned, studies of anion adlayers
under UHV conditions are an attractive alternative
due to the great variety of available surface-sensitive
techniques. Two different approaches are possible:
First, UHV techniques can be used for ex situ studies
of emersed electrodes.?’—3° Despite the problems with
the transfer of weakly bound adsorbates mentioned
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above, these measurements still provide important
insight into structure, chemical composition, and
electronic properties of anion adlayers, especially if
complemented by in situ studies. Second, the elec-
trochemical double layer can be simulated by prepar-
ing well-defined adlayers via gas-phase dosing of ions
and solvent species on clean metal surfaces.”® 82 It
has been demonstrated that the adlayers prepared
by this method closely reflect the inner part of the
electrochemical double layer. For close-packed ad-
layers of strongly bound adsorbates such as halides,
where the solvent is largely expelled from the metal
surface, even gas-phase dosing of the anion species
(e.g., halogens) alone, i.e., without solvent codosing,
leads to similar structures as those found in in situ
electrochemical studies (see below), suggesting a close
similarity of the adlayer energetics in both environ-
ment.

F. Theory and Simulation

Theoretical studies of specifically adsorbed anions
have focused on halide adsorption at metal surfaces,
using various theoretical methods. The halide—metal
interaction was studied by cluster model calculations,
employing first semiempirical and, more recently, ab
initio quantum chemical methods, such as Hartree—
Fock or density functional theory (see refs 25 and 83—
88 and references therein). These studies generally
neglect solvation effects, adsorbate—adsorbate inter-
actions, and metal surface charge and hence most
precisely describe the situation at the metal—vacuum
interface in the zero-coverage limit. Nevertheless,
they provide valuable data on the nature of the
chemical bond between adsorbate and substrate
atoms and on qualitative chemical trends. An alter-
native approach is to model the electrochemical
interface by computer simulation technigues. Model-
ing of the role of the solvent is possible by molecular
dynamics simulations, which allow the study of the
ion and solvent distribution near the interface.89-9%
Here the major problems are associated with the
construction of the ion—metal interaction potentials
from quantum chemical calculations. In addition,
phase transitions in adlayers on electrode surfaces
have been studied by statistical models®’?® and
Monte Carlo simulations.®-101

lll. Halide Adlayers

A. Thermodynamics

Halides are by far the most extensively studied
class of specifically adsorbed anions. This is not only
due to the structural simplicity of these monatomic,
monovalent anions but also due to their abundance
in natural and technological environments. The
degree of specific adsorption increases in the order
F~ < ClI- <Br~ < |7, reflecting the decreasing energy
of solvation of these species,® with F~ being nonspe-
cifically or only weakly specifically adsorbed. This is
illustrated in Figure 2, using the results of a detailed
chronocoulometric study by Lipkowski et al. on the
energetics of halides and sulfate on Au(111).19?
Clearly, both the Gibbs free energy of adsorption AG
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Figure 2. Electrochemical and thermodynamic data on
halide and sulfate adsorption on Au(11l) obtained by
chronocoulometry. (a) Cyclic voltammograms, (b) excess
surface concentration, (c) Gibbs energy of adsorption
(standard state: T =1 ion cm=2 and ¢ = 1 mol dm=3 for
surface and bulk species, respectively), and (d) electrosorp-
tion valencies as a function of potential. (Reprinted with
permission from ref 102. Copyright 1998 Elsevier Science
Ltd.)

(Figure 2c) and the anion surface concentration T’
(Figure 2b) increase in this order at any given
potential. The adsorption isotherms, which were also
supported by electrochemical quartz microbalance
studies,”® exhibit three different regimes, character-
ized by different slopes in the I'(E) and AG(E) curves.
Specific anion adsorption starts on the negatively
charged surface, where the anion surface concentra-
tion changes only slowly with potential. At potentials
slightly positive of the potential of zero charge (pzc),
a steep rise in I'(E) is observed, followed by a third
regime of slow increase, where the adlayer packing
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densities are close to saturation. As will be shown
below, ordered adlayer structures are formed in this
high-coverage regime. For Au(111), the pronounced
increase in slope at anion surface concentrations of
about 8 x 107 cm~2, which also manifests in pro-
nounced peaks in the corresponding cyclic voltam-
mograms (Figure 2a), is accompanied by lifting of the
Au reconstruction.1%-1!1 This change in the substrate
structure results in a small cathodic shift of the
pzc,03109 which may further contribute to the high
slope in this potential range. The general shape of
this curve, however, is found also for other (unrecon-
structed) substrates, as shown by similar studies on
Ag(111) by Foresti et al.,**? Ag(100) by Wandlowski
et al.,'*® and Pt(111) by Li and Lipkowski.'*4

The formation of a chemical bond during specific
adsorption obviously involves a redistribution of the
electronic charge from the anion toward the electrode
surface, an effect known as partial charge transfer.!5
A more precise definition in quantum mechanical
terms is to associate the partial charge with the
amount of filling of the orbital resonances of the
adsorbate.'*® Frequently, the electrosorption valency,
y = —1/F(om/ol)e = 1/F(u/dE)r, i.e., the flow of
charge om to the electrode per adsorbed ion at
constant electrode potential E, has been employed as
a measure of partial charge.''’''®8 However, the
electrosorption valency is a thermodynamic quantity
and, hence, only measures the amount of charge
uptake, but not its microscopic distribution in the
interface region.'® In fact, y can correspond equally
well to a discharge of the ion or to an additional
opposite charge on the metal to screen the ionic
charge. For this reason little information can be
gained on the nature of the anion—metal bond from
electrochemical measurements alone (for a recent
discussion, see also refs 102 and 119). A simple model
to disentangle the various contributions to y, based
on comparison with known chemical and geometrical
parameters of the adsorbate and solvent species, was
suggested in the early work by Schultze et al.117.119.120
The electrosorption valencies for halides and sulfate
on Au(111) (Figure 2d)'? show a pronounced poten-
tial dependence, which again reflects that of the
adsorption isotherms: y is low in the low-coverage
regime negative of the pzc, approaches a maximum
in the range of strongly increasing anion coverage,
and slowly decays again in the range of saturation
coverages. It is noted that the absolute values of the
electrosorption valency slightly depend on the em-
ployed method, although the general potential de-
pendence is similar.''>12! Interestingly, a quite dif-
ferent behavior is found if the electrosorption valencies
are calculated not from electrochemical data but from
the local coverages 6 in the ordered adlayer phases,
obtained from in situ structure-sensitive techniques.
Here the adsorption isotherms for halides on Au and
Ag electrodes always shift by ~60 mV per decade of
halide bulk concentration (see below),*6:5556.122,123
corresponding to an electrosorption valency close to
1, independent of halide species and potential. This
suggests that the halide anions in the ordered ad-
layer are to a large extent discharged. In addition,
also the surface concentrations measured by chrono-
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coulometry are usually 5—15% higher than those
calculated from the structural data. The latter is
usually attributed to an increase in the real electrode
surface area in the coulometric experiments due to
surface roughness, which, however, cannot explain
the difference in electrosorption valency. An alterna-
tive explanation, which could account for both of
these discrepancies between the electrochemical and
the structural data, might be the coexistence of the
chemisorbed (largely discharged) halides in the or-
dered adlayer with a second, predominantly electro-
statically bound (i.e., charged) halide species. Due to
the high anion density in the ordered adlayer phases,
this second type of halide would have to reside at
defects or on top of the ordered layer. Indeed, X-ray
reflectivity measurements of Au(111)—I by Ocko et
al. are supportive of a second iodide adlayer with a
coverage that is about 5% of that in the underlying
ordered layer.??

The changes in the electrosorption valency can be
interpreted in terms of the adsorbate-induced surface
dipole formed due to the polarity of the adsorbate—
metal bond.'*® This treatment is completely analo-
gous to the calculation of the surface dipole of an
adsorbate at the solid—vacuum interface from the
induced change in work function. The advantage of
this approach is that it does not require assumptions
on the charge distribution at the interface and allows
a direct comparison of halide adlayers in both envi-
ronments. In general, the dipole moments obtained
for electrochemically adsorbed species are smaller
than in UHV, due to the contribution of the solvent
dipole moments, which tend to orient in the opposite
direction. Since this solvent effect depends on the
degree of hydration, these differences should be
largest around the pzc, but less pronounced in the
high coverage regime, where the solvent is largely
expelled from the surface. Indeed, the surface dipole
moments of —0.3 D for CI~ and —0.25 D for Br~
obtained by Lipkowski et al. in the range of satura-
tion coverages!®?!?l are only slightly smaller than
those obtained for ordered halogen adlayers on Au
in UHV (—0.33 D for CI~*?* and —0.30 D for Br—12),
The similar polarity of the surface bond in the close-
packed adlayers at the solid—electrolyte and solid—
vacuum interface suggests that also the interactions,
which govern the adlayer structure, should be simi-
lar. This is supported by the close agreement of the
adlayer structure in both environments (see below).
In contrast, an order of magnitude smaller electro-
chemical surface dipoles are found close to the pzc,
where the solvent contribution is expected to be
dominant. The effect of solvation on the surface dipole
as well as the close relationship between work
function shift and potential drop in the inner double
layer was explicitly shown in a combined UHV and
electrochemical study by Sass et al.”®8! (for a de-
tailed discussion, see also refs 24 and 82).

B. Halide—Metal Interactions

More direct information on the interactions be-
tween chemisorbed halides or halogens and the metal
substrate can be obtained from the results of struc-
ture-sensitive and spectroscopic techniques. The
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halide—metal bond lengths in the ordered adlayer
phases were studied by EXAFS, XSW, and LEED
under UHV conditions'?6713% and by in situ X-ray
reflectivity measurements'©8122140-142 gnd in situ
EXAFS®® for electrochemically adsorbed adlayers.
Usually distances close to the sum of the covalent
radius of the halide and the metallic radius of the
substrate atoms were found, indicating that the bond
is largely covalent. This was also concluded in a
surface-enhanced Raman spectroscopy study of poly-
crystalline Au and Ag electrodes by Gao et al. on the
basis of the surface—halide stretching frequencies.'*?
In addition, an increasingly covalent character in the
order ClI- < Br~ < I~ and a more covalent bond on
Au than on Ag was inferred in that study. Halide-
induced changes in the electronic structure of Au and
Ag single-crystal electrodes were studied by Franke
et al. using electroreflectance spectroscopy.*14> These
metals exhibit surface states that are strongly local-
ized at the metal—electrolyte interface and hence can
be used to probe the electric field and electronic states
at the interface. Energy shifts, attenuation up to
complete quenching, as well as splitting of the surface
states were observed, with pronounced differences for
different halide species and substrates in the entire
range of adsorption, reflecting the different strength
of the interaction. In contrast, recent measurements
by interference second harmonic generation spectros-
copy by Pettinger et al. indicated characteristic
differences between the different halide species only
in the range of the close-packed adlayers, whereas
at lower surface concentrations the signal depended
only on the electrode charge.1°2121.146 This was inter-
preted in terms of an increased mixing of the elec-
tronic states of the adsorbate with the d band of the
Au(111) substrate in the presence of the high-density
adlayer phases. Photoemission studies of dense halo-
gen adlayers under UHV conditions also find a strong
binding of the halogen p orbitals to the s and d bands
of the metal as well as hybridization of the pyy
halogen orbitals, resulting in a two-dimensional band
structure.’*” In addition, a decrease in the halogen
core level binding energies with increasing halogen
coverage was observed, which was attributed to a
weakening of the halogen—metal bond due to in-
creasing adatom—adatom interactions.'” All these
results are supportive of a substantial covalent
contribution to the halide—metal bond.

Theoretical investigations of the adsorption geom-
etry, binding energy, and bond ionicity of halides or
halogens on metal surfaces were performed using
semiempirical methods (see references in ref 86) and
ab initio quantum chemical calculations using small
clusters83-87.148.149 The currently most advanced stud-
ies, employing density functional theory to include
electronic exchange and correlation effects and using
clusters of up to 25 metal atoms, were reported by
Ignaczak and Gomez for halides on (100)-type Au, Ag,
and Cu surfaces® and by Koper and van Santen for
halogens on (111)-type Ag, Pt, and Hg surfaces.®’
Both found similar bond lengths as in the experi-
mental studies and an increase in adsorption energy
in the order | < Br < Cl < F, i.e., in the same order
as found at the metal—vacuum interface. The obser-
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vation of an opposite trend at the electrochemical
interface was attributed to the important contribu-
tion of solvation, which was not considered in these
studies, and to the different reference state (halogens
or halides, respectively). Hence, the results cor-
respond most closely to the gas phase adsorption of
halogens in the limit of zero coverage. Furthermore,
the partial charge on the adsorbate obtained in these
studies increased from iodine to fluorine, i.e., accord-
ing to the experimentally observed trend. Regarding
the adsorption strength on different substrates only
gualitative and relative comparisons are meaningful,
since the binding energies depend strongly on the
cluster size. Here an increase in the order Cu < Ag
< Au® and Pt < Hg < Ag® was observed for Cl, Br,
and | adsorbed in hollow sites. According to a density-
of-states analysis, these trends can be understood by
the increasing interaction with the metal d band with
higher d band energy or higher halogen electron
affinity EA(X).8” The particularly low halogen ad-
sorption energy on Pt was attributed to the high Pt
work function @y, which results in a smaller partial
charge of the adsorbate and consequently in a lower
electrostatic interaction.®” Since the adsorption ener-
gies of halogens AEL(X) and halides AEy(X™) are
related by AE,(X™) = AEL(X) + EA(X) + dy according
to a simple thermodynamic cycle,**° the halide ad-
sorption energies on Pt are actually higher than on
Hg and close to those on Au. In addition, the
differences in adsorption energy for different binding
sites were investigated by Ignaczak and Gomez.8¢ In
accordance with the experimental results, the four-
fold hollow site was the preferred binding site for all
three metals, and the metal—halide bond distances
were close to the experimental values. The energetic
differences between adsorption in hollow sites and
in bridge or top sites, respectively, are considerably
smaller than the adsorption energy and increase with
decreasing halide diameter and in the order Au <
Ag < Cu, i.e., in opposite order as AEy(X™). As will
be shown in the following sections, these trends in
the corrugation potential, i.e., in the spatial modula-
tion of the adsorbate—substrate interaction, can be
correlated with the observed structural phase behav-
ior of the halide adlayers on these metals. A better
description of the close-packed ordered adlayers as
well as a better treatment of charged surfaces should
be possible by density functional theory calculations
of periodic surfaces. This approach was used by
Kramar et al.*®! for the study of a ¢(2 x 2) Cl adlayer
on a Ag(100) slab. Their results indicate a transfer
of s-like charge from Ag surface atoms to the halogen
adsorbate and covalent bonds between Cl and neigh-
boring Ag surface atoms via the ClI pyy orbitals. The
observed changes in the surface electronic structure
are in qualitative agreement with the electroreflec-
tance experiments by Franke et al.’#

The effect of the solvent has been predominantly
studied by computer simulations. Using molecular
dynamics, the distribution of ions and solvent mol-
ecules in the interface region was studied by Glosli
and Philpott®®— as well as by Spohr.®*% In these
simulations both ions and solvent molecules are
arranged in layers, caused by the discreteness of the
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atomic and molecular species and by packing effects.
At the pzc or at positive electrode charges a high
surface concentration of halide anions in direct
contact with the electrode surface was found, even if
a specific chemical interaction was not directly
included, whereas the alkali cations were always
separated from the metal by a water layer. This
illustrates how the different strength of hydration for
these ions affects the adsorption behavior and di-
rectly confirms the assumptions of classical double
layer theory. Furthermore, the studies indicated that
the electrostatic field at the interface is dominated
by the potential gradient associated with the water
dipoles, in particular in the range of low surface
concentrations of specifically adsorbed ions.?3% Very
recently, a first ab initio quantum chemical study of
hydrated halide adsorption was reported by Kairys
and Head for the case of fluoride and iodide adsorp-
tion on the (111) surface of Al clusters.'>> For
negatively charged clusters a strong repulsion be-
tween water molecules and the Al(111) surface was
found for distances <3.0 A, based on which an
explanation for the stronger specific adsorption of |
as compared to F was proposed. According to the
authors, water molecules in the hydration shell of
adsorbed | are sufficiently separated from the metal
surface due to the large atomic size of this adsorbate.
In contrast, water bound to the small F adsorbate
would be drawn into the region of repulsive interac-
tion and therefore destabilized, resulting in an ef-
fective weakening of the Al—F bond.

In addition, various groups have employed com-
puter simulations to calculate the free energy of
halide anions as a function of its distance from the
surface (“potential of mean force”), a quantity that
plays an important role in the kinetics of adsorp-
tion.®4153-157 It was shown that the maximum of this
curve, which corresponds to the activation energy in
phenomenological rate theory, is determined by the
desolvation of the anion; however, the construction
of the metal—ion interaction potential in these stud-
ies is difficult and not unambiguous. All simulation
studies up to now focused on the regime of low to
moderate anion coverages and are only of limited
value for the modeling of the metal—halide interac-
tion in the range of high positive surface charges and
large anion surface concentrations, where the solvent
is largely displaced from the metal surface. The effect
of the residual anion solvation by solvent molecules
on top of the halide adlayer, as well as the anion
dynamic in these adlayers, is therefore not under-
stood at present.

C. In Situ Results on Halide Adlayer Structure

For Cl-, Br-, and |-, ordered adlayer struc-
tures have been observed in in situ studies on

single-crystal electrode surfaces of the fcc
metals Au 15,38,40,40,45,46,55,122,158—-170 Ag 15,56,113,123,171—-177

Cu ,31,178*185,185,185*188 Pt,14,15,36,37,48,140,142,189*200 Pd,201,202

Rh,2% and Ni.?®* The results of these studies are
summarized in Table 1 and will be briefly presented
in this chapter in a bird eye perspective, before we
commence with a detailed discussion of the adlayer
structure using specific examples. For better com-
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parison, both the halide coverage 6 relative to the
density of substrate surface atoms as well as the
corresponding absolute halide surface density I" are
given in Table 1. Here and in the following text, the
nomenclature of the original literature, which often
somewhat incorrectly employs a simplified Woods
notation, is used for convenience.

In general, the results obtained by various groups
and different techniques are in good agreement. The
variations in the measured lattice parameters can be
attributed largely to the limited precision of scanning
probe microscopy. The latter is also responsible for
the tentative assignment of specific commensurate
structures, in particular in older STM/AFM studies,
to adlayer phases that later were shown by diffrac-
tion methods to exhibit incommensurate structures.
Similarly, the small deviations from hexagonal lat-
tices, which occur for uniaxially incommensurate
phases, were often not detected by STM/AFM. We
will therefore preferentially use the results of dif-
fraction techniques in the detailed discussion of the
structural phase behavior. Furthermore, good agree-
ment is also found between the local coverages I'(E)
obtained from the structural data and those obtained
from a thermodynamic analysis of chronocoulometric
measurements,102112.114,121.205-207 anart from the 5—15%
higher values (see section I11.A). An example for the
complementary nature of scanning probe microscopy
and diffraction results is given in Figure 3, where
the diffraction pattern, the corresponding real space
adlayer structure, the first, second, and third-order
SXS diffraction peaks as well as in situ STM data of
the rotated-hexagonal Br adlayer on Au(111) are
shown. The adlattice spacing (ag;) and rotation (¢)
can be obtained alternatively from the reciprocal
space position and angular splitting of the diffraction
peaks (Figure 3a,c) or directly from the STM image
(Figure 3d, part B). A direct comparison of the
coverage 0, calculated from the in situ SXS, in situ
STM, and chronocoulometric data for Au(111)—Br,
illustrates the good agreement of the different ex-
perimental techniques (Figure 4).

Ordered halide adlayers are only observed above
a critical potential, Eo, located in the regime of high
anion coverages (6 = /3 ML); at lower potentials, the
anion adlayer is disordered. The ordered structures
form instantaneously on the entire surface after the
potential increases above E,. Coexistence with the
disordered phase was never observed, indicating that
the ordered phases are stabilized exclusively by
repulsive adsorbate—adsorbate interactions. The po-
tential range of the ordered phases depends on the
potential of zero charge of the metal surface and on
the strength of the metal—halide interaction. For
more reactive metals, where the pzc is very negative,
the anion adlayer often is ordered within the entire
double layer potential range. The potentials of or-
dered adlayer formation and of phase transitions
between different ordered adlayer phases as well as
the entire adsorption isotherm 6(E) obtained in the
SXS measurements shift by ~60 mV per decade of
halide bulk concentration (see Figure 4).46:55:56.122,123,165
At the upper end the double layer potential regime
is limited by the onset of halide-induced metal
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Table 1. In Situ Data on Halide Adlayer Structures
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electrolyte structure 0 I (10 cm™?) technique
Au(111) ClI 10-100 mM NacCl aligned hex 0.508—0.527 7.05-7.31 SXS%
Br 10 mM NaBr (v/3 x +/3)R30° Y, 4.6 STM#0
rotated hex 0.41 5.7
1-100 mM NaBr rotated hex 0.462—0.515 6.43—7.12 SXS/STM*6:55
I 10 mM Nal (v/3 x +/3)R30° 1, 4.6 STM?
(3 x3) 4 5.8
100 mM HCIO, + 0.5 mM Kl (v/3 x v/3)R30° 1Yq 4.6 STM38.158
(5 x V/3) 2fg 5.5
(7 x 7)R21.8° 0.44 6.1
100 mM HCIOz (5 x V/3) 2fg 5.5 STM150
(7 x 7)R21.8° 0.44 6.1
10—100 mM KI c(p x +/3) 0.367-0.410 5.11-5.71 SXS!22
rotated hex 0.417—-0.446 5.80—6.21
1 mM KI (/3 x +/3)R30° A 4.6 STM/LEED?#5:162.163
c(p x +/3) 0.33-0.41 4.65.7
rotated hex 0.41-0.45 5.7-6.2
Au(100) Cl 50 mM NaCl c(v/2 x 2/2)R45° 1Y, 6.01 SXS168
c(v/2 x p)R45° 0.553-0.575 6.64—6.91
100 mM H,SO4 + 1 mM HCI c(v/2 x p)R45° 0.5-0.62 6.0-7.4 STML69
Br 50 mM NaBr o(v/2 x 2v/2)R45° 1, 6.01 SXS164.165
o(v/2 x p)R45® 0.500—0.565 6.01—6.79
100 mM H,SO4 + 1 mM HBr o(v/2 x 2v/2)R45° 1, 6.0 STM169
c(v/2 x p)R45® 0.5-0.57 6.0-6.8
I 10mMKI c(p x 24/2)R45° 0.46—0.49 5.5-5.9 STM260
c(v/2 x 2/2)R45° 1Y, 6.01
rotated hex 0.5 6.01
50 mM Nal c(p x 2+/2)R45° 0.455—0.468 5.46—5.62 SXS68
rotated pseudohex
c(v/2 x 2+/2)R45° 1Y, 6.01
Au(110) Br 50 mM HCIO, + 10 mM KBr (1 x 3) 2, 5.66 STM17
(1 x 4) 3, 6.37
rotated pseudohex 3/, 6.37
I 10mM Csl c(2 x 4)° 1, 2.12 STMm?61
rotated pseudohex 0.62—0.65 5.27—-5.52
(3 x2) 2y 5.66
10—100 mM Csl c(2 x 4)P 3g 3.19 SXS166
10—100 mM Lil, K1, Nal c(2 x p)P° 0.390—0.416 3.31-3.53 SXS66
10 mM K1, 10 mM KI + 90 mM KF c(2 x p)° 0.390—0.416 3.31-3.53 SXS7
rotated pseudohex 0.62—0.66 5.27-5.61
c(p x 2) 0.68—0.71 5.78—6.03
c(p x 1) 0.62—0.81 5.27—6.88
Ag(111) ClI 10 mM KClI aligned hex 0.53 7.33 STM"t
10—100 mM NacCl + 100 mM HCIO, aligned hex 0.523-0.535 7.23—7.40 SXS%¢
Br 10 mM KBr (V7 x YT)R19.1° 3/, 5.9 STM172
0.1 mM KBr + 10 mM KF, 2 mM HBr (3 x 3) 4 6.1 AFM173
10 mM NaBr + 100 mM HCIO, (7 x7) 0.510 7.05 SXS56.123
I 01mMKI+ (v/3 x v/3)R30° A 4,57 STM172
10 mM NaF (8 x 8) 0.391 5.46
0.1 mM KI + 10 mM KF + 1.5 mM HF (v/3 x V/3)R30° s 4.57 AFM1L73
10—100 mM Nal, 10 mM Nal + 90 mM NaF (/3 x +/3)R30° s 4.57 SXS56.123
c(p x +/3) 0.355-0.400 4.91-5.54
(5 x V/3) 2y 5.54
rotated hex 0.417-0.435 5.77—-6.02
0.1 mM HI (v/3 x 4/3)R30° Y, 457 STM/LEED74
o(p x +/3) 0.33-0.38 4.57-5.26
rotated hex 0.41 5.67
0.1 mM KI + KOH (pH 10) (V3 x v/3R —30°) 0.29 4.01 STM/LEED4
(+/3p x /3R — 30°) 0.29-0.33 4.01-4.57
(V3 x v/3)R30° 1Yq 4.57
rotated hex 0.45 6.23
Ag(100) Cl 50 mM NaCl + NaOH (pH 10) c(2 x 2) 1Y, 6.0 SXS175:176
Br 50 mM NaBr + NaOH (pH 10) c(2 x 2) 1Y, 6.0 SXS118.175.176
I 100 mM HCIO 2 c(2 x 2) Y, 6.0 STM277
50 mM Kl + NaOH (pH 10) c(2 x 2) 1, 6.0 SXS175.176
Cu(111) CI 110 mM HCI, 110 mM KClI (64/3 x 64/3)R30°  0.454 8.0 STM1L78
10 mM HCI (/3 x +/3)R30° YYq 5.9 STM3L184
0.1 mM HCI + 10 mM HCIO, c(p x +/3) 0.395-0.405 7.00—7.16 STM/LEED?#5
Br 0.1 mM KBr + 10 mM HCIO, c(p x +/3) 0.355-0.385 6.27—6.80 STM/LEED?#5
I 0.1 mMKI+ 10 mM HCIO,4 (v/3 x +/3)R30° A 5.9 STM/LEED?5
Cu(100) Cl 10 mM HCI c(2 x 2) 1, 7.7 STML™®
110 mM HCI c(2 x 2) 1Y, 7.7 STM18L.186
10 mM HCI c(2 x 2) 1Y, 7.7 STM182183.187
Br 10 mM HBr c(2 x 2) Y, 7.7 STMm?88
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Table 1 (Continued)
electrolyte structure 0 T (10 cm™2) technique
Cu(110) ClI 1 mM HCI + 3 mM HCIO, aligned pseudohex 0.84 9.1 AFM?E0
100 mM HCIO; + 1 mM HCI (4 x 1) 3, 8.1 STM280
100 mM HCI (4 x 1) 3, 8.1 STMm?28!
(5 x 1) 4s 8.7
Br 100 mM HCIO4 + 1 mM KBr c(2 x 2) Y, 6.1 STM?280
I 100 mM HCIO; + 1 mM KI c(2 x 2) 1, 6.1 STM20
Pt(111) Cl 10 mM KCI + 100 mM HCIO, 0.4-0.6 6.0-9.0 SXS142
Br 10 mM KBr + 100 mM HCIO, aligned hex 0.443-0.509 6.64—7.63 SXS0
10 mM KBr + 100 mM HCIO, (8 x 3) 4q 6.66 SXS142
aligned hex
(7x7) 0.510 7.65
3 mM KBr + 10 mM HCIO, aligned hex <4y <6.66 STM7
(3% 3) 4q 6.66
20 mM KBr + 100 mM HCIO, (8 x 3) 4q 6.66 SXS1415
I 100 mM HCIOz (v/3 x V/3)R30° Yy 5.00 STM3
(W7 x VT)R19.1° 3/, 6.43
0.1 mM KI + 0.1 mM HCIO, + 10 mM NaClO,2 (3 x 3) 4q 6.66 STM#48191,102
1 M HCIO42 (W7 x VT)R19.1° 3/, 6.43 STM193198.199
50 mM H,S0, + 1 mM KI (8 x 3) 4 6.66
10 mM K1 + 100 M HCIO, (V7 x V/7)R19.1° 3/, 6.43 SXS123
(3 x 3) 4 6.66
10 mM Kl + 100 M HCIO, (V7 x V/7)R19.1° 3, 6.43 SXS42
(8 x 3) 4 6.66
Pt(100) Br 2.25 mM KBr + 50 mM H,S0,2 aligned pseudohex 0.42 5.5 STM4
0.08 mM KBr + 100 mM HCIO, 0.35-0.4 45-52 SXS14
I 1MHCIOza c(2 x 2) 1Y, 6.49 STMm1E
(V2 x 5y/2)R45° 35 7.79
0.1 mM KI + 0.1 mM HclO, + 10 mM NaClO.2  (v2 x 5v/2)R45° 35 7.79 STM48.190.101
0.1 mM KI + 0.1 mM HclO, + 10 mM NaClO2  ¢(2 x 2) 1, 6.49 STM192
(V2 x 5y/2)R45° ¥ 7.79
HCIO42 (V2 x 5/2)R45° ¥ 7.79 STM36
Pt(110) Br 2 mM KBr + 50 mM H,SO, (7 x p) STM1%4
Br 10 mM KBr + 100 mM HCIO, (6 x 2) 2y 6.12 STM200
I 50 mM H,S0,2 (4 x 1) 3, 6.89 STM1%
1 M HCIOz2 (2 x 1) Y, 4.59 STM19%
Pd(111) I 50 mM H,SO,2 (V3 x +/3)R30° A 5.09 STM201
Pd(100) I 50 mM H,S04,21 mM KI + 50 mM H,SO, o2 x 2) 1, 6.61 STM?201.:202
Rh(111) 1 100 mM HCIO4 (+/3 x +/3)R30° Y 5.323 STM208
Ni(111) 1 1 mMKI+ 10 mM HF (+/3 x +/3)R30° Iy 6.20 STM204

a Halide species preadsorbed prior to immersion in electrolyte. ® Mixed alkali—halide adlayer.

dissolution, bulk halide formation, or—in the case of
iodide—polyiodide formation. Although the dense
halide adlayers are maintained on the surface during
metal dissolution, at least in the range of low dis-
solution rates (see section VII.A), high-resolution
STM/AFM or SXS studies are usually more difficult
in the presence of these processes.

On the hexagonally ordered (111) surfaces of fcc
metals, halides form predominantly close-packed
hexagonal adlayer structures, reflecting the isotropic
adsorbate—adsorbate interactions. At saturation cov-
erages, the adlattice spacings are typically slightly
above the halide van der Waals diameters.?®® For
halide adlayers on the coinage metal surfaces Cu(111),
Ag(111), and particularly Au(111), often incommen-
surate structures with lattice spacings that decrease
with increasing potential were found (see, for ex-
ample, Figures 3 and 4). This potential-induced
compression of the adlattice—usually termed electro-
compression—will be discussed in detail in section
I11.F. Notable exceptions are Cu(111)—1I, where a
simple (v/3 x v/3)R30° structure is formed according
to an STM study by Inukai et al.’® and Ag(111)—
Br,56:123.172.173 where different high-order commensu-
rate structures were reported by several groups. A
particular rich phase behavior was observed for

iodide adlayers on Au(11l) and Ag(111l), where a
sequence of disordered, low-order commensurate (C),
uniaxial incommensurate (UIC), and two-dimen-
sional incommensurate (IC) adlayer phases was
observed with increasing potential by Ocko et
al 56122123 (see section 111.D). On the (111) surfaces
of transition metals, well-ordered adlayers always
seem to exhibit commensurate structures, indi-
cating a stronger preference for energetically fa-
vorable adsorption sites. The only reported excep-

tion is Pt(111)—Br, where Lucas et al. found indica-
tions for more compressed incommensurate or high-
order commensurate structures with large unit cells;
however, the adlayer in this case was poorly or-
dered.1#?

Halide adlayers on fcc(100) surfaces exhibit a
stronger tendency toward commensurate structures,
with a predominant occurrence of simple c(2 x 2)
adlattices. This reflects the higher substrate corruga-
tion potential on the more open, square (100) lattice.
Incommensurate phases are only observed on Au(100),
corresponding to the trend observed on the (111)
surfaces. Only a few studies of halides on fcc(110)
surfaces exist, which in general find pseudohexagonal
adlayers, where the anions are adsorbed in the
atomic rails along the [110] direction. Again a notable



Ordered Anion Adlayers on Metal Electrodes

o [+]

. o [ ]
o. o - e o .t

(0.1)
o] : H TR :. <
00 .. A ¢
« © . o l'@._ B
) (10" X,0>
[}
o ) ) o]

5500 — - - ; .
4500

3500 1

2500 g

1700

—_
w
w
o

counts/second]

21400

Intensit:

550
525
500
475
450
425
400

-9, [degrees]

Figure 3. Insitu SXS and in situ STM data for the Br adlayer on Au(111). (a) X-ray diffraction pattern, (b) corresponding
adlayer structure, (c) azimuthal SXS scans through the first (A), second (B), and third (C) order diffraction peaks at 0.2
V (filled circles) and 0.6 V (open circles) in 100 mM HCIO4 + 10 mM NaBr, and (d) STM images obtained at 0.44 V (A) and
0.74V (B) in 100 MM HCIO,4 + 1 mM NaBr (80 x 80 A2). Both SXS and STM indicate a disordered adlayer at the negative
and a rotated-hexagonal Br adlayer at the positive potential. (Reprinted with permission from ref 46. Copyright 1996
American Chemical Society.)

exception is Au(110), where an rotated incommen-
surate phase was observed for the iodide adlayer by
Gao et al.*®! and Wang et al.’®” No ordered halide
adlayers have been reported up to now for higher
index surfaces or on hcp or bcc metals.

For completeness sake, it should be mentioned that
at high positive potentials, where the two-dimen-
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sional adlayers are replaced by bulk phases, very
different surface structures can be found. Gao and
Weaver3839 observed under these conditions that the
hexagonal-rotated iodide adlayer on Au(111) is re-
placed by a polyiodide phase. In this phase, the iodine
atoms are arranged in chains with an atomic spacing
of about 2.9 A along the chain. The chains form a



690 Chemical Reviews, 2002, Vol. 102, No. 3

T T T T T T T T
72 « Chronocoutometry (10 mM NaBr) - 0.52
o SXS (100 mM NaBr
o SXS (33 mM NaBr —
S I & SXS (10 mM NaBr -
€ 0 SXS {1 mM NoBrg 1051
N < STM (1 mM NaBr & :
g 70k % STM (0.1 mM NaBr) / <
8 ‘/./é 0’ @
= &y 4050 §
b / 3
2 s g
3 y o
681 o 1049 8
Lm é
2 4 g
é <1 0.48 &
3 6.6
g 10.47
fas)
6.4 040
i | L !

0.4 0.5 0.6 0.7 0.8
EAg/AgCI (V)

Figure 4. Surface concentration I" and coverage 6 obtained
by in situ SXS, in situ STM, and chronocoulometry?% for
the incommensurate, compressible Br adlayer on Au(111).
Open and filled symbols in the SXS data correspond to the
positive and negative direction of the potential sweep,
respectively. (Reprinted with permission from ref 46.
Copyright 1996 American Chemical Society.)

disordered, hexagonal network on the Au surface and
are preferentially aligned along the [110] direction
of the substrate, which was attributed to the close
match of the interchain iodine—iodine and the Au
lattice spacing. Furthermore, ex situ STM studies by
Schott and White?%921° on Ag(111) samples quenched
in hot, concentrated acid halide solutions revealed
unusual double row atomic structures, which might
be interpreted as thin epitaxial Ag halide films. All
these bulklike phases differ quite strongly from the
two-dimensional adlayer phases found in the double
layer regime and will not be discussed in more detail
in this work.

The structure and phase behavior of halide adlay-
ers at the electrochemical interface is very similar
to that of adlayers formed by the (dissociative) ad-
sorption of halogens from the gas phase.125-137.147.211-242
This is particularly well illustrated by the results
for iodine adsorption on Ag(111l) and Au(111),
where the same complex series of adlayer phases
as in the electrochemical environment was ob-
served.126-129.211,216.217 The most pronounced dif-
ferences are found at low coverages. Here rela-
tively open commensurate structures, such as
(v/3 x ~/3)R30° for Ag(111)—Cl213 Ag(111)—Br,214
Au(111)—Cl,*** and Au(111)—1 2% as well as ¢(2 x 4)
for Pt(100)—1,%*® were observed in the UHV studies,
but not in the corresponding electrochemical systems.
These differences can be related to solvation effects
at the electrochemical interface (see above), which
are most pronounced in the low-coverage regime. A
second point concerns the high coverage regime,
which can be limited at the solid—liquid interface by
electrochemical reactions (e.g. metal dissolution) that
do not occur under UHV conditions. For example,
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only a (+/3 x +/3)R30° structure is observed for
electrochemical iodide adsorption on Cu(111) prior
to Cu dissolution,® whereas a uniaxial compressed
phase was reported at high coverages in the corre-
sponding UHV system,?40:241

Overall, the chemisorbed halide (or halogen) ad-
layers, in particular those on coinage metal surfaces,
exhibit a structural phase behavior that closely
resembles that of classical two-dimensional systems,
such as physisorbed noble gases on graphite and
metal surfaces.?*~248 This will be shown explicitly in
the following subsections, where specific effects and
systems are considered in detail. An advantage of the
electrochemical environment as compared to the
solid—vacuum interface is that the adlayers are close
to equilibrium, as can be seen from the excellent
agreement of the lattice parameters obtained in the
positive and in the negative potential sweep (see
Figure 4). Since the free energy of adsorption and
hence the corresponding adlayer structure can be
directly controlled via the electrode potential, metal
electrodes in halide solutions are interesting model
systems for fundamental studies of phase transitions
in two dimensions.

D. Halide Adlayer Phases on Ag(111) and Au(111)

On the hexagonal close-packed (111) faces of fcc
metals, the corrugation potential is particularly weak
and of comparable order as the lateral interactions
between the halide adsorbates in high-density ad-
layers. Consequently, adsorbate—adsorbate and ad-
sorbate—substrate interactions equally influence the
adlayer structure, resulting in a complex adlayer
phase behavior.?*47248 If the average adlayer lattice
spacing (aaq) is different from that of the substrate
(as), the resulting structure is a compromise between
a simple commensurate structure (Figure 5a), which
minimizes the interface energy resulting from the
corrugation in the adsorption energy, and a uniformly
compressed incommensurate phase (Figure 5b), fa-
vored by the elastic lateral interactions in the ad-
layer. In a simple one-dimensional model, originally
proposed by Frenkel and Kontorowa?*® and Frank
and van der Merwe,?° the lowest energy state

a

Figure 5. Schematic models of (a) simple commensurate,
(b) uniformly compressed, and (c) domain-wall adlayer
structures (the adsorbate coverage in panels b and ¢ is
identical). The positions of the maxima of the Moiré pattern
in part b and of the domain walls in part c are indicated
by arrows.
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corresponds to a system of commensurate regions
separated by domain walls (also called solitons or
misfit dislocations), in which the adsorbates are
displaced from the preferred substrate sites (Figure
5¢). The spacing and width of these domain walls are
determined by the lattice mismatch asqs/as and by the
ratio of corrugation potential and lateral interaction
energy, respectively. For two-dimensional structures,
the symmetry of the adlattice depends on the energy
associated with the crossing of the domain walls:?5!
if the wall crossing energy is positive, i.e., the walls
repel each other, the walls arrange in periodically
spaced, parallel lines, resulting in uniaxially incom-
mensurate phases (“striped phases”). In contrast, for
a negative wall energy, i.e., attractive interactions,
a hexagonal arrangement of the domain walls is
observed. In the limit of sharp domain walls this
results in the formation of ordered dislocation net-
works, a prime example of which is the Au(111)
reconstruction.?®> Such domain-wall structures are
restricted to small mismatches, where the average
adlayer spacings are close to that in the com-
mensurate structure and hence commonly called
weakly incommensurate phases. It should be noted
that the experimental observation of these dislocation
structures is often difficult, in particular if the
domain walls are broad or their positions undergo
strong entropic fluctuations. With increasing com-
pression of the adlattice, the domain wall spacing
decreases and the domain walls increasingly overlap,
approaching a structure close to a uniformly com-
pressed adlayer (often called a “floating two-dimen-
sional solid”). In this regime the adlayer symmetry,
i.e., the occurrence of striped or hexagonal phases,
is better rationalized by the competing tendencies of
the adsorbates to arrange on the one hand isotropi-
cally on the surface and to avoid on the other hand
energetically unfavorable adsorption sites (see be-
low). For uniformly compressed incommensurate
phases as well as dislocation structures, the displace-
ment of adsorbates from the commensurate positions
can result in a long-range vertical modulation (“Moiré
pattern”) of the adlayer, which often can be directly
observed by STM38,40,45,46,158,162,163,169,174,253,254 (see, for
example, Figure 3d, part B).

The whole sequence of possible adlayer structures
is illustrated by the system Ag(111)—1, where ordered
phases are observed over a wide range of potentials
and surface coverages, due to the strong adsorption
and high polarizability of the iodide adsorbate. Start-
ing at the most negative potentials, where the halide
adlayer is disordered, a commensurate (v/3 x +/3)R30°
(Figure 6a, A), an uniaxial-incommensurate c(p x +/3)
(Figure 6a, part B), and an incommensurate rotated-
hexagonal structure (Figure 6a, part C) were found
with increasing potential in a SXS study by Mag-
nussen et al.%%123 as well by Yamada et al. using STM
and ex situ LEED,™* with the coverage 6 increas-
ing from /3 in the commensurate phase to 0.442
at the most positive potentials. The c¢(p x +/3) struc-
ture is obtained by a uniaxial compression of the
(v/3 x +/3)R30° adlattice along the [110] direction of
the Ag substrate, resulting in a centered rectangular
unit cell with unit cell vectors of length +/3 along the
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Figure 6. (a) Structure of iodide adlayers on Ag(111) and
Au(111) as deduced from in situ SXS. From the left to the
right are shown the commensurate (v/3 x +/3)R30° (A), the
uniaxial-incommensurate c(p x +/3) (B), and the incom-
mensurate rotated-hexagonal (C) phases. (b) The potential-
dependence of the iodide coverage 6 obtained from the SXS
data in electrolyte containing 100 mM I~. The potential
scale of the Au(111) data has been shifted negatively by
0.5 V to facilitate the comparison with the Ag(111) data.
(Reprinted with permission from ref 123. Copyright 1996
Elsevier Science Ltd.)

commensurate direction and of length p perpen-
dicular to that. In this structure, the iodide atoms
reside on three-fold hollow, bridge, or intermediate
sites; top sites are not occupied. With increasing
potential p decreases and the coverage 0, which is
equal to p!, increases. The incommensurability is
measured by the uniaxial lattice mismatch relative
to the (v/3 x +/3)R30° phase, which is e = 1 — p/3.
From the absence of satellite peaks in the SXS data—
expected for sharp domain walls?*—it was concluded
that the c(p x ~/3) phase is better described as a
uniformly compressed structure.®®123 This is sup-
ported by the STM observations of Yamada et al.,’”*
where a uniform adatom spacing was reported, as
well as by the large lattice mismatch ¢ (see below),
which is inconsistent with a weakly incommensurate
phase. Finally, a completely incommensurate adlayer
is attained in the rotated-hexagonal phase. Here 0
= |aag/ail?, where a, is the potential-dependent near-
est neighbor spacing in the hexagonal iodide adlattice
and aag = 2.889 A is the Ag—Ag spacing. The rotation
angle between adsorbate and substrate lattice is in
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Table 2. Structural Parameters of Halide Adlayers on the (111) Surfaces of the Noble Metals?
oT/0E
(10 cm—2Vv?) ax(Eo) (A) ax(Emax) (A) ax(Eo)/axvaw® ax(Emax)/axvaw® «/3aMe/ax,vdwb
Au(111) Cl IC 241 +0.15 4.03 3.95 1.15 1.12 1.42
Br IC 2.95 £+ 0.07 4.24 4.03 1.15 1.09 1.35
1 uiC 1.30 £ 0.02 4.62 4.32 1.17 (1.20°) 1.09 (1.14°) 1.26
IC 1.98 +0.02 4.47 4.33 1.13 1.09
Ag(111) Cl IC 2.84+05 4.00 3.95 1.14 1.12 1.42
Br HOC 4.04 1.09 1.35
1 C 5.00 1.27 1.26
ulcd 1.04 £+ 0.03 4.8 4.39 1.21 (1.22°) 1.11 (1.15°
IC 3.26 +£0.05 4.48 4.38 1.13 111
Cu(111) CI¢ uic 0.9 3.9 3.87 1.11 (1.16° 1.10 (1.14°) 1.26
Br ulC 2.9 4.2 3.99 1.14 (1.16°) 1.08 (1.11°) 1.20
| C 4.43 1.12 1.12

a Electrocompression, nearest neighbor spacing (ax) at the potential of phase formation (Eo) and at the positive potential limit
of the ordered phase (Emax), and ratios of the spacings ax to the halide van der Waals diameters ax.qw for simple commensurate
(C), high-order commensurate (HOC), uniaxial-incommensurate (UIC), and incommensurate (IC) halide adlayer phases (data
taken from refs 37, 46, 55, 56, 122, 123, 185, 201, 203, and 204). In addition, the mismatch of axvew and the (v3 x +/3)R30°
lattice spacing for the metal—halide system is given. P Halide van der Waals diameters axqw of 3.52, 3.70, and 3.96 A were used
for Cl, Br, and I, respectively.2%® ¢ Calculated using the average spacing given by aye./+/6. 9 Determined in the potential range
—0.8 to —0.4 Vagiagel, Where the electrocompression is approximately constant. A considerably higher (nonlinear) compression is
found close to the C—UIC transition. ¢ Results of the in situ STM/ex situ LEED study by Inukai et al.;* different structures were
reported in the in situ STM studies of Suggs and Bard!’® and Kruft et al.31184

the range of 1° to 2.5° and varies as a function of the
potential 56123

In Figure 6b the potential dependence of the iodide
phase behavior on the Ag(111) surface is summarized
in a plot of the coverage obtained from the SXS data.
The commensurate (v/3 x +/3)R30° phase is only
stable in a small, 40 mV wide potential regime. In
this range the intensity of the corresponding diffrac-
tion peaks first continuously increases, reaches a
peak, and immediately decreases again, parallel to
the emergence of diffraction peaks corresponding to
the c(p x +/3) structure. Hence, the (+/3 x +/3)R30°
phase apparently is only formed transiently in a
range where the iodide coverage, which continuously
varies with potential, is close to /3. In contrast, the
c(p x ~/3) phase, where the iodide adlattice density
can continuously vary with potential, is found in a
0.56 V wide potential range, with 6 increasing from
about 0.355 to 0.40. This corresponds to a change in
the iodide nearest neighbor spacing from 4.8 to 4.39
A (see Table 2) and in the incommensurability € from
0.06 to 0.17. At lower ¢, precise determination of the
adlayer structure is hampered by the overlap of the
diffraction peaks corresponding to the three sym-
metry equivalent domains of the c(p x +/3) phase,
which cannot easily be separated. Qualitatively, the
SXS data indicates a discontinuous change in € and
a first order (v/3 x +/3)R30° < c(p x +v/3) phase
transition.®® At the most positive potential, the
c(p x +/3) phase corresponds to a (5 x +/3) high-order
commensurate structure, where half of the iodide
atoms reside on hollow sites and the others on bridge
sites. Upon further potential increase, the (5 x v/3)
phase vanishes and the rotated-hexagonal phase is
formed in a first-order phase transition. Due to the
removal of the uniaxial distortion, the initial nearest
neighbor spacing in the new phase is 4.59 A, i.e., 5%
larger than in the (5 x +/3) phase, despite its higher
coverage of & = 0.417. The rotated-hexagonal ad-
lattice is continuously compressed with increasing
potential up to the upper limit of the double layer
regime, where bulk Agl formation commences.

Very similar structures, i.e., a (v/3 x +/3)R30°
phase for 6 = /3, followed by incommensurate
phases up to 0 = 0.48, were observed for iodine
adsorption on Ag(111) surfaces in ultrahigh
vacuum,126:128.129.211,216 217 Although an unambiguous
structural assignment of the incommensurate phases
was not possible, the observed LEED pattern is in
good agreement with the peak positions in the in situ
SXS data. In particular, also in UHV a continuous
shift in the diffraction positions with iodine dosage
was observed, indicating a compressible adlayer.

The observed phase sequence is an elegant example
of the stepwise loss of commensuration within two
distinct phase transformations with increasing cover-
age. This sequence was also predicted by Bak et al.?5!
using Landau theory and Kardar®>® using a general-
ized three-state Potts model. Application of these
models to the Ag(111)—I system seems doubtful,
however, since in both weakly incommensurate phases
were assumed. A better approach seems to be a
treatment in terms of a uniformly compressed ad-
layer, where the structures are rationalized on the
basis of the competition between the spatially modu-
lated adsorbate—substrate interaction and packing
constraints due to repulsive adsorbate—adsorbate
interactions. In the uniaxial-incommensurate phase,
the adsorbates reside in rows defined by the bridge
and hollow sites of the Ag substrate, and this con-
figuration has a lower interfacial energy than the
rotated-hexagonal phase, where some of the ad-
sorbates must occupy energetically unfavorable top
sites. However, the uniaxial-incommensurate phase
is slightly distorted from the hexagonal configur-
ation, and this distortion increases the adsorbate—
adsorbate elastic interaction energy. With increasing
potential the distortion increases up to a critical
coverage, where the energy associated with the
adlattice distortion exceeds the energy gain due to
the lower interface energy, resulting in a transition
into the incommensurate, rotated-hexagonal phase.

It is instructive to compare the phase behavior of
Ag(111)—1 with that of iodide on the Au(111) surface,
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which exhibits an almost identical substrate geom-
etry due to the very similar lattice spacing (aa, =
2.885 A). Both incommensurate phases—the c(p x +/3)
and the rotated-hexagonal phase—were observed for
Au(111)—1 by Gao and Weaver? as well as Haiss et
al.’®8 using in situ STM, Ocko et al. using in situ
SXS,*?2 and Yamada et al. using in situ STM/ex situ
LEED.45162163 The commensurate (v/3 x +/3)R30°
phase was found by STM and LEED,3840:45.158,162,163
but not in the SXS measurements.'?> This might
suggests that this structure only exists as a short-
range ordered phase. As for Ag(111)—1, the absence
of satellite peaks and the considerable incommen-
surability imply that the adlayer in the c(p x v/3)
phase is a uniformly compressed rather than a
domain-wall structure, which is supported also by the
in situ STM observations.3845162.163 However, a recent
ex situ STM study of iodide adlayers formed by
adsorption from methanol solution by Huang et al.?>*
observed—albeit rarely—a uniaxial dislocation net-
work structure with superheavy domain walls, sug-
gesting that the presence of the electrolyte may
promote the relaxation of the domain walls to a more
uniformly compressed structure. The potential-
dependent coverage in the incommensurate phases,
obtained from the SXS data, is included in Figure
6b. For better comparison, the potential scale for the
data on Au(111)—1 was shifted by —0.5 V, to correct
for the difference in pzc of Ag and Au. Obviously, the
adlayer phase behavior on the two substrates is quite
similar. In the c(p x +/3) phase the minimum and
maximum coverage and the electrocompressibility d6/
dE are slightly larger on Au than on Ag. Interest-
ingly, the c(p x +/3) phase on Au does not lock in into
the commensurate (5 x /3) structure but is continu-
ously compressed at coverages around 0.40. This, as
well as the absence of a well-ordered (v/3 x +/3)R30°
phase indicate a reduced tendency toward com-
mensurate structures, which can be rationalized by
a weaker substrate corrugation potential on Au(111)
as compared to Ag(111). A similar trend in the
corrugation potentials is found in the density func-
tional calculations of Ignaczak and Gomez.8¢ Almost
identical isotherms 6(E) are observed in the rotated-
hexagonal phase, suggesting that substrate effects
are minimal within this phase, as expected for
incommensurate, “floating” structures.

In addition, the iodide adlayer structure may be
influenced by the solution pH, as reported in the
STM/LEED study of Ag(111)—I by Yamada et al.1™
Here the sequence of adlayer structures found in
alkaline KOH solution differed from those obtained
in acidic or neutral electrolyte. With increasing
potential first a square (v/3 x +/3) phase, followed by
a continuous transition to the (+/3 x +/3)R30° struc-
ture, and finally a direct transition to the rotated-
hexagonal adlayer without an intermediate c(p x +/3)
phase was observed in the alkaline electrolyte. On
the basis of parallel Auger electron spectroscopy
measurements, which revealed a significant potas-
sium signal at potentials negative of the potential
regime of the rotated-hexagonal phase, this behavior
was attributed to the influence of potassium co-
adsorption on the adlayer structure.’’”* Indeed, the
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rather open structures—in particular the square
adlayer phase found at the most negative potentials—
resemble the mixed alkali iodide phases observed on
Au(110) (see section V).

E. Adlayer Phases in Other fcc (111)-Halide
Systems

Each of the other metal(111)—halide systems ex-
hibits only one type of these adlayer phases, i.e.,
either a commensurate, a uniaxial-incommensurate,
or an incommensurate structure (summarized in
Table 2). Particularly notable is the rare occurrence
of the simple commensurate (+/3 x +/3)R30° super-
structure in the electrochemical environment. For-
mation of this structure should in principle be
possible for all halide—metal systems, since the
lattice mismatch axqw/ame—estimated from the ha-
lide van der Waals diameter and the substrate
spacing—is always in the range 1.3—1.7. Indeed,
(v/3 x +/3)R30° phases were commonly observed on
fcc(111) surfaces for halogen adlayers under UHV
conditions. The absence of the (v/3 x +/3)R30° phase
for electrochemically adsorbed halides is particularly
noticeable on noble metal electrodes, where this
structure is only found for Ag(111)—1,%6123174 Cu(111)—
1,85 and possibly Cu(111)—Cl.3%184 For the Cu(111)—1
system, the mismatch is particularly large, due to the
small Cu lattice spacing, and actually close to +/3;
i.e., the (v/3 x +/3)R30° structure corresponds already
to an iodide adlayer at saturation density.*® This is
different for the other halide adlayers on Au(111),
Ag(111), and Cu(111), which all have saturation
packing densities that are considerably higher than
those in the (v/3 x +/3)R30° structure (see Table 1).
Consequently, the (v/3 x +/3)R30° structure in these
systems corresponds to a more open arrangement of
the adsorbates, which in electrochemical environ-
ment is apparently less favorable than a disordered,
2D liquidlike structure. To understand this phenom-
enon, we first consider the adlayer ordering in the
limit of negligible substrate corrugation. In this case
ordering is expected only above a critical adsorbate
density (see below). For corrugated substrates the
driving force for (v/3 x +/3)R30° formation depends
both on the effective adsorbate diameter, which is
determined by the adsorbate—adsorbate interactions
and which controls the intrinsic ordering of the
adlayer, and on the corrugation amplitude, which
determines the tendency of the adsorbates to lock in
commensurate positions. Both of these factors could
be substantially altered at the electrochemical inter-
face as compared to the metal—vacuum interface,
e.g., due to partial shielding by solvent molecules or
due to the strong electric fields in the electrochemical
double layer. In addition, dynamic effects, such as
exchange with the solution, might enhance the
tendency toward disordered or only locally ordered
adlayers. These arguments also explain the observa-
tion of (v/3 x +/3)R30° iodide phases on (111)-oriented
electrode surfaces of the transition metals Pt,%” Pd,?0!
Rh,?0% and Ni.2%* First, these metals exhibit signifi-
cantly smaller lattice spacings, resulting in a rather
high packing density for the large iodide adsorbate,
and second the substrate corrugation is more pro-
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Figure 7. In situ STM image of the iodide adlayer on
Pt(111) in 50 mM H,SO, + 1 mM Kl at 0.15 V versus RHE
(250 x 250 A2), showing the coexistence of (v/7 x +/7)R21.8°
and (3 x 3) domains. (Reprinted with permission from ref
199. Copyright 1998 American Chemical Society.)
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nounced, as indicated by the absence of incom-
mensurate phases and the low mobility in the adlayer
(see below).

Higher packing densities require an at least partial
displacement of the adsorbates from the preferred
hollow sites, resulting in high-order commensurate,
incommensurate, or uniaxial-incommensurate struc-
tures. High-order commensurate phases, where a
fraction of the adsorbates still occupies low-energy
sites, are favored by large corrugation potentials and
commonly observed for halides on transition metals,
whereas incommensurate phases are preferred on
substrates with weak corrugation potentials, in par-
ticular, noble metal surfaces. An exception is the
formation of a high-order commensurate rather than
an incommensurate, compressible Br adlayer on
Ag(111), which was also observed for Br adlayers
formed by gas-phase adsorption.?'* In view of the IC
phases found for Cl and | on Ag(111), this behavior
is currently not completely understood. The observa-
tion of unusually strong SXS peak intensities for
Ag(111)—Br suggests that this structure may involve
reconstruction of the Ag substrate® (see section VI.A)
It is noteworthy that the potential-dependence of the
adlattice spacing is difficult to study in this system,
since the ordered adlayer is restricted to a small
potential range of ~50 mV negative to the onset of
AgBr formation.

In contrast to the highly reversible adlayer phase
behavior found on noble metal surfaces, the structure
of halide adlayers on transition metal surfaces is
strongly affected by kinetic effects. For example,
studies of Pt(111)—1 by SXS,123142 STM,3719 and ex
situ methods?7%27! reported the coexistence of two
high-order commensurate phases—a (v/7 x +/7)R21.8°
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phase with 0 = 3/; and a (3 x 3) phase with 6 = 4/g—
over a wide potential range (Figure 7). As shown by
Inukai et al.,'® immersion of freshly prepared Pt(111)
electrodes at negative or positive potentials results
in an almost 100% coverage by the (v/7 x +/7)R21.8°
or (3 x 3) phase, respectively, but the phase transi-
tions between these structures are apparently strongly
hindered. The latter is probably caused by a pro-
nounced corrugation potential for the iodide ad-
sorbate on the Pt(111) surface, as indicated by the
very low adsorbate mobility in this system and by
the high defect density and small domain size, which
are in strong contrast to the highly ordered halide
adlayers found on Au and Ag surfaces.'® Similar
kinetic effects may explain the high-density disor-
dered or poorly ordered adlayer phases of Cl and Br
on Pt(111) observed by Lucas et al. using SXS*? as
well as the observation of different, coexisting (3 x 3)
structures by Tanaka et al.*®” Furthermore, Muller
et al.?®* found a pronounced hysteresis in po-
tential for the formation and dissolution of the
(v/3 x +/3)R30° iodide adlayer phase on Ni(111).
All these observations indicate that on transition
metal surfaces the Kkinetics of adlayer formation
strongly affects the potential-dependent halide ad-
layers structure, which causes severe problems in
establishing the equilibrium phase behavior on these
metals.

F. Potential-Dependent Structure of
Incommensurate Adlayers on fcc (111) Surfaces

In the incommensurate phases the onset of order-
ing is determined by packing constraints in the
adlayer, as illustrated in Table 2, where the lattice
parameters of halides on Au(111), Ag(111), and
Cu(111) obtained by diffraction techniques are sum-
marized. For a better comparison of the different
halide species, we additionally give the ratio of the
lattice spacing ax to the halide van der Waals
diameter axvaw (Obtained from crystallographic data
on tetrahalides®®®), which was chosen somewhat
arbitrarily as a measure of the intrinsic size of the
halide adsorbates. Taking the halide size into ac-
count, all hexagonal-incommensurate phases as well
as the only weakly distorted uniaxial-incommensu-
rate phase of Br on Cu(111) form at similar packing
densities, independent of whether the phase is formed
in a disorder—order or a UIC—IC transition. More
precisely, all transitions into IC phases occur at
average nearest neighbor spacings ax(Eo), which are
13%—15% larger than axqw. This is in good agree-
ment with Monte Carlo simulations of a two-
dimensional system of particles interacting via a
Lennard-Jones potential, where order—disorder tran-
sitions were found at average nearest neighbor
spacings, which are 12%—19% larger than the van
der Waals diameter.?** For the formation of UIC
phases with pronounced adlattice distortion, a wider
range of critical adlayer densities ax(Eo) is found.
This is expected, since the structure is in this case
not only determined by packing constraints but also
by the strength of the corrugation potential.

The symmetry of the incommensurate phase (UIC
or hexagonal) is controlled by the competing contri-
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butions of the interface energy and the elastic energy
associated with the distortion of the hexagonal lattice
(see above). Uniaxial-incommensurate structures are
only stable if the distortions are below a critical limit
and consequently should only be observed if the
mismatch between the commensurate spacing +/3ae
and the intrinsic diameter of the halide adsorbate is
sufficiently small at the onset of ordering. This is
supported by the structural data (see Table 2),
according to which uniaxial-incommensurate phases
are only observed below a critical ratio v/3awe/ax.vaw,
whereas at higher ratios the disordered adlayer
orders directly in the hexagonal-incommensurate
structure. With the above choice of axqw this critical
ratio is /1.3, which may provide a rule of thumb for
estimating the adlayer structure. Using this criterion,
a direct disorder-IC transition would also be expected
for Cl and Br on Pt(111). Indeed, the series of HOC
phases found for Pt(111)—Br42194197.257 gnd the close-
packed, disordered adlayer structure for Pt(111)—
CI**2 may be understood as frustrated IC phases,
where the pronounced corrugation potential enforces
the local occupation of commensurate sites and a
continuous electrocompression in the form of a well-
ordered adlattice is kinetically hindered (see below).
The transition of the UIC iodide adlayer phases on
Au(111) and Ag(111) to a hexagonal IC structure can
be explained by similar packing constraints in the
adlayer: it occurs on both surfaces at an adlayer
density where the iodide nearest neighbor spacing
in the UIC c(p x +/3) phase is identical to the
minimum spacing ax(Emax) in the IC phase.1?2123.176
In a simple physical picture, the adsorbates are
expelled from the rows defined by the substrate
atoms due to the hard-core repulsion of the ions.

The orientation of the adlayer in the hexagonal-
incommensurate phase exhibits a complex behavior,
which is not fully understood. The adlayer is either
aligned with the [112] direction of the substrate, i.e.,
has the same orientation as the commensurate
(/3 x +/3)R30° phase (Au(111)—CI*6 and Ag(111)—
CI%®), or is rotated relative to this direction by an
angle ¢ < 5° which continuously varies with the
adlayer density (Au(111)—Br46:55, Au(111)—1,*?2 and
Ag(111)—1%8). This epitaxial rotation is a well-known
phenomenon in adlayer systems and heteroepitaxial
growth?46:258.259 and was first studied theoretically by
Novaco and McTague.?60-261 They showed that for an
infinite incommensurate adlayer a rotation from a
high-symmetry, commensurate orientation is ener-
getically preferred if the transverse strain in the
adlayer is sufficiently lower than the longitudinal
strain. In this case the total adlayer energy is
minimized at a nonzero angle due to the presence of
periodic lateral distortions of the adsorbate lattice
(“static distortion waves”). The Novaco—McTague
theory predicts an analytical relationship between
the rotation angle ¢ and the incommensurability e

= /36 in the rotated hexagonal phase, which is
approximately linear for moderate misfits and which
can be used to determine the ratio of transverse to
longitudinal sound velocities c/c;. An alternative
model based on finite-size effects was proposed by
Grey and Bohr.?%2 Assuming that the adlayer islands
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have energetically preferred edges along high-sym-
metry directions, the adlayer orientation can be
explained by a simple symmetry principle. Both
models provide reasonable descriptions of the rota-
tion of the iodide adlayers on Au(111)*?? and Ag(111).%
They can also account for the presence of aligned-
hexagonal structures for Au(111)—Cl and Ag(111)—
Cl, which in the framework of the Novaco—McTague
theory indicate a ratio cJ/c; < 1.35 in these adlay-
ers.260.261 |n contrast, both models fail to explain the
rotation of the Br adlayer on Au(111), where ¢
decreases with ¢ and depends on halide concentration
and the history of the potential changes.*® This
behavior, as well as other more complex phenomena,
e.g., the coexistence of two rotated phases with a
difference in ¢ of 0.2° for Au(111)—1,*> may be
attributed to a crossover between different contribu-
tions (i.e., finite-size or elastic distortion effects) or
to the influence of surface heterogeneities, such as
impurities or substrate steps. In general, the adlayer
energy as a function of rotation angle ¢ exhibits only
weak, broad minima,?1:262 so that the adlayer orien-
tation is easily affected by kinetic effects.

The phase behavior of halide adlayers closely
resembles that of adlayers formed by physisorbed
rare gases?*6263-265 a5 well as alkali metals?®® on
substrate surfaces with hexagonal symmetry. In
particular, the same phase sequence as for the
Ag(111)—1 phase was observed by Kern et al. for Xe
adlayers on Pt(111) using He diffraction.?%> This
illustrates that major aspects of the general adlayer
phase behavior can be understood solely from geo-
metrical constraints and the relative strength of the
adsorbate—adsorbate and adsorbate—substrate in-
teraction, independent of the chemical nature of the
system. On the other hand, the chemical interactions
in the adlayer have a pronounced influence on
physical properties such as the two-dimensional
compressibility. Accordingly, the electrocompression
of the halide adlayers is a function of halide species,
substrate, and adlayer phase (see Table 2). The
lateral compressibility «,p of the adlayer can be
calculated via kop = (yeo)™t 0A/OE, where y is the
electrosorption valency and A = I''! the area per
iodide adsorbate.?2266-268 From the diffraction data
halide adlayer compressibilities in the range 1.8—6.9
and 4.47—9.4 A2 eV are obtained for the UIC and
the IC phases, respectively, assuming an electrosorp-
tion valency y = —1. This is higher than the com-
pressibility of electrochemically deposited metallic
monolayers (koo ~ 1—2 A? ev~1266-268) pyt signifi-
cantly lower than that of physisorbed noble gas
adlayers (kop ~ 10—30 A2 g\/~1246263-265)

Up to now only a few attempt have been made to
guantitatively describe the electrocompression of the
halide adlayers. In comparison to metal and noble
gas adlayers, where the compressibility can be ex-
plained by the free-electron model?¢6-268 and models
employing Lennard-Jones pair potentials,?63264 re-
spectively, the halide—halide interaction is consider-
ably more complex and consequently cannot be
described by these simple models.5®1??2 Ocko and
Wandlowski'’® proposed a model where Lennard-
Jones and repulsive dipole—dipole interactions were
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considered and found that the experimental data
could only be described by assuming unreasonably
high dipole moments. More recently, Wang et al.?®®
presented a more detailed physical model for the
electrocompression of halides on Au(111). Here sub-
strate-mediated indirect interactions, electrostatic
interactions, Lennard-Jones interactions, interactions
between the induced dipole moments, and nonaddi-
tive three-body interactions were taken into account
by employing empirical approximations. The calcu-
lated 6(E) curves were in reasonable agreement with
the experimental data. According to this study the
lateral interactions in the halide adlayer are strongly
repulsive and dominated by the substrate-mediated
interaction.

G. Halide Adlayer Phases on fcc (100) Surfaces

On the (100) and (110) surfaces of the fcc metals
the symmetry of the substrate differs from the
intrinsic symmetry of the halide adlayers. Following
the reasoning of the previous section, the adlayer
should adopt the substrate symmetry if the ad-
sorbate—metal interactions are dominant, i.e.,
the corrugation potential is high, whereas a hexago-
nal packing should be favored if the adsorbate—
adsorbate interactions are dominant. We will first
consider halide adlayers on (100) surfaces, where the
lattice is square and the preferred adsorption sites
are the four-fold hollow sites. Due to the higher
coordination, halide adsorbates are more strongly
bound in these sites than in the three-fold hollow
sites on (111) surfaces, whereas the adsorption
energy on bridge sites should be similar on both
surfaces. Consequently, the corrugation potential is
enhanced on (100) as compared to (111) surfaces,
promoting the formation of simple commensurate
structures. For halide adlayers in an electrochemical
environment, the only stable low-order commensu-
rate phase is the ¢(2 x 2) structure (Figure 8a), which
was found on all studied (100) metal surfaces but
Au(loo)_113,1757177,179,1817183,1867189,192,201,202 Commensu-
rate phases with lower adlayer density, such as
primitive (2 x 2) or ¢(2 x 4) phases with 6 =1/, were
never observed at the electrochemical interface and
only rarely reported in studies under UHV condi-
tions.?*® As indicated by theoretical studies,?72273
ordering in these low-density phases would only be
possible at low temperatures, whereas at room tem-
perature it is prevented due to entropic effects. The
c(2 x 2) structure, on the other hand, corresponds to
a high halide density and in fact for many halide—
metal systems to a close-packed adlayer. This is a
consequence of the halide—metal lattice mismatch,
which is typically close to +/2 for the studied systems.
Furthermore, the smaller halides ClI- and Br—, where
the adlayer density in the ¢(2 x 2) phase can be up
to 20% below the saturation value (as estimated from
the maximum density on the corresponding (111)
surface), experience a higher corrugation potential ¢
which favors commensurate ordering. Hence, the
abundance of ¢(2 x 2) halide adlayer phases on (100)
surfaces is not surprising.

Although the commensurate c(2 x 2) phase, where
all adsorbates can occupy the preferred hollow sites,
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Figure 8. Adlayer phases on (100) surfaces. (a) (v/2 x +/2)-
R45° or ¢(2 x 2), (b) c(v/2 x 2+/2)R45°, (c) c(p x 2+/2)R45°,
and (d) c(v/2 x p)R45° structures. The adlayer unit cells
are indicated by thick solid lines; for parts ¢ and d, also
the ¢(v/2 x 24/2)R45° unit cell is indicated for comparison
(thin solid line).

minimizes the interface energy between halide ad-
layer and metal, the resulting square adlattice is
energetically unfavorable in terms of the adsorbate—
adsorbate interactions. A prime example for illustrat-
ing the competing contributions of lateral interactions
and corrugation potential is halide adlayers on the
structurally isomorphic Au(100) and Ag(100) sur-
faces, which were studied in detail by Ocko et al.
using in situ SXS.164168175175176 On Ag(100) the
c(2 x 2) structure is the only ordered adlayer phase
formed by Cl, Br, and 1.1757177 In contrast, at the same
coverage 6 = Y/, a more isotropic, quasihexagonal
c(v/2 x 2+/2)R45° structure is found for all three
halides on Au(100) (Figure 8b).160.164.165.168,169.176 The
c(v/2 x 2+/2)R45° structure can be obtained from the
¢(2 x 2) structure by antiphase shifting of the of the
adsorbate rows along the [001] direction (i.e., every
second row is shifted by +/2ame), which results ina
slightly distorted hexagonal arrangement of the
halide adsorbates. These structural differences indi-
cate that the corrugation potential for halides on
Au(100) is weaker than on Ag(100), resulting in an
adlayer structure dominated by the repulsive inter-
actions between the halide adsorbates. Similar trends
were found for halide adlayers on Au(111) and
Ag(111) (see section 111.D), as well as in the corruga-
tion potentials extracted from the calculations of
Ignaczak and Gomes.®® A crystallographic analysis
of the X-ray peak intensities'®4165 suggests a registry
of the c(v/2 x 2+/2)R45° adlayer as in Figure 8b,
where all adsorbates reside in bridge sites, rather
than the alternative possibility of a mixed occupation
of top and hollow sites (obtained by shifting the
adlayer in Figure 8b by ame/2 in the [011] direction).
This is also supported by the in situ STM studies by
Gao et al. ' and Cuesta and Kolb,'®® where no
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differences in the apparent height of the two halide
adsorbates in the c(v/2 x 2+/2)R45° unit cell were
observed.

The lateral elastic energy of the adlayer can be
further lowered by reducing the residual distortion
present in the c¢(~/2 x 2+/2)R45° phase. This is pos-
sible either by a uniaxial expansion of the adlayer
along the “v/2” direction, resulting in a c(p x 2+/2)R45°
structure (Figure 8c), or by a uniaxial compression
along the “2+/2” direction, corresponding to a
c(v/2 x p)R45° structure (Figure 8d). In both of these
uniaxial-incommensurate structures, the halide ad-
atoms reside on the rails of the substrate lattice
defined by the bridge sites, i.e., between the bridge
and hollow sites. It is likely that the adatoms are not
perfectly aligned with these rails but are locally
distorted toward the hollow sites. Since the interface
energies in these phases should be comparable to that
in the c(v/2 x 2+/2)R45° phase, the c(p x 2+/2)R45°
or c(v/2 x p)R45° structure should be energetically
favorable for halide coverages below or above /5,
respectively.

The transition from the c(v/2 x 2+/2)R45° to
the more densely packed c(v/2 x p)R45° phase
is observed for the two smaller halides, Cl and
Br.123.164.165168,169 Ag on Au(111), the disorder—order
and the transitions between the two ordered phases
manifest in sharp spikes in the voltammograms. This
is illustrated in Figure 9a for the case of Br. Also
shown is the corresponding potential-dependent in-
tensity of one of the first-order c(+~/2 x 2+/2)R45°
diffraction peaks, which visualizes the good agree-
ment between the peaks and the formation (peak P2)
and disappearance (peak P3) of the c(v/2 x 2+/2)R45°
phase (peak P1 results from the lifting of the Au
reconstruction). A more detailed discussion of the
c(v/2 x 24/2)R45° — c(+/2 x p)R45° transition is given
in section I11.1.

The potential-dependent phase behavior and cover-
age of halide adlayers on Au(100) is summarized in
Figure 9b. In the c(v/2 x p)R45° phase the incom-
mensurability ¢ = 2+/2/p — 1 continuously varies
from 0 (commensurate c(+/2 x 2+/2)R45° phase) to
0.13 and 0.15 for Au(100)—Br and Au(100)—Cl,
respectively, at the upper end of the double layer
potential regime. Accordingly, the coverage 6 =

x/i/p increases from /, to about 0.565 and 0.575,
respectively (Figure 9b). The nearest neighbor spac-
ing in the c(v/2 x p)R45° structure is always the
commensurate spacing +/2av. = 4.078 A; however,
the next-nearest neighbor spacing decreases from
4.56 A in the commensurate phase to 4.14 A for Br
and 4.09 A for Cl, resulting in an almost undistorted
hexagonal lattice at the most positive potentials. For
both halides, the adlayer electrocompressibilities in
the ¢(+/2 x p)R45° phase at incommensurabilities e
> 0.07, i.e., far away from the c¢(~/2 x 2+/2)R45° <
c(v/2 x p)R45° phase transition, are similar to that
in the rotated-hexagonal phases on Au(111),'?3 sug-
gesting that the halide—substrate interactions are
similar on both surfaces, despite the different sub-
strate symmetry. This supports our view that the
halide compressibilities are largely determined by the
adsorbate—adsorbate interactions. As for the incom-
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Figure 9. (a) Cyclic voltammogram (10 mV/s) and corre-
sponding X-ray intensity at (0,1) versus potential curve
(inset, 1 mV/s) of Au(100) in 50 mM NaBr (reprinted with
permission from ref 164. Copyright 1996 American Physical
Society). (b) The potential-dependence of the halide cover-
age 0 on Au(100) obtained from in situ SXS data in 50 mM
NacCl (circles), NaBr (squares), and Nal (triangles).1%8 For
the c(v/2 x 2+/2)R45° phase, where the 6(E) curves of the
different halide species overlap, the symbols mark the
upper and lower limit of the potential regime.

mensurate phases on (111) surfaces, the absence of
satellite peaks in the SXS data indicates a uniformly
compressed adlayer rather than a domain-wall struc-
ture.

A different phase behavior is found for iodide on
Au(100), where the first ordered phase observed by
STM0 and SXS'% upon increasing the potential
from the regime of the disordered adlayer is a
c(p x 2+/2)R45° structure. This phase has an initial
value of p = 1.554, corresponding to a coverage 6 =
1/v/2p = 0.455 (see Figure 9b), an incommensur-
ability e = «/Ep — 1= -0.090, and nearest and next-
nearest neighbor spacings of 4.48 and 4.66 A. Hence,
this phase is close to a hexagonal adlattice and
considerably less distorted than the c(v/2 x 2+/2)R45°
phase. In accordance with the arguments presented
above, the presence of the c(p x 2+/2)R45° structure
for Au(100)—1 can be attributed to the structure-
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determining role of the adsorbate—adsorbate interac-
tions and the larger size of the adsorbate, which
promotes ordering at 6 < /,. With increasing poten-
tial, the c(p x 2+/2)R45° is uniaxially compressed,
resulting in an increasing lattice distortion. In this
potential range discrepancies between the STM and
the SXS data concerning the adlayer phase behavior
exist. According to the STM results by Gao et al.,5°
the adlayer is continuously compressed until the
c(+v/2 x 2+/2)R45° phase is approached. Upon further
potential increase, a pseudohexagonal phase emerges,
where the adlayer is rotated by an angle ¢ ~ 5° from
the “+/2” direction. In contrast, in the SXS study by
Wang et al.168 the c(p x 2+/2)R45° phase is only found
down to p = 1.511 (@ = 0.468), where the halide
adlattice spacings are 4.36 and 4.63 A, and then is
replaced in a first-order phase transition by a rotated
pseudohexagonal phase with an initial coverage 6 =
0.485 (see Figure 9b), rotation angle ¢ = 3.5°, and
adlattice spacings of 4.35 and 4.54 A. The diffraction
peaks in the quasihexagonal phase change continu-
ously and finally approach the peak positions of the
commensurate c(v/2 x 2+/2)R45° phase. Interest-
ingly, both the STM and the SXS data indicate that
the quasihexagonal phase is a domain wall structure.
This is evidenced by the observation of a rather
regular arrangement of domain walls oriented along
well-defined directions in the STM images (Figure
10a) as well as by the presence of satellite peaks in
the SXS scans (Figure 10b). Hence, the results of
STM and SXS are in agreement with the exception
of the differences in the potential regime of the
adlayer phases. The latter may result from coexist-
ence of the quasihexagonal and the c(v/2 x 2+/2)R45°
phases over a wider potential range due to Kinetic
hindrance of the phase transition, an effect that has
been observed for a number of iodide adlayer systems
(see section I11.F).

Apart from the phases on Au(100), only few halide
adlayer structures different from the c(2 x 2) phase
were reported up to now. The best studied example
is the c(v/2 x 5+/2)R45° phase found in ex situ LEED
studies by Wieckowski et al.?* and Lu et al.?”® and
in in situ STM studies by Vitus et al.*® and Vogel et
al.48190-192 for Pt(100)—I, prepared by cooling of
annealed Pt crystals in iodine vapor. This structure,
which can be rationalized as a c(+/2 x p)R45° phase
with p = 5v/2/3, exhibits a surprisingly small nearest
neighbor spacing of a, = 3.81 A, which is smaller than
the iodine van der Waals diameter. Possible explana-
tions for this are a reduced effective diameter of
iodine on Pt as compared to noble metal surfaces, due
to the less ionic bond and correspondingly smaller
surface dipole®” as well as a pronounced buckling of
the adlayer, as indeed indicated by the STM ob-
servations.*®189-192 |t should be noted that the
c(+v/2 x 5+/2)R45° phase is only obtained by gas-phase
dosing at elevated temperatures, whereas adlayers
formed by electrochemical adsorption are apparently
disordered and have about 30% smaller saturation
coverages.?’® Furthermore, for Pt(100)—Br, ex situ
STM studies by Bittner et al.»®* and Orts et al.?’” and
in situ SXS results by Markovic!*#! indicate densely
packed, disordered adlayers with a locally quasi-
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Figure 10. Structure of the rotated pseudohexagonal
iodide adlayer on Au(100). (a) In situ STM image recorded
at 0.2 Vsce in 10 mM KI showing the domain wall structure
(reprinted from ref 160. Copyright 1994 American Chemi-
cal Society). (b) X-ray diffraction pattern and SXS scans
through the peaks at (1 &+ AH, 1/, — AK) obtained at —0.1
Vagiagel in 50 mM Nal.'%8 In the diffraction pattern sub-
strate peaks (open squares), first- and second-order ad-
lattice peaks (open circles) and satellite peaks (closed
circles), as well as the unit cell (solid line), are indicated
(for clarity only one domain of the adlayer is shown).

hexagonal arrangement of the adsorbates. Analogous
to the discussion of the halide adlayers on Pt(111),
this behavior can be rationalized by kinetic limita-
tions caused by the pronounced corrugation potential.

H. Halide Adlayer Phases on fcc (110) Surfaces

We now turn to the discussion of halide adlayer
phases on (110) surfaces, where only a few selected
systems have been studied so far. On this surface the
corrugation potential is highly asymmetric, with a
very weak corrugation along the atomic rails in the
[110] direction but a high corrugation in the perpen-
dicular [001] direction. Consequently, adlayer struc-
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a rotated pseudo-hex b

Figure 11. lodide adlayer phases on Au(110) surfaces: (a)
rotated pseudohexagonal, (b) (3 x 2), (c) c(p x 2), and (d)
c(p x 1) structure. (Adapted from refs 161 and 167.)

tures should be preferred where the adsorbates reside
in the atomic rails, in particular since the spacing
between these rails (v2awme) is in good agreement
with the intrinsic size of the halides.

Again, the most complex phase behavior is found
on Au electrodes, as shown in extensive in situ
studies of Au(110)—1 by Gao and Weaver using
STM?161.278279 gnd Wang et al. using SXS.166.167 Here,
ordered phases were observed at potentials as nega-
tive as —0.6 V vs Ag/AgCI (in 10 mM KIl), which were
attributed to the formation of mixed alkali—halide
adlayers and are discussed in section V. The forma-
tion of purely anionic, ordered adlayers commences
at ~300 mV more positive potentials, where a rotated
pseudohexagonal structure with nearest and next-
nearest neighbor spacings of 4.6—4.4 and 4.7 A is
observed (Figure 11a).16%167 According to the SXS
data, the iodide adsorbates in this phase are arranged
along the rows in the [112] direction defined by the
bridge sites of the substrate (indicated in Figure 11la
by dashed lines), which allows the adsorbates to avoid
the unfavorable top sites. Along these rows the
adsorbates occupy alternately sites on top and be-
tween the atomic rails of the substrate, in good
agreement with the height modulation observed in
the STM images.*! With increasing potential, the
adlayer is uniaxially compressed along the [112]
direction. This behavior resembles the uniaxial-
incommensurate phases on Au(100); however, due to
the different adsorbate spacing along the major
directions of the indicated primitive unit cell (solid
lines), the pseudohexagonal adlayer on Au(110) can-
not be described by a centered-rectangular structure.
A true centered-rectangular structure, where the
adsorbates are aligned with the atomic rails of the
substrate, emerges upon further potential increase.
This phase was first attributed by STM to a com-
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mensurate (3 x 2) structure (Figure 11b)*! but later
identified by SXS as a uniaxial-incommensurate
c(p x 2) phase, with a potential-dependent nearest
neighbor spacing paye between 4.2 and 4.08 A.167 At
even more positive potentials (0.05 V vs Ag/AgCl in
10 mM KIl), a second uniaxial-incommensurate
phase—ac(p x 1) structure (Figure 11d)—is found by
SXS, which exhibits an even higher iodide packing
density and a much smaller distortion with respect
to a hexagonal adlattice than the c(p x 2) phase.'6”
The STM images show in the same potential regime
the formation of periodic, stringlike features, which
are rotated by ~30° relative to the [110] direction,6?
i.e., oriented parallel to one of the close-packed
directions in the c(p x 1) structure (see Figure 11d).
This suggests that these strings are connected with
the c(p x 1) phase, although the adlayer structure
within the strings could not be resolved. Even at very
low potential scan rates, the pseudohexagonal and
the c(p x 2) phase as well as the c(p x 2) and the
c(p x 1) phase coexist over a wide potential range,
indicating that the (first-order) phase transitions
between these phases are strongly kinetically hin-
dered.87

For Au(110)—Br, very different structures were
recently reported in an in situ STM study by Zou et
al.'™ In contrast to the (quasi)hexagonal iodide
adlayers, a (3 x 1) and, at more positive potentials,
a (4 x 1) superstructure with a rectangular atomic
arrangement are commonly observed, where the
bromide adsorbates are located in the substrate
atomic rails along the [110] direction and aligned in
form of close-packed rows in the perpendicular [001]
direction. This structural difference was attributed
to the different adsorbate diameter, which for Br (but
not for 1) is slightly smaller than the substrate lattice
distance along [001] and therefore allows this type
of arrangement. The minimum Br nearest neighbor
spacing is 3.85 A, i.e., smaller than on Au(111) and
Au(100), which can be rationalized by the higher
coordination of the adsorbate with Au substrate
atoms on the (110) surface. Parallel to the rectangu-
lar structure also a pseudohexagonal (4 x 1) struc-
ture was found, where the close-packed rows along
[001] are maintained but rotated by ~20° from the
[110] axis. Apparently, the more unfavorable ad-
sorbate—substrate interaction in this arrangement
can be compensated by the less pronounced lateral
repulsion, resulting from the larger adsorbate—
adsorbate spacing.

Structural studies of halide adlayers on other
fcc(110) electrode surfaces currently exist only for Cu
and Pt substrates. In situ AFM observations of
Cu(110)—ClI by LaGraff and Gewirth8° found a close-
packed, quasihexagonal adlattice, resembling the
c(p x 1) structure. More recently, in situ STM results
on the halide adlayer structure on Cu(110) were
reported by Wan et al.?® as well as Li et al.?8! For
Cu(110)—Cl, the authors observed a (4 x 1)?8%281 and
a (5 x 1) phase®®! with a very similar arrangement
of the adsorbates as that reported by LaGraff and
Gewirth;*% however, Wan et al. suggested on the
basis of the height modulation in the STM images a
different structure, involving a Cl-induced recon-
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struction with a Cu coverage of %/, in the topmost Cu
layer?80 (see section VI.A). At more negative poten-
tials, the adlayer disordered and the (1 x 1) lattice
of the Cu(110) surface was observed.?8281 For Br and
I adlayers on Cu(110) c(2 x 2) phases were found.?8°
In the few studies of halide adlayers on Pt(110), the
observed adlayers were usually more disordered,
similar to Pt(111) surfaces. For Pt(110)—I, ex situ
LEED and in situ STM studies by Bittner et al.,'%
Albers,?’® and DeSimone!®® reported structures where
the adsorbates were occupying the substrate rails and
exhibited a (4 x 1)¥%276 or (2 x 1)'° symmetry. STM
observations of bromide adlayer on Pt(110) by Bittner
et al.’®* and Orts et al.?% indicated a 2- or 3-fold
periodicity in [001] and a 6- or 7-fold periodicity in
[110] direction and were interpreted in terms of a
distorted hexagonal structure.

Finally, it is noteworthy that on Au electrodes,
where the adlayer structure is least constrained by
commensurate effects, the surface concentrations
T'(E) of bromide and iodide adlayers on the three low-
index surfaces are almost identical, if the differences
in pzc are taken into account.1?3160.167.176 1n addition,
also the values of the electrocompression in the
incommensurate phases are very similar and the
onset of adlayer ordering occurs within 5% at the
same surface concentration I'(E), indicating that it
is largely governed by packing constraints. Hence,
the lateral adsorbate—adsorbate interactions are—
at least at these high adlayer densities—apparently
identical on all three surfaces and only weakly
affected by the substrate symmetry.

|. Phase Transitions in Halide Adlayers

Adlayers at electrochemical interfaces are interest-
ing model systems for the study of two-dimensional
phase transitions, since the chemical potential of the
adsorbate can be directly controlled through the
applied electrode potential. On well-defined, smooth
single crystal electrodes, these transitions in the
adlayer usually manifest as sharp spikes in the cyclic
voltammograms and double layer capacity, which can
be rationalized by the corresponding changes in anion
coverage and double layer structure. In general, the
hysteresis between the transition potentials obtained
in the anodic and the cathodic potential scans is small
(= 30 mV), indicating that the transitions occur close
to equilibrium. The hysteresis in the voltammograms
and in the SXS measurements, where much lower
potential sweep rates are used, is similar and appar-
ently an intrinsic property of the system, possibly
resulting from pinning effects or changes in the
substrate morphology. Even larger hysteresis is
typically observed in nonelectrochemical systems.
Most of the phase transitions between ordered halide
adlayers are first-order, i.e., involve phase coexistence
and proceed via a nucleation and growth mechanism.
More interesting from the point of view of statistical
mechanics are second-order phase transitions, which
can be described by a continuous order parameter
and exhibit universality, i.e., the critical behavior is
determined solely by symmetry and dimensionality.
In the following we will consider two examples of
such continuous phase transitions: the disorder—
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Figure 12. (a) Cyclic voltammogram (10 mV/s) and (b)
background-subtracted, normalized X-ray intensity at (1/,,
1,, 0.12) and (1, 0, 0.12) (1 mV/s) for Ag(100) in 50 mM
NaBr. The solid line is a power-law fit to the (Y7, 1/, 0.12)
signal with exponent 23 = 0.25. (Reprinted with permission
from ref 175. Copyright 1997 American Physical Society.)

order transition for Ag(100)—Br and the C—UIC
transition for Au(100)—Br.

The disorder—order transition in an adsorbate
layer corresponds to the formation of a phase with
long-range positional order from one with short-
range order. For weak substrate corrugation poten-
tials, the disordered phase is close to an ideal two-
dimensional liquid, and the onset of order occurs at
a critical average adatom distance ax (see section
I11.F). In this case the transition can be described by
the Kosterlitz—Thouless theory of melting or related
models.?*4248.282 |n contrast, for pronounced corruga-
tion potentials, the disordered phase is described by
a lattice gas, where the adsorbates occupy preferred
sites on the substrate. A particular simple and well-
studied case is order—disorder transitions in lattice
gas systems on square substrates, which are isomor-
phic to the two-dimensional Ising spin model.?*”
Recently, Ocko et al.}’317> demonstrated in a com-
bined study by in situ SXS and electrochemical
measurements the existence of a lattice gas phase
for Br on Ag(100) and an Ising behavior for the
disorder—order transition into the c(2 x 2) phase. In
Figure 12 the cyclic voltammogram, the potential-
dependent X-ray intensity at (*/,, />, 0.12), i.e., at the
first-order diffraction peak of the ¢(2 x 2) phase, and
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the intensity at (1, 0, 0.12), which reflects the
occupation of the four-fold hollow sites of the Ag
substrate, are reproduced. Obviously, the position of
the sharp peak in the voltammogram at —0.76 V
correlates well with the onset of ¢(2 x 2) order. For
potentials >—0.76 V, the intensity at (}/,, %/, 0.12),
which measures the order parameter squared,?*’
increases according to (E — E.),% with the critical
exponent 5 = g, in agreement with the predictions
of the Ising model. The same power law behavior was
found for Ag(100)—ClI, both in an electrochemical
environment'3175> and under UHV conditions, where
the chemical potential was inferred from the cover-
age.??® The intensity at (1, 0, 0.12) slowly decreases
between —1.2 and —0.6 V, i.e., in the potential range
of the broad adsorption peak in the voltammogram.
Its continuous variation even in the range of the
phase transition indicates a continuous change in
coverage, supportive of a second-order transition.
Comparison of the Br coverage in hollow sites 6y
obtained from the SXS data with the total coverage
6. from parallel chronocoulometric measurements
revealed a good agreement in the fully ordered
adlayer, but lower values of 64 at intermediate
coverages, which was attributed to significant lateral
displacement of the adsorbates from the hollow sites
at low coverages.'’ Interestingly, recent surface
resistance measurements of Br adsorption on Ag(100)
thin film electrodes by Hanewinkel et al.?®3 observed
a similar potential dependence as that of 6x. To
explain this behavior, it was assumed that only
bromide in the hollow sites exchange electrons with
the substrate. The order—disorder transition occurs
at 6, = 0.25 and 6, = 0.35,'7 with the latter value
being in good agreement with the critical coverage
of 0.368 obtained from simulations?®4285 and compa-
rable to that of 0.394 found for Ag(100)—CI under
UHV conditions.??°222 |n addition, Ocko et al. esti-
mated a repulsive interaction energy of 110 meV
between Br adsorbates on next-nearest neighbor sites
from the adsorption isotherm using a mean field
approximation.'”> A more detailed treatment was
provided by Koper'! and Mitchell et al.,?3286 who
performed Monte Carlo simulations for a lattice gas
model. From fits of the Ag(100)—Br adsorption iso-
therm it was concluded that the dominant contribu-
tion is the long-range electrostatic interaction but
that also additional short-range repulsion between
nearest neighbor sites has to be included. These
simulations quantitatively reproduced the electro-
chemical data and provided an excellent description
of the critical properties of this phase transition.

As a second example we discuss the transition
between the commensurate c(v/2 x 2+/2)R45° and the
uniaxial-incommensurate c(v/2 x p)R45° phase in the
bromide adlayer on Au(100).164165 Here the order
parameter is the incommensurability ¢ = 2+/2/p —
1, which increases continuously from zero in the
phase transition (Figure 13b). The data are well-
described by a power law with an exponent 5 = 0.4
(dashed and solid lines). The electrochemical current
can be approximated as i = io(E — E¢)’~! + i1, where
the first term reflects the change in Br coverage and
the second a constant capacitive double layer charg-
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Figure 13. (a) Cyclic voltammogram (dashed line, 10 mV/
s) and (b) corresponding incommensurability € as a function
of the applied potential of Au(100) in 50 mM NaBr. The
solid line is a power-law fit to the incommensurability with
B = 0.4. (Reprinted with permission from ref 164. Copyright
1996 American Physical Society.)

ing, which provides an excellent fit (solid line) to the
unusual, asymmetric shape of the corresponding
peak in the voltammogram (Figure 13a). The meas-
ured exponent § = 0.4 is smaller than the theoreti-
cal value of § = 1/,, predicted by Pokrofsky and
Talapov?®” within a domain wall model. This model,
however, should only be valid for small ¢, where the
domain walls are well-separated. Unfortunately, the
experimental precision is too low to quantitatively
extract the exponent close to the transition. Indeed,
a good fit for this range is also obtained using an
exponent 5 = /,. At higher incommensurabilities the
Br coverage is not determined by the proximity to
the C—UIC phase transition, but rather by the
compressibility of the Br adlayer (see section I11.F),
which may explain the deviations in the exponent.
The widths of the X-ray diffraction peaks in the
incommensurate direction scale quadratically with
the wave-vector components in this direction and
increase continuously by an order of magnitude as
the C—UIC transition is approached from the UIC
side.'®* This behavior is consistent with “cumulative
disorder” in the c(+~/2 x p)R45° phase, where the
positional uncertainty between two adsorbates is
proportional to the square root of their separation
along the incommensurate direction®®® and may
result from random pinning effects.

The kinetics of the phase transitions in the Br
adlayer on Au(100) was studied by electrochemical
potential-step experiments.'®> For the disorder <
c(v/2 x 24/2)R45° transition the current transients
indicated in both directions an instantaneous nucle-
ation and growth of the new phase coupled with Br
adsorption/desorption. The situation is less clear for
the transition between the commensurate and in-
commensurate phase, where a maximum in the
transients indicative of nucleation and growth was
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found only in the ¢(+/2 x p)R45° — ¢(v/2 x 2+/2)R45°
transition, but not in the reverse direction. The latter
may be related to the considerable disorder found in
the c(v/2 x 2+/2)R45° phase when it was formed from
the incommensurate phase.'®* It should be mentioned
that in the electrochemical measurements of the
c(v/2 x p)R4A5° — ¢(+v/2 x 2+/2)R45° transition the
potential was always stepped into the potential
regime of high incommensurability, i.e., in the uni-
formly compressed adlayer phase. It hence does not
allow conclusions on the second-order character of the
phase transition in the range of the weakly incom-
mensurate phase. Finally, a similar kinetic study of
phase transitions in the halide adlayers on Ag(111)
by Innocenti et al. 28 also indicated a diffusion-
controlled adsorption, followed by progressive nucle-
ation and growth.

IV. Adlayers of Molecular Anions

A. Hydroxide and Sulfide

Hydroxide adsorption is involved in oxygen evolu-
tion and electrooxidation—reactions of substantial
importance in electrochemistry—and in this context
has been studied extensively on numerous electrode
surfaces by electrochemical and spectroscopic meth-
ods. A review of these results is beyond the scope of
the present paper and can be found elsewhere.19.290.291
A dedicated study of OH adsorption on well-defined
Au(111) surfaces obtained by chronocoulometry and
in situ FTIR spectroscopy was recently published by
Chen and Lipkowski.?®? Here a three-stage process
was found, where with increasing potential first a low
coverage polar bound OH adspecies was formed,
followed by a region of rapid increase in coverage up
to /5 and a concomitant decrease in the polarity of
the surface bond (electrosorption valency y ~ 1), until
finally a surface oxide is formed at the most positive
potentials. Spectroscopic evidence for strongly specif-
ically adsorbed OH species was also found on other
metal electrode surfaces, such as Cu(111).2°3 In
agreement with these results, recent density func-
tional calculations of the interaction of OH and O
with the (111) surfaces of various noble and transi-
tion metals by Koper and van Santen 2°4 indicated a
largely ionic bond, a preferred adsorption in three-
fold hollow sites, and a charge transfer toward the
metal in the presence of a positive potential. The
trends in the OH adsorption energy on different
metals could be explained by a reduced covalent
interaction and a weaker Pauli repulsion with the
metal d electrons for OH as compared to O.

Considering their important role in electrochemical
reactions, remarkably little direct structural data on
OH or O adsorbate layers exist. In most systems, no
ordered superstructures were observed by STM/AFM,
indicating that the adlayers are either disordered and
highly mobile or adopt a (1 x 1) structure. This may
be facilitated by the small size of the adsorbate as
well as the rather covalent OH bonding, resulting in
weaker repulsive dipole—dipole interactions at posi-
tive potentials. In situ AFM observations of oxygen
or hydroxide adlayers with nonpseudomorphic struc-
tures were reported by the group of Gewirth for
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Cu(100) and Cu(110) in acidic H,SO, and HCIO,
solution.t89.295.2% For Cu(100) a ¢(2 x 2) adlayer was
found,?°> which however could not be observed in a
later in situ STM study by Vogt et al.8¢ For Cu(110),
(2 x 1) and (3 x 1) structures were reported, where
the adsorbates formed chains along the [001] direc-
tion and were located on top of the close-packed
atomic rows of the Cu substrate.’®%2% |t was sug-
gested that these chainlike structures correspond to
an oxygen-induced Cu surface reconstruction, similar
to that found in STM observations of oxygen adsorp-
tion on Cu(110) under UHYV conditions.?®” For Cu(111)
in NaOH solution a rather open hexagonal adlayer
structure was observed in an in situ STM study by
Maurice et al.,?®® which was attributed to a (2 x 2)
hydroxide adlayer on top of a reconstructed Cu
surface (see section VI.A) with a resulting OH cover-
age of ~0.2 ML. In addition, the structure of OH
adlayers on Pt(111), prepared by coadsorption of O
with H,O or H, was recently studied under UHV
conditions by low-temperature STM, LEED, and
electron energy loss spectroscopy by Bedurftig et
al.,2993% reyealing a (v/3 x +/3)R30° and a (3 x 3)
phase for temperatures below 200 K (at higher
temperatures redecomposition to H,O and O occurs).
In both phases the OH coverage is %/3 ML and the
hydroxide adopts a well-defined geometry, where it
is adsorbed in an on-top position on the Pt atoms,
tilted with respect to the surface normal, and forms
hydrogen bonds to neighboring OH adsorbates. It was
suggested that the main difference between the two
ordered phases is the arrangement of the H bond,
which was proposed to be circular for the (3 x 3) and
random for the (v/3 x +/3)R30° phase.2*®® Since the
order in the OH adlayer was shown to depend
strongly on the preparation conditions, it is currently
not clear whether similar ordered phases also exist
at room temperature at the electrochemical interface,
although a similar local adsorption geometry seems
plausible.

The adsorption of sulfide was preferentially studied
in alkaline solution, where HS™ is the predominant
species. It is generally accepted that with increasing
potential first an HS,q~ or HS,q species and then a
strongly chemisorbed adlayer of largely discharged
Sadq is formed (refs 77 and 301 and references therein).
In these adlayer phases HS most likely is adsorbed
in hollow sites, according to ab initio calculations for
(111) and (100) oriented Au and Ag clusters.30? At
even higher potentials, electrochemical oxidation of
the adsorbate occurs, resulting in polysulfide species.
On the basis of surface-enhanced Raman measure-
ments on Au, the formation of Sg rings and open-
chain polymers was suggested by Gao et al.3%* Only
a few studies of sulfide adsorption on single-crystal-
line electrode surfaces have been reported up to now.
Gao et al.®® investigated the S adlayer structure on
Au(111) by in situ STM. In the potential regime of
the monomer S adsorbate a simple (v/3 x +/3)R30°
structure was observed. Upon electrooxidation, a
complex ordered structure formed by rectangular
rings with nearest neighbor spacings of 2.6 A in the
rings and 4.8 A between neighboring atoms in
adjacent rings and structurally similar, more disor-
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dered structures were observed. On the basis of the
small spacing within the rings, these structures were
attributed to a close-packed arrangement of Sg rings,
which due to epitaxial effects are distorted with
respect to bulk phase polysulfur.®® Similar results
were obtained by McCarley et al. using ex situ
STM3%# and in a recent in situ STM study by
Andreasen et al.?%® The latter also investigated the
mechanism of the Sg — (v/3 x +/3)R30° phase transi-
tion and suggested a model involving the formation
of rectangular tetramer intermediates during this
transition. In addition, evidence for Au steps decora-
tion by S.q after desorption of the (+/3 x +/3)R30°
phase was found at negative potentials.?%> Sulfide
adsorption on Ag(111) was studied in detail by the
group of Guidelli using in situ STM and electrochemi-
cal methods.11228930%6 Here a (v/3 x +/3)R30° phase
was found, followed at higher potentials by a
(V7 x +/T)R19° structure with a coverage of 3/7,3%
which is in good agreement with previous ex situ
STM results on emersed electrodes by Heinz and
Rabe3%” as well as with S,4 coverages determined by
chronocoulometry?7:1123% and quartz microbalance.””
High-resolution images of the (v/7 x +/7)R19° phase
indicated an arrangement of the sulfur atoms in
trimers with 2.6 A spacing between trimer atoms,
indicative of a covalent bond, and 4.2 A between
atoms in adjacent trimers.3°® Similar results were
obtained for sulfur adlayer structures in UHV. For
transition metal surfaces less data exists. On Ni(100)
electrodes a c(2 x 2) sulfur adlayer phase was ob-
served by Suzuki et al. using in situ STM.308309
Furthermore, Sung et al.?! reported for adlayers
formed by gradual oxidative removal of preadsorbed
sulfide with continuously decreasing coverage a
sequence of commensurate structures, specifically a
(1 x 1) phase (8s =1 ML), a c(2 x 2) phase (6s = 1/2
ML), a (v/3 x +/3)R30° phase (s = 1/3 ML), and a
p(2 x 2) phase (0s = 4 ML). Finally, structurally
similar monomer and oligomer adsorbate phases
were also found for electrochemically deposited ad-
layers of the other group VI elements, i.e., Se and
Te.311312 Al these species exhibit a general tendency
toward covalent adsorbate—adsorbate interactions,
resulting in a complex phase behavior, which is only
partially understood up to now.

B. Cyanide and Thiocyanide

The pseudohalides CN and SCN are strongly
specific, often irreversibly adsorbing anions, parallel-
ing their great capacity to form metal complexes. In
analogy to the geometry of CN metal complexes, the
cyanide adsorbate is generally believed to bind
through its C-end to the metal surface. CN adsorption
on noble and transition metal electrodes has been
studied by in situ FTIR spectroscopy 33137316 and
sum frequency generation,%8-74 indicating predomi-
nantly linearly bonded species. On the basis of the
less pronounced shift of the bands with potential, a
less ionic CN—metal bond for Au, Pt, and Pd than
for Cu and Ag was proposed.®® Indeed, ab initio
cluster calculations found a largely ionic bond for CN
on Cu(100)3' but a predominantly covalent bond for
CN on Pt(111).” A systematic study of crystal-
lographic effects was performed for CN on the three
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Figure 14. Model of the (2+/3 x 2+/3)R30° CN adlayer
phase on Pt(111). (Adapted from refs 313 and 321.)

low-index Au surfaces by Tadjeddine and Le Rille,”*
revealing a similar on-top binding geometry for all
surface orientations and an increasing CN adsorption
strength on the more open (100) and (110) surface.

Structural studies have focused on CN adsorption
on the Pt(111) electrode. Ex situ LEED and Auger
spectroscopy experiments on CN-covered electrodes
emersed at the open circuit potential from solutions
containing various cations and of variable pH were
performed by the group of Hubbard.?70:318-320 They
reported a (2+/3 x 2+/3)R30° structure as well as a
pH-dependent coadsorption of the cations. Further-
more, a (v/13 x +/13)R14° structure with slightly
lower CN coverage was found after emersion at more
negative potentials.3*® The first in situ STM study of
an ordered CN adlayer was reported by Stuhlmann
et al.,313314 who observed the (2+/3 x 2+/3)R30° struc-
ture on Pt(111) in sodium-containing electrolyte.
Interestingly, a nonuniform packing of the adlayer
in the form of ordered hexagonal “clusters” was
found. On the basis of parallel in situ FTIR spectros-
copy experiments, which indicated a single, linearly
bound species, Stuhlmann et al. suggested a model
with a CN coverage of 8 = 0.583, where CN adsorbed
in symmetric top sites is surrounded by six CN
adsorbates in a near top-site geometry (Figure 14).
An alternative model, based on a comparative in situ
STM study of the (2+/3 x 2+/3)R30° phase in solution
containing Na* and K* counterions, was suggested
by Kim et al.’?' Here the apparent height of the
central spots in the hexagonal “clusters” depended
strongly on the tunneling conditions and increased
significantly after introducing K* ions in the elec-
trolyte, which are known to coadsorb more strongly
with CN than Na.3'® These observations were inter-
preted by assigning the central spot (filled circles in
Figure 14) to cations bound by a crown ether-like
hexagonal ring of coordinating cyanides. At more neg-
ative potentials, a (2 x 2) phase and a (v/7 x +/7)R19°
structure were observed in alkaline solution and in
acidic Na-containing electrolyte, respectively.®?! The
(V7 x ~/7T)R19° phase was explained by a model with
four CN adsorbates per unit cell (§ = 0.57). This
seems to be at variance with the model proposed in
the same work for the (2+/3 x 2+/3)R30° phase, which
corresponds to a coverage of Ocy = Y5, i.e., would
require a decrease in the CN surface density with
increasing potential. Hence, despite these extensive



704 Chemical Reviews, 2002, Vol. 102, No. 3

ex and in situ studies, the adlayer structure in this
complex system is still not unambiguously clarified.
The formation of ordered structures can be expected
also for CN adsorbed on other metal surfaces than
Pt but was not reported up to now. The only other
indication for an ordered CN adlayer was observed
during the anodic dissolution of Au(111) in CN-
containing solution; however, the high surface mobil-
ity in this case prohibited the determination of the
surface structure.3?

For SCN on Ag, Au, and Pt electrodes, FTIR
spectroscopic studies indicate that S— as well as
N-bound adsorbates exists, corresponding to the two
possible orientations found in metal complexes.®® This
is in agreement with cluster calculations for SCN on
Ag by Paccioni et al.,?*32% where similar adsorption
energies were calculated for both orientations. For
the N-bound adsorbate, a perpendicular orientation
was found, whereas the S-bound species had a
relatively flat orientation relative to the surface (Ag—
S—C angle ~ 100°). The dependence of the adsorption
energy on the angle between SCN and the surface,
however, was rather weak, suggesting that at high
coverages the adsorption geometry may be largely
determined by the adsorbate—adsorbate interac-
tions.?432% In agreement with spectroscopic results,
which found a considerably more ionic bond for SCN
on Ag than on Au,'* the calculations indicated a
largely ionic bond. In situ STM studies of SCN
adlayers on Pt(111) were reported by Yau et al.3**
and Peng and Breen,®?®> which both reported a (2 x 2)
structure with fscy = /5, in agreement with previous
ex situ LEED and AES results.?’® These observations
were rationalized by models where the molecules
were adsorbed in hollow sites®?® or on both top and
hollow sites.??* On Rh(111) Wan et al.3?% observed a
(2 - 2) phase in acidic and a ¢(2 x 4) phase (denoted
as (2 x +/3) structure) in alkaline solution using in
situ STM, which were both attributed to primitive
structures with Oscy = /4 on the basis of the appear-
ance of the STM images. This would imply that the
SCN surface densities on Rh and Pt are by a factor
of 2 different, which seems questionable. More likely
also on Rh, two SCN adsorbates are present in the
unit cell, as further supported by the observation of
a c(2 x 4) structure with a coverage of 1/, for sulfur
on Rh(111) in UHV.%?” The pH dependence of the
SCN adlayer structures on Rh(111) was attributed
to the competing effects of H* and K* coadsorption.3?6
In addition, an ordered SCN adlayer with a square
ringlike arrangement similar to that of adsorbed
sulfide was found on emersed Au(111) in air in the
STM study by McCarley et al.3%

C. Sulfate

Studies of oxyanion adsorption have largely focused
on the sulfate/bisulfate ion, the most important
representative of this class of anions. Although this
anion is less specifically adsorbed than the halides
and pseudohalides, it was shown in early studies of
Au and Pt single crystal electrodes to consider-
ably affect the shape of the cyclic voltammo-
grams.20:22:328-3%0 In particular, characteristic spikes
were observed on the (111) surfaces (see Figure 1)—
the so-called “butterfly” peak on Pt(111)20328329—
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whose nature was strongly debated but which are
now recognized as indicators of an order—disorder
transition in the sulfate/bisulfate adlayer (see below).
More detailed thermodynamic data on the SO,?7/
HSO,~ adsorption on these metal surfaces were
obtained recently via chronocoulometry,102:331-333 ra-
dioactive labeling,331334-33% and electrochemical quartz
microbalance.®¥” In contrast to the results obtained
for halide adlayers (see section I11.A), these studies
indicated maximum surface concentrations that were
significantly below those expected for close-packed
sulfate adlayers layers.

An extensively used technique in the study of
sulfate/bisulfate adsorption on metal electrodes has
been in situ infrared spectroscopy. Here we con-
centrate on more recent FTIR results obtained on
single-crystal electrodes; a survey of the older data
is given in refs 63 and 65. Several groups have
reported FTIR measurements on Pt(111)6365338-342
and Au(111).663417345 Although there is general agree-
ment in the experimental results, the authors dis-
agree on the assignment of the observed bands and
the implications for the structure of the adsorbate.
Particularly controversially discussed has been the
nature of the adsorbed species, i.e., whether the
adsorbed species is the sulfate or the bisulfate anion.
Under the experimental conditions of most of the
studies, bisulfate is the dominant species in the
electrolyte. Nevertheless, several groups have pro-
posed sulfate as the adsorbed species, even in strongly
acidic solution,63.66:336.343345 a5 also suggested for
Au(111) in the chronocoulometric and radiochemical
study by Shi et al.3313%2 On the basis of experiments
at variable pH, Faguy et al.®3® concluded that the
adsorbate on Pt(111) is not the sulfate ion and
suggested a bisulfate-like adsorbate, formed by a
S0,2 —H30" ion pair up to pH 3.4. For pH 1,
Shingaya and 1to®*? observed clear isotope effects in
a recent FTIR study of Au(11l) and Pt(111) in
deuterated solution, strongly suggesting adsorption
of bisulfate or coadsorbed sulfate/hydronium ion
pairs. In the same study a HSO,~ adsorbate was also
suggested on Rh(111) and Cu(11l), whereas on
Ag(111) substantial sulfate adsorption was found
both by Shingaya and Ito 3*2 and by Marinkovic.346
General agreement exists on the adsorption geometry
of the adsorbed species. On (111)-oriented surfaces,
a Cs, symmetry is usually found, which was rational-
ized by models where the sulfate/bisulfate binds with
three of its oxygen atoms to the metal surface,
reflecting the good match in the symmetry of the
tetragonal anion and the trigonal substrate lattice.
This assignment is in agreement with recent calcula-
tions of Patrito et al. 3’ on the adsorption of sulfate
on Au(111)- and Ag(111)-type clusters. On (100) and
(110) surfaces, a C,, symmetry was proposed.53:65.345

Ex situ studies of sulfate/bisulfate adsorption have
been proven difficult, due to artifacts caused by the
emersion of the electrodes from the electrolyte.30348
As will be discussed below, keeping the adlayer at
room temperature in UHV results in substantial
dehydration, which causes pronounced changes in the
adlayer structure. Hence, in situ structure-sensitive
techniques are essential for the study of this adsor-
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Figure 15. In situ STM images of the ordered sulfate adlayer on Au(111) in 100 mM H,SO, solution (image sizes are (a)
58 x 44 A2 and (b) 48 x 48 A2). (c) Models of the sulfate adlayer structure as suggested in ref 350 (A) and ref 357 (B).

bate. The first observation of an ordered sulfate/
bisulfate was reported on Au(111) by Magnussen et
al.*! Here a commensurate superstructure with an
oblique unit cell and unit cell vectors of +/3aa, and
VTap, in length (Figure 15a,b) was found by in situ
STM in the potential regime positive of the sharp
spikes (D3/D3' in Figure 1) in the corresponding
voltammogram, which is commonly denoted as a
(/3 x +/7) structure in the literature. The (v/3 x v/7)
phase on Au(111) was confirmed by Eden et al. using
in situ STM/FTIRS®#* and by Nishizawa et al. using
in situ AFM.3* In addition, the same commensurate
structure was found in in situ STM studies of Wan
et al. on Rh(111),%° Ir(111),%5! and Pd(111)%%? and by
Funtikov et al. on Pt(111).3%33% This strongly sug-
gests that the SO4>/HSO,~ adlayer on these metal
surfaces is identical in nature, with the molecules
occupying the same, well-defined adsorption sites, in
agreement with the spectroscopic data. Typically,
STM images of the (v/3 x +/7) phase exhibit one
pronounced maximum per unit cell and a second,
weaker maximum between the two next-nearest
neighbor main maxima (Figure 15a). The apparent
height and position of the weaker maxima depends
strongly on the tunneling conditions (see Figure 15b);
in some cases, even two maxima were found.35%:3%
Moreover, with decreasing tunnel gap resistance, i.e.,
decreasing tip—sample separation, a gradual transi-
tion from images showing the (v/3 x +/7) lattice to
images showing the (1 x 1) substrate lattice was
observed for the phase on Au(111).4*

Various models were suggested to rationalize the
observed adlayer structure, in particular the unusual
anisotropy in the adsorbate spacings, which cannot
be explained by simple packing arguments. In the
study by Magnussen et al.,*! two bisulfate molecules
per unit cell (6 = 0.4) were suggested, on the basis

of the observation of two types of maxima and on
estimates of the anion coverage from early voltam-
metric data.?? To account for the more recent chrono-
coulometric and radiochemical data by Shi et al.33!
(see also Figure 2), Edens et al. proposed a model
with a sulfate coverage of 0.2 and the incorporation
of hydronium ions between the SO,?~ adsorbates.3*3
The latter could stabilize the ordered adlayer by
reducing the Coulombic repulsion between the an-
ions. This model was further refined by Wan et
al.,3%0351 who explained the anisotropic arrangement
of the sulfate molecules by a structure where zigzag
chains of hydrogen-bonded water are inserted be-
tween the rows of sulfate molecules (Figure 15c,
model A), resembling the hexagonal ice bilayer
structure. Alternatively, every second water molecule
may be replaced by a hydronium ion, resulting in a
structure similar to that proposed by Edens et al. The
identical adlayer structure on all these metals—
despite the different substrate lattice parameters—
indicates a strongly localized SO4>/HSO,~ bonding.
Apparently, the lateral interactions between the
molecules are less dominant, which can be rational-
ized by these models of a rather open sulfate network,
stabilized by hydrogen-bound species. The STM
observations are only of limited use for the direct
verification of these structural models, since in view
of the possible superposition of an adlattice and
substrate lattice as well as the general problems in
the interpretation of STM images of such complex
adlayers (see section 11.A) the observed maxima in
the STM images cannot unambiguously be assigned
to adsorbate species. In particular, the water or
hydronium molecules in the proposed models all
occupy top sites of the Au lattice and hence would
be indistinguishable from the underlying Au surface
atoms (see Figure 15c).



706 Chemical Reviews, 2002, Vol. 102, No. 3

Interesting complementary data, which may help
to clarify the adlayer structure, were recently re-
ported by Shingaya and Ito,340:341.3%6.357 who performed
an extensive, comparative study of sulfate/bisulfate
adlayers on Pt(111) formed at the electrochemical
interface and by SO3; and H,O coadsorption under
UHV conditions, using FTIR spectroscopy, LEED,
and TDS. At 190 K the UHV experiments suggested
an adlayer consisting of hydrated HSO,~ and H;O*
coadsorbates and a diffuse (v/3 x +/7) LEED pattern.
The FTIR spectra obtained under these conditions
strongly resembled those found in the in situ experi-
ments in the potential range of the (v/3 x +/7) phase
and indicated an adsorption geometry where the C;
symmetry axis for the bisulfate was perpendicular
and that of the hydronium ion parallel to the metal
surface. From these results a model close to that of
Edens et al. was derived (Figure 15c¢, model B), in
which the coadsorbed HSO,~ and H3;O" molecules
interact via hydrogen bonds and are arranged in a
structure similar to that of oxonium hydrogen sul-
fate.357 In addition, a stabilization of this structure
by hydration water on top of the HSO, /H3O™ layer
was proposed. At higher temperatures, pronounced
dehydration occurred, resulting in the formation of
a H,S0O, adlayer with a well-defined (+/3 x +/3)R30°
structure. The same structure was also observed in
ex situ studies of Au(111), Pt(111), and Rh(111)
electrodes emersed from sulfate-containing solu-
tion.3%87360 The results by Shingaya and Ito seem to
be at variance with an adlayer involving a rigid,
icelike water structure and suggest a more dynamic
interface water, such as that found in the computer
simulation studies of halide and alkali ions.89~% It
should be mentioned, however, that very different
conclusions, supportive of the model proposed by Wan
et al., were reached in a recent in situ ATR—SEIRS
study of Au(111) by Ataka.®® Here a sulfate adsor-
bate, stabilized by hydrogen-bound water, and a
similar adlayer geometry as in model B were sug-
gested. Due to the surface enhancement, the signal
is especially high in these measurements, although
the interpretation is not unambiguous, since the
nature of this effect is not completely understood. In
particular, it is not clear if the enhancement is also
active on top of the (111)-oriented Au clusters or if it
is restricted to the region of the high electric fields
at the edges of the clusters, i.e., to surface areas that
most likely are not covered by a well-ordered
(/3 x +/7) phase. The precise nature of this complex
structure is therefore still under debate, although
hydrogen bonding and screening by coadsorbed hy-
dronium cations both seem to be important for
stabilizing this strongly anisotropic anion adlayer
phase.

A somewhat different phase behavior was found for
sulfate/bisulfate adlayers on Cu(111) and Ag(111)
surfaces. For Cu(111) in sulfuric acid solutions, in
situ STM observations of an adlayer with similar but
not identical structure as the (v/3 x +/7) phase were
reported by several groups,31-42355361-365 jth the most
extensive study being performed by Wandelt and co-
workers.31:42:355.,361.362 | this system a sulfate adlattice
with similar lattice parameters as in the (v/3 x +/7)
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phase on Pt(111) is found, which is superimposed by
a Moiré pattern. A detailed discussion of this struc-
ture, which has been shown to correspond to a
sulfate-induced Cu surface reconstruction,3%5:361 will
be given in section VI.A. A surprising exception in
the tendency of sulfate/bisulfate to form ordered
(/3 x +/7) phases is Ag(111), were only the (1 x 1)
substrate lattice was observed in STM studies in
sulfate-containing solution.36%3%7 This parallels the
distinctly different spectroscopic results for Ag(111)
as compared to the other metal surfaces, which sug-
gest a sulfate rather than a bisulfate adsorbate.342:346
In this case the adlayer ordering may be impeded by
increased repulsive interactions between the anions.
This is supported also by radiochemical measure-
ments by Smolinski, which indicate a maximum
sulfate coverage of 0.15, i.e., significantly below that
of the (v/3 x +/7) phase.3%®

On (100) and (110) surfaces, electrochemical,
radiochemical, and spectroscopic results gener-
ally suggest a weaker sulfate/bisulfate adsorp-
tion.6365330345368,369 A ordered adlayer structure on
these types of surfaces was only recently reported in
an in situ STM study of Au(100) by Kleinert et
al.3937t Here an incommensurate adlayer with a
rectangular unit cell and molecular spacings of 1.4aa,
and 3.6aa, Was observed, with the close-packed rows
oriented along the [011] and [011] directions of the
Au substrate. Since the appearance of the adlayer
resembled that of the (v/3 x +/7) phase, it was at-
tributed to a similar hydrogen-bonded network with
a sulfate coverage of 0.2. Interestingly, the adlayer
was formed parallel to the anion-induced lifting of
the Au(100) surface reconstruction and was stable on
the unreconstructed surface down to 0.2 V versus
SCE (in 0.1 M H,S0Qy,), i.e., at 600 mV more negative
potentials than that of the disorder < (v/3 x v/7)
transition on Au(111). This effect can only partially
be explained by the lower pzc of the unreconstructed
Au(100) surface as compared to Au(111) and suggests
a much stronger sulfate adsorption on this surface,
as previously anticipated. In voltammograms no
current spike could be detected at the potential of
the order—disorder phase transition, which was
attributed to the low degree of order in this adlayer.
Furthermore, in the same study static disordered
structures were observed on Au(100) and on Au(111)
in neutral sulfate solution, supporting a stabilization
of the ordered sulfate adlayer structures by co-
adsorption of HzO".37%

Finally, pronounced specific adsorption and indica-
tions for ordered adlayer structures were also found
in voltammetric studies of other oxyanions.3*+372 Only
very recently, however, direct in situ structural
results have been published by Cuesta et al. for the
case of phosphate adsorption on Au(100).3* Apart
from a lower degree of long-range order, the observed
structure seems to be identical to that observed in
the same study for sulfate on Au(100).

V. Coadsorption of Anions and Cations

It is known since the early thermodynamic studies
on Hg electrodes’2'"1® that specific adsorption in-
volves the coadsorption of counterions to ensure
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a Csly - (2x4) b

Csl - (2x4)

Figure 16. Models of the mixed adlayer structure formed
in Csl solution on Au(110) as suggested (a) by Gao et al.161
and (b) by Wang et al.166

charge neutrality. In traditional double layer models
it is supposed that these counterions are hydrated
and reside in the outer Helmholtz plane, i.e., at a
larger distance to the surface as the specifically
adsorbed species. Ex situ studies have shown that
for strongly adsorbing anion species the surface
coverages of both anionic and cathodic species can
be substantial .?8:29.270.318-320.373 Ag already mentioned
in the previous sections, in some cases where ordered
structures were observed this has been interpreted
in terms of a stoichiometric incorporation of cations
into the anion adlayer, i.e., the formation of mixed,
saltlike adlayers.

A particularly clear example of mixed adlayers is
found on Au(110), where ordered structures of co-
adsorbed iodide and alkali metal ions were observed
by Gao et al. using in situ STM'*! and Wang et al.
using in situ SXS.%6 In both studies a rectangular
(2 x 4) superstructure with a total adsorbate cover-
age of 0.75 was found in Csl solution. This (2 x 4)
phase was observed in a ~200 mV wide potential
range with the most positive potential ~100 mV more
negative then the lower potential limit of the rotated
pseudohexagonal iodide adlayer phase (see section
I11.H). To explain the height modulation in the STM
images, Gao et al. proposed a model with a Cs:l
stoichiometry of 1:2, i.e., 0, = %/, and 6¢s = /4 (Figure
16a). In contrast, Wang et al. suggested a model with
a 1.1 stoichiometry and attributed the height modu-
lation to the different adsorption sites (Figure 16b).
Although 1= and Cs™ are isoelectronic and hence
cannot be distinguished directly by X-ray diffraction
techniques, the measured lattice parameters favor
the latter model, as pointed out by Wang et al.'6¢ The
I~ and Cs™* spacing of 3.96 A is almost identical to
that in bulk Csl (3.95 A), whereas the neighboring
iodine atoms in the model by Gao et al. would require
a substantially larger spacing. In fact, the quasi-
square structure shown in Figure 16b, which differs
strongly from the quasihexagonal structures of the
purely anionic iodide adlayers (see section 111), is very
similar to the atomic arrangement in the (110) plane
of Csl. Such unpolar, saltlike structures should be
preferred for binary ionic adlayers. The model is
further supported by the similarity to the ordered
binary adlayers found in the study by Wang et al. in
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Kl, Nal, and Lil solution.®® In these systems incom-
mensurate (2 x p) phases were observed, which—in
contrast to purely anionic, incommensurate adlayers—
expanded with increasing potential (i.e., the electro-
compression was negative). The Csl adlayer model
in Figure 16b can be understood as an incompressible
(2 x p) phase with p = 4/5. Studies at variable iodide
and alkali electrolyte concentrations revealed that
the potential range of the binary adlayers only
depended on ¢, indicating that the adlayer ordering
is induced by the strong chemisorption of the anions,
whereas the adlayer spacing depended predomi-
nantly on the type and concentration of the cations.
These observations were rationalized by an increas-
ing discharge of the chemisorbed anions with increas-
ing potential, resulting in a decreasing screening of
the repulsive cation—cation interaction and conse-
guently an increase in the lattice spacing. The fact
that the adlattice spacings in the different electro-
lytes, with the exception of Csl, do not accurately
reflect the size of the alkali metal species was
attributed to partial hydration of the cations. In
addition, the presence of antiphase domain walls in
the (2 x p) phases was suggested. Similar mixed
alkali—halide adlayers should exist in other systems,
as recently verified for Au(110)—Br.17°

For more strongly bound cation adspecies, such as
metal adlayers formed by underpotential deposition
(UPD), the formation of ordered binary adlayers due
to coadsorption of anions is a well-known phenom-
enon. A particularly extensively studied example is
the underpotential deposition of Cu on Au and Pt
single-crystal surfaces in sulfate- and halide-contain-
ing solutions. Here the combined results of studies
by ex situ methods, in situ STM and AFM, in situ
X-ray scattering and spectroscopy, chronocoulometry,
guartz crystal microbalance, and radioactive labeling,
and statistical models revealed the formation of
various ordered superstructures consisting of mixed
layers of Cu atoms and anionic adsorbates (see refs
36, 366, and 374—386 and references therein). In
these systems the cation is the more strongly bound
species and consequently the anions are adsorbed in
a plane above the metal adlayer. Very similar results
were reported for other UPD systems. A further,
illustrative example is Tl and Pb UPD in chloride-,
bromide-, and iodide-containing electrolyte, recently
studied by Wang and co-workers using in situ
SXS.387-389 |n this elegant work, a complex sequence
of different ordered phases was observed with de-
creasing potential, which could be rationalized in
terms of a gradual change from a pure halide adlayer
via several mixed adlayer phases with Tl—halide
stoichiometries of 1:1, 1:2, and 1:3 to a simple,
metallic Tl adlayer. The mixed adlayers with 1:2 or
1:3 stoichiometry adopt high-order commensurate,
hexagonal structures, whereas the adlayer phases
with 1:1 stoichiometry exhibit commensurate or
uniaxial-incommensurate structures with a rectan-
gularly or rhomboedrically distorted arrangement of
the adsorbates. This structural phase behavior was
explained by symmetry and electrostatic consider-
ations in 2D binary ionic crystals. In particular, it
was shown that the mixed bilayer structure can differ
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substantially from that of the corresponding bulk
salts. For example, Wang et al.3%° demonstrated via
a detailed structural analysis of the SXS data and
electrostatic energy calculations that the anions in
the hexagonal metal halide layers with 1:1 stoichi-
ometry are located in bridge sites between the metal
adatoms rather than in the hollow sites, as proposed
earlier on the basis of a comparison with (111)-
oriented metal halide salts.

Furthermore, the onset of UPD was shifted to
positive potentials in the presence of the specifically
adsorbing anions according to these studies. The
latter can be explained by recent calculations of
Sanchez et al., who suggested that the coadsorbed
anions not only determine the adlayer structure but
can stabilize the metal ions on the surface and thus
expand the potential range of the metal adlayer or
even induce UPD.3%03% |n particular, they found for
Cu on Au(111) and Au(100) that—contrary to the
experimental data—no UPD shift would be expected.
Hence, the Cu UPD phases result from a mutual
stabilization of anions and metal cations on the Au
substrate in a potential regime where both species
alone are largely desorbed. This was qualitatively
explained by the difference in pzc of the two metals,
due to which Au is negatively and Cu strongly
positively charged in the UPD range.®*° More general,
not only the electrostatic but also the specific, chemi-
cal interaction of the anion with the admetal and
with the substrate metal may be different. A similar
effect can therefore be expected for a large number
of systems.

As demonstrated by Stickney and co-workers, this
phenomenon can be utilized for the defined layer-by-
layer growth of compound semiconductor films 39239,
In this “electrochemical atomic layer epitaxy” (ECALE)
the substrate is alternatingly exposed to electrolytes
containing the anionic and cathodic species with the
potential being kept in the UPD regime of the
corresponding species. Because the adsorption in
each electrolyte is limited to a single monolayer,
structurally well defined films of 11-VI and 11—V
semiconductors can be formed by this technique.

VI. Influence on Substrate Structure

A. Reconstruction

It is well-known from studies at the metal—vacuum
interface that the structure of metal surfaces can be
strongly affected by chemisorbed species. In particu-
lar, adsorption can either induce the formation or the
lifting of metal surface reconstructions, a phenom-
enon also observed at electrochemical interfaces. The
potential-induced lifting of the reconstruction of Au
and Pt surfaces in electrochemical environment due
to anion adsorption is a thoroughly described phe-
nomenon (for a recent review, see ref 111). Here we
discuss the less frequently found effect of anion-
induced reconstruction of metal electrodes.

The clearest example for this phenomenon is the
ordered structure found by in situ STM on Cu(111)
in sulfate solution.3142:3%5361-365 The STM images
exhibit a (v/3 x +/7)-type of adlayer structure on the
atomic scale (Figure 17a) as well as a pronounced
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Figure 17. Insitu STM images of Cu(111) in sulfuric acid
solution showing (a) the atomic-scale structure (100 x 100
A2) and (b) the mesoscopic surface morphology (1100 x 1100
A2). (Reprinted with permission from ref 43. Copyright
1999 Material Research Society.)

(quasi)hexagonal modulation (Moiré pattern), which
can be recognized also on larger scale images (Figure
17b). The latter clearly indicates an incommensurate
structure of the adlayer. This was attributed to the
small Cu lattice spacing, due to which a simple
(/3 x +/7) phase would correspond to a highly com-
pressed sulfate adlayer;3%>361 j.e., the loss of registry
with the substrate lattice is driven by the repulsive
adsorbate—adsorbate interaction in the anion ad-
layer. The observation of a simple (+/3 x +/7) phase
on an underpotentially deposited, pseudomorphic Cu
monolayer on Pt(111),3%* where the Cu lattice spacing
is 8.6% larger than on Cu(111), supports this idea.
Two models could account for the Moiré structure:
Either the sulfate adlayer is incommensurate with
respect to the (unreconstructed) Cu substrate, similar
as in the structures found for halides on Au and Ag
surfaces, or the sulfate adsorbate forms a com-
mensurate (v/3 x +/7) superstructure on an Cu sur-
face layer that is expanded relative to the bulk lattice.
Wilms et al. demonstrated in a detailed study that
the latter model is valid, i.e., that sulfate induces a
reconstruction of the Cu(111) surface.3142355361362 The
first evidence for this model comes from the observa-
tion of characteristic morphologic changes during the
disorder < order phase transition, which indicate
changes in the density of the Cu surface layer.
Parallel to the formation of the ordered sulfate
adlayer, the growth of the Cu terraces and the
formation of monatomically high Cu islands is ob-
served, whereas upon disordering of the adlayer the
width of the terraces decreases and holes are formed
in the surface layer. These observations can be
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rationalized by a lateral expansion of the topmost Cu
layer in the presence of the ordered sulfate adlayer.
More recently, Wilms et al. succeeded in directly
observing the expanded lattice of the Cu surface
atoms by choosing tunneling parameters where the
sulfate adsorbate was transparent in the STM im-
age.*? From these measurements a quasihexagonal
Cu surface lattice with unit cell vectors of 2.6 and
2.73 A in length and at an angle of 56° was deter-
mined. The anion-induced reconstruction was at-
tributed to a strong, localized interaction of the
sulfate with the Cu surface atoms, favoring a
(v/3 x +/7) sulfate adlayer that is commensurate with
the underlying reconstructed Cu surface layer.3142:3%:362
Apparently, the gain in energy associated with the
formation of the ordered (v/3 x +/7) adlayer phase
exceeds the negative contribution caused by the
interface between the first and the second Cu layer.
As pointed out by Wilms et al., this is similar to the
Cu UPD layers on Au and Pt electrode surfaces,
where also expanded Cu adlayers are stabilized by
coadsorbing anions.

Although Cu(111)—sulfate is by far the most stud-
ied case of surface reconstruction induced by specif-
ically adsorbed anions, evidence for this phenomenon
has been found also in a number of other systems.
The earliest work in which an adlayer structure was
attributed to anion-induced surface reconstruction is
the in situ STM study of Cu(110) by LaGraff and
Gewirth.’8 Here (1 x n) structures were observed
(see section 1V.A), which were attributed to an O- or
OH-induced added row reconstruction, in analogy to
the structures found in the corresponding UHV
system.3%> More recently, Maurice et al.>®® reported
a similar hydroxide-induced reconstruction for Cu(111)
in NaOH solution. It was proposed that the outmost
Cu layer is expanded to a spacing similar as in
Cu,0(111) with a primitive (2 x 2) lattice (relative
to the expanded Cu surface layer) of adsorbed OH
on top. Clear indications for halide-induced recon-
structions have up to now only been reported on (110)
electrode surfaces. Wan et al.?®° proposed that the
(4 x 1) phase they observed for Cu(110)—Cl involves
a reconstruction with a Cu coverage of '/, in the
topmost layer. According to their model, two neigh-
boring Cu rows along the [001] direction are removed
in each unit cell with the CI adlayer forming a
roughly hexagonal structure on top. Furthermore,
Ocko et al.?% as well as Gao and Weaver*27° found
on Au(110) in iodide-containing solution a (1 x 3)
reconstruction, whereas a (defective) (1 x 2) recon-
struction was reported in nonspecifically adsorbing
electrolyte. Here the iodide adlayer was disordered,
demonstrating that also in this case the chemisorbed
species can have pronounced influence on the surface
structure.

It is not surprising that observations of well-
ordered reconstructed surfaces with a coverage of
metal surface atoms different from that of the
unreconstructed surface (“reconstructive” surface
reconstruction) have been reported exclusively on
coinage metals electrodes. Due to the high surface
mobilities of these metals at room temperature, the
long-range mass transport required for the growth
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of the reconstructed phase is facile. In contrast, on
Pt-group metals, where the mobility of the surface
atoms is much lower, the formation of this type of
reconstruction may be kinetically hindered, even if
it is energetically favorable. It should be noted that
this argument is not valid for displacive reconstruc-
tions, where no long-range mass transport is neces-
sary; however, this type of reconstruction is usually
more difficult to verify by microscopic techniques.
Better suited for this are diffraction measurements,
which, however, are less commonly used for the study
of the electrochemical interface. Indications for dis-
placive reconstructions induced by the formation of
ordered anion adlayer phase were found, e.g., for
Au(100)—Br, although a detailed structural analysis
was not attempted.64

B. Restructuring

Specifically adsorbing anions interact not only with
the perfect substrate lattice on the terraces but also
with surface defects, such as steps, kinks, adatoms,
or vacancies, and hence can have a pronounced
influence on the electrode surface morphology. Evi-
dence for this has been found in studies by ex situ
LEED,39774%0 jn situ STM, 4017404 and electrochemical
methods,%%54% where a drastic improvement in the
surface order was observed in halide-containing
electrolytes. This phenomenon—termed electrochemi-
cal annealing—indicates that chemisorbed anions
strongly enhance the surface mobility of the metal
ions, which can be rationalized by their ability to
form metal complexes.

More recently, it was realized that the order in the
anion adlayer can directly affect the structure and
distribution of surface defects. As an example, the
Cu(100) electrode surface in the presence of a disor-
dered and an ordered c(2 x 2) Cl anion adlayer phase
is discussed (Figure 18).181.186407,408 |n the potential
regime where the anion adlayer is disordered and
only the (1 x 1) lattice of the Cu(100) substrate is
observed, the steps are almost exclusively of mono-
layer height, oriented along random directions, and
exhibit a characteristic, frizzy appearance (Figure
18a). This type of step morphology is observed for the
disordered anion adlayers phases in sulfuric, per-
chloric, and hydrochloric acid solution, independent
of the anion species. Similar frizzy steps were ob-
served by STM on Cu and Ag surfaces in UHV and
explained as a result of rapid (in comparison to the
time resolution of the STM scans) kink motion along
the step edge.*%9419 Hence, under these conditions,
the influence of the anion adlayer on the Cu step
structure and (qualitative) dynamic behavior is small.
Similar observations were reported by Dietterle et
al. for Ag(111) electrodes in sulfuric acid solu-
tion37411412 and by McHardy et al.*!3 and Giesen and
Kolb#4 for Au(111) in halide-containing solution.
Quantitative analyses*!1412414-417 reyealed that the
influence of disordered anion adlayers on the step
dynamics as compared to the bare metal surface
under UHYV conditions is small for weakly adsorbing
anions, such as sulfate, or at low anion surface
concentrations, but it can be substantial at higher
surface concentrations and even change the dominant
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Figure 18. In situ STM images of Cu(100) showing (a) frizzy steps on a surface covered by a disordered adlayer phase
(the observed lattice is the (1 x 1) lattice of the Cu substrate) and (b) the [001Horiented steps in the presence of a ¢(2 x 2)
Cl adlayer (70 x 70 A2). (Reprinted with permission from ref 408. Copyright 1998 Wiley-VCH.)

mass transport mechanism (for details, see the recent
review by Giesen*'?). Of particular interest in the
present context is the study of Au(111) in iodide-
containing solution by McHardy et al.,*'® where a
clear minimum in the magnitude of the step fluctua-
tions was found at the potential of the disorder <
c(p x ~/3) transition, which was attributed to a
change from terrace diffusion to step edge diffusion
for Au adatoms.

In contrast to disordered adlayers, not only the
dynamic behavior but also the surface morphology
can be drastically altered in the presence of ordered
adlayer phases, as illustrated in Figure 18b for the
ordered c(2 x 2) Cl adlayer on Cu(100). Here a new
equilibrium morphology is observed, where the steps
are perfectly straight and almost exclusively oriented
along the {001} directions, i.e., along the close-packed
directions of the Cl adlattice. Furthermore, instead
of only monatomic steps, double- and multilayer high
steps are predominantly found. The steps are atomi-
cally smooth, and the position of the step edge is
always localized between the maxima of the c(2 x 2)
lattice, indicating that the structure of the steps is
well-defined on the atomic scale. The faceting of the
steps along the {001} directions was first observed
in studies of Cu(100) corrosion by Suggs and Bard,*"®
where it was attributed to the dissolution kinetic, but
it was later identified by Vogt et al.18.18 and by
Moffat'®® as an equilibrium morphology, formed by
a rearrangement of the surface during the disorder
—¢(2 x 2) transition, i.e., at a potential significantly
below the onset of Cu dissolution. Hence, the change
in step structure directly reflects the structural
change in the anion adlayer. The almost perfect step
orientation found in the ¢(2 x 2) phase indicates a
very low kink density, several orders of magnitude
smaller than for the randomly oriented steps ob-
served in the presence of a disordered adlayer.
Consequently, these {001} oriented steps are, in
contrast to kinks at the randomly oriented steps in
the regime of the disordered phase, strongly stabi-
lized by the adsorbate, making the introduction of
kinks very energy expensive. As pointed out by Wu
and Barkey, 18419 the formation of kinks in the {001}

oriented steps implicates a locally lower CI density,
which could account for the associated cost in energy.

The transformation of the randomly oriented steps
into {001} -oriented steps and vice versa is completely
reversible. In contrast to the fast disorder < ¢(2 x 2)
transition in the adlayer, however, which occurs
within a few seconds on the entire surface, the
parallel step faceting/defaceting process requires
long-range mass transport of Cu atoms and hence
proceeds much more slowly. The mechanisms and
dynamics of these surface restructuring processes can
be directly observed by STM, as shown in Figure 19a
for the formation of the faceted steps.*?° Directly after
a potential step into the regime of the ¢(2 x 2) phase,
microfacets in form of short, alternating [001] and
[010] step segments evolve, resulting in a sawtooth-
like shape of the steps (Figure 19a, part B). This
initial faceting, which apparently occurs on the same
time scale as the formation of the ordered adlayer,
is followed by a slower ripening process, where some
step segments grow at the cost of others, resulting
in increasingly longer {001} -oriented segments (Fig-
ure 19a, parts C and D). Parallel, bunching of the
monatomically high steps to double and multilayer
steps occurs. The rate of this coarsening process,
which can be quantified by measuring the average
length of the {001} step segments, is initially high
but decreases continuously (Figure 19b). This behav-
ior is in good agreement with theoretical models of
faceting, which find for the evolution of facet width
with time a power-law behavior with an exponent
of /5, Y3, or ,, depending on the transport mecha-
nism.*?! The best fits to the data in Figure 19b were
obtained with 8 = %/, (dashed line), suggesting that
guasi-one-dimensional diffusion along the step edges
is the dominant transport mechanism. Changes in
the local step positions are observed even after the
potential is kept in the range of the c(2 x 2) phase
for several hours; however, the faceting process was
then difficult to distinguish from pure equilibrium
fluctuations of the step positions. In addition, the rate
of the faceting process strongly increases with in-
creasing potential, which can be attributed to the
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Figure 19. Cl-induced step faceting of Cu(100) in 10 mM HCI. (a) A series of in situ STM images obtained at —0.60 Vsce
(A) and at —0.25 Vsce (B—D) showing the progressing faceting process (1000 x 1000 A2). (b) Average length of the 0103
oriented step segments as a function of time t after the potential step, evaluated from the series of STM images partly
shown in part a; the dashed line is the best fit to the power law ctf with g = 1/,.420

increase in Cu surface mobility upon approaching the
Cu dissolution range.

Atomic-scale studies reveal that the restructuring
process proceeds by subsequent removal or addition
of rows consisting of (v/2 x +/2)R45° unit cells (i.e.,
the primitive unit cells of the c(2 x 2) adlayer) at the
step edge.181186 |n this process (v/2 x v/2)R45° unit
cells are subsequently dissolved or added at the
structurally well-defined kink sites at the end of the
rows. It is emphasized that these kinks are two Cu
atoms in width, i.e., the two outmost rows of Cu
atoms, and the row of Cl adsorbates on top of these
rows are simultaneous removed or added. In the
Cu(100)—CI system the average rate of these local
growth and dissolution processes is on the order of
several angstroms per millisecond. Consequently,
these events usually manifest in conventional STM
images as discontinuous changes of the step position.
Very recently, Zitzler et al.#??423 succeeded in the first
direct observation of these fast processes, using a
newly developed high-speed STM, which can acquire
atomic resolution images at rates of up to 25
images's™1. As an example, frames of a video se-
guence are shown in Figure 20 that illustrate the
(particularly slow) growth of a single (v/2 x +/2)R45°
row along a step of the Cu(100) substrate. Usually,
the propagation of single rows is considerably faster
and the dissolving or growing rows cross the observed
surface area in <'/15 s. From such video sequences of
images, average growth rates of 1—2 A ms=! were
obtained (see also section VII.A).

A similar mass transport mechanism governs the
defaceting process, induced by a potential step from
the regime of the c(2 x 2) phase into that of the
disordered adlayer (Figure 21a).#?° Obviously, the
process commences via parallel removal/addition of
Cu atoms at particularly low/high coordinated sites,
i.e., at the outer and inner corners of the Cu terraces,
respectively, while the straight {001} -oriented step
segments between are initially maintained (Figure

21a, part B). This process, which can be explained
by a fast “intralayer” mass transport along the step
edges, results in an increasingly rounded shape of
the terrace corners. On a longer time scale, the
images show a gradual removal of the facets, result-
ing in isotropic steps whose orientation is determined
by the micrometer scale surface morphology (Figure
21a, parts C and D). Simultaneously, a debunching
of the multilayer steps to steps of monatomic height
is observed, indicating a slower interlayer transport
of Cu atoms. The rates of both types of transport
processes (i.e., “intralayer” and “interlayer”) increase
strongly with decreasing potential. As an example,
an quantitative analysis of the “intralayer” transport
is shown, which can be obtained from the STM
images by evaluating the average number of Cu
atoms (AN) removed per outer terrace corner as a
function of time and potential (Figure 21b). The
pronounced potential dependence of the defaceting
process may be explained by the presence of the
(disordered) CI adlayer, which decreases in density
parallel to the increase in the rate of the surface
restructuring. Apparently, a transient stabilization
of the {001} step orientation by the Cl adsorbate,
which hinders the defaceting, is possible even in the
disordered phase. This may be related to the second-
order nature of the disorder < ¢(2 x 2) phase transi-
tion (see section 111.1), due to which a transient local
order should exist even in the disordered phase. A
lower surface mobility of Cu adatoms due to the
presence of (disordered) Cl adsorbates alone seems
less likely in view of the opposite behavior found for
Au surfaces. The association of these potential effects
with the changes in the anion adlayer rather than
the corresponding variation in the electronic surface
charge density of the metal is supported by the
opposite behavior of Ag(111) in sulfuric acid solution.
In the latter system, where the anions are less
strongly adsorbed and the changes in the adlayer
density are much lower, a potential-independent
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Figure 20. High-speed in situ STM observations of Cu(100) in 10 mM HCI solution at —0.23 Vsce (43 x 47 A2; black
arrows indicate scan direction). The images were subsequently recorded at a rate of 0.1 s per image and show the local
growth of a single (v2 x +/2)R45° row along the Cu step. (Reprinted with permission from ref 423. Copyright 2001 Elsevier

Science Ltd.)

surface mobility was observed over a large fraction
of the double layer range.*! In conclusion, the results
for the system Cu(100)—Cl indicate that the rate of
both the faceting and the defaceting process increases
with increasing overpotential relative to the potential
of the disorder <= ¢(2 x 2) transition, however, due
to very different reasons: While the potential-
dependence of the defaceting can be rationalized by
a decreasing stability of the {001} -oriented steps, i.e.,
an increase driving force for the restructuring proc-
ess, the increasing rate of the faceting process with
increasing potential seems to be related predomi-
nantly to the increasing Cu surface mobility.
Faceting/defaceting processes that accompany the
order—disorder transitions in the anion adlayer seem
to be a rather general phenomenon. For example, in
situ STM studies of the c(2 x 2) phases of Pd(100)—
1,201.202 Nj(100)—S,308:30% and Ag(100)—I1Y7 by ltaya
and co-workers as well as of Cu(100)—Br by Broek-
mann et al.*® also indicated a preferred orientation
of the steps along the {001} directions. Furthermore,
a similar tendency of the steps to orient parallel to
the close-packed directions of the anion adlayer was
also found in the systems Cu(111)—ClI 31178 Au(110)—
1,6 Ni(111)—1,2% Cu(110)—Cl,?8 and Au(111)—Br.1%°
Although most of these studies observed the forma-
tion of the faceted step morphology in the potential
regime of metal dissolution or deposition, it seems
highly probable that also in these systems the well-
defined step orientation corresponds to an equilibri-
um morphology induced by the ordered adlayer phase
rather than a kinetic effect related to the dissolution

or growth. It should be noted that on Pt-group metal
surfaces the long-range mass transfer is strongly
kinetically hindered by the low surface mobility of
the metal. The faceting/defaceting process may be
therefore more difficult to observe than on Cu. Here
the enhanced metal ion exchange with the solution
during dissolution/deposition reactions may signifi-
cantly promote the formation of larger facets. In
addition, step faceting is not only found for simple
commensurate structures but even for complex,
incommensurate phases, such the sulfate adlayer
phase on Cu(111). STM observations in the latter
system reveal a clear, albeit less pronounced, faceted
morphology, where the steps seem to consist of
straight segments with preferential orientation along
the close-packed directions of the adlayer-induced
Moiré pattern 3143355362364 A closer look, however,
reveals that theses segments are straight only on the
nanometer scale and that the atomic structure differs
locally. This can be directly attributed to the incom-
mensurate nature of this adlayer structure, which is
incompatible with a well-defined local geometry at
the steps. Finally, the adsorbate-induced step face-
ting is not restricted to the electrochemical interface
but is also known for chemisorbed adlayers at the
metal—vacuum interface. In particular, a faceting
along {001} in the presence of a c(2 x 2) adlayer
phase was found by Kopatzki et al. for Ni(100)—0O
and by Nakakura and Altman for Cu(100)—CIl and
Cu(100)—Br.231.236-238 Thjs underlines the close rela-
tionship of the chemisorbed adlayers in the different
environment, noted already in the previous sections.
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Figure 21. Defaceting of Cu(100) in 10 mM HCI after a
potential step from —0.25 Vsce into the potential range of
the disordered adlayer phase. (a) A series of in situ STM
images obtained at —0.25 Vsce (A), 30 s (B), 180 s (C), and
510 s (D) after a step to —0.65 Vscg, showing the mass
transport processes (1100 x 800 A2); for clarity, each Cu
terrace is colored by a single gray scale. (b) Quantitative
evaluation of the mass transport at different potentials
from a series of STM images. As a measure of the
transported mass, the average number of Cu atoms AN
removed per outer terrace corner is used.*?°

We conclude this section with a brief discussion of
an even more complex restructuring effect, observed
by Gao and Weaver on iodide- and bromide-covered
Au(110) electrodes.’61.170278 Here the STM images
revealed for Au(110)—1 the formation of rather uni-
form arrays of long, monatomically high Au islands
and channels, running parallel to each other and
oriented roughly along the [110] direction, at the
upper end of the potential regime of the c(p x 2)
adlayer phase (Figure 22).161278 These islands de-
crease in width with increasing potential and com-
pletely disappear again in the negative potential
range, indicating a well-defined, reversible depend-
ence of the surface morphology on the potential. A
very similar anisotropic restructuring was observed
for Au(110)—Br; however, in this case only mon-
atomic islands were formed and the structures were
oriented along the [001] rather than the [110] direc-
tion.1’% Gao and Weaver suggested that the restruc-
turing of this rather open surface is caused by a
destabilization of the Au atoms in the center of the
terraces due to the repulsive dipole—dipole interac-
tions between the halide adsorbates. In this model,
islands that are 6—10 atomic rows wide represent a
compromise between the electrostatic repulsive and
more local cohesive energy contributions. This surface
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Figure 22. In situ STM images showing the iodide-
induced restructuring of Au(110) in 5 mM KI solution (a)
on the mesoscopic and (b) on the atomic-scale. (Reprinted
with permission from ref 278. Copyright 1994 American
Physical Society.)

restructuring proceeds predominantly via a mecha-
nism involving local growth and dissolution at the
Au steps and may be favored by the anisotropy of
the Au(110) substrate and the high Au surface
mobility in the presence of the halide adsorbates. The
different orientation of the islands for the two halide
adsorbate species might be related to the structural
differences in the corresponding halide adlayers (see
section I11.H). Similar morphologies as for Au(110)—
Br were also observed on Pt(110) electrode surfaces
previously exposed to bromine or iodine vapor, sug-
gesting that the formation of these quasiperiodic
nanoscale features is not a singular phenomenon but
exist also in other systems.

VII. Influence on Electrochemical Reactivity

A. Metal Growth/Dissolution

Electrochemical dissolution and deposition proc-
esses are of fundamental as well as of great practical
importance in metal corrosion, etching, plating, and
metal refinement processes. As suggested already in
the 1920s by Stranski,*** the dissolution and the
reverse deposition reaction is dominated on the
microscopic scale by detachment/attachment of atoms
at the low coordination kink sites on the crystal
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Figure 23. Sequence of high-resolution in situ STM images showing the step flow dissolution via removal at kink sites
on the c¢(2 x 2) Cl-covered Cu(100) surface in 1 mM HCI. The model illustrates the elementary steps in the dissolution
process. (Reprinted with permission from ref 43. Copyright 1999 Material Research Society.)

surface. These kink sites are preserved during the
removal or addition of the basic building blocks of
the crystal, e.g., the single metal atoms for simple
metal electrodes, and hence can sustain a continuous
dissolution or deposition reaction. As shown above,
specifically adsorbed anions can strongly alter the
type and distribution of defects, such as kinks, on the
electrode surface, in particular in the range of the
ordered adlayer phases. The pronounced influence of
these species on deposition and dissolution processes,
well-known from traditional electrochemical and
microscopic studies, is therefore not surprising. De-
tailed high-resolution in situ STM studies on the
effect of anion adlayers on these processes have
focused primarily on the dissolution in solutions,
which are (initially) free of the metal ions and hence
exhibit a potential regime where the surface mor-
phology is stable. Similar investigations of homo-
epitaxial electrodeposition processes are much more
difficult, since in this case pronounced exchange of
metal ions with the electrolyte occurs in the entire
potential range, resulting in a highly dynamic surface
morphology. Heteroepitaxial systems—although con-
siderably more studied*?®®>—are not considered here,
since the anion effects are often altered or obscured
by the pronounced influence of the foreign metal
substrate and in general are less well understood.
As an example of the effect of the anion adlayer
structure on the mechanism of metal dissolution, we
discuss the dissolution of Cu(100) in sulfuric and
hydrochloric acid solution. In situ STM studies, which
allow one to directly observe the temporal evolution
of the local surface morphology during a slow poten-
tial increase in the dissolution regime, show that on
clean Cu electrode surfaces in pure H,SO, and HCI

solutions the anodic Cu dissolution commences ex-
clusively at the steps.3178179.181,182186364 |n H,SO,
solution the anion adlayer is disordered up to the
onset of dissolution and the Cu steps exhibit the
characteristic frizzy appearance, indicative of a high
kink density and a high Cu mobility along the steps
(see section VI1.B). As demonstrated by Vogt et al.,
Cu(100) dissolution proceeds in this electrolyte via
isotropic, random removal of Cu along the steps,
leading to an increasing roughness of the steps.'86
With higher potential, the rate of this step-roughen-
ing process and correspondingly the roughness of the
steps increase. Strong statistical fluctuation of the
local step positions (up to +£100 A), which can be
directly observed in the STM images, indicate that,
in addition to the dominant step Cu dissolution, a
significant fraction of the dissolved Cu is locally
redeposited at other parts of the steps. These obser-
vations can be attributed to the high density of
reaction sites for the local dissolution/redeposition
processes (i.e., kink sites), due to which material
removal/redeposition proceed with approximately
equal probability along the steps. A very different
dissolution behavior is found in the presence of the
c(2 x 2) Cl adlayer, where the steps are strongly
faceted along the {001} directions. During the dis-
solution process this predominant orientation of the
steps is largely preserved, i.e., step roughening does
not occur (Figure 23). Atomic-scale studies reveal
that the local dissolution proceeds by the same
mechanism as the local dissolution and growth
processes observed in the double layer potential
regime (see section VI.B), i.e., by the removal of
(V2 x ~/2)R45° unit cells at well-defined kink sites
(an example is marked by an arrow in Figure 23).186



Ordered Anion Adlayers on Metal Electrodes

Figure 24. (a) Model showing the structural anisotropy
between [010] and [001] oriented steps on c¢(2 x 2) ClI-
covered Cu(100) (arrows indicate position of kinks). (b) In
situ STM observations of Cu(100) during the dissolution
at —0.2 Vsce in 10 mM HCI solution (190 x 110 A2). The
anisotropic islands were created by pinning impurities (see
arrow) and illustrate the different rate of etching at
differently oriented steps of the same terrace. (Reprinted
with permission from ref 43. Copyright 1999 Material
Research Society.)

In this electrolyte Cu is dissolved as CuCl,~ via a two-
step process involving the transient formation of a
CuCl adsorbate. The Cu dissolution is therefore
probably directly coupled with the dissolution of the
Cl adsorbate. For stoichiometric reasons and to
regenerate the c(2 x 2) adlayer on the freshly exposed
area of the lower Cu terrace, the elementary step of
this process, i.e., the dissolution of one (v/2 x +/2)R45°
unit cell, requires the (temporary) uptake of four
additional CI~ ions from the electrolyte (see the model
in Figure 23). A reverse mechanism can be expected
for the Cu deposition reaction on Cu(100) in CI-
containing electrolyte at sufficiently low deposition
rates.

As a direct geometric consequence of the c(2 x 2)
adlayer structure, two types of steps with different
local structure exist, depending on the phase rela-
tionship of the c(2 x 2) adlattices on the lower and
upper Cu terrace (Figure 24a). Due to the antiphase
shift of the adlattices on both terraces, the edges of
the horizontal and vertical running steps, as well as
at kinks in these steps, are of different structure,
resulting in a corresponding different stability with
respect to Cu dissolution. This effect is independent
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of the precise structure at the step edge, which may
differ from that chosen in the model in Figure 24a
(see, for example, ref 237). The adsorbate-induced
anisotropy is directly observed in the STM experi-
ments, where a predominant dissolution of the Cu
terraces along one of the two {001} directions is
found.*® It can be particularly noticed on surfaces
contaminated with trace impurities, which can locally
stabilize small parts of the more reactive steps ("step
pinning”) and thus block them from dissolution.*3186
As a result of this blocking behavior, strongly aniso-
tropic peninsulas and islands are formed on the Cu
surface. An example is presented in Figure 24b,
which shows a long, anisotropic island of only a few
(V2 x v/2)R45° unit cells in width. After having
scanned two-thirds of the imaged area (the slow scan
direction is from top to bottom), the island was
apparently detached from the stabilizing impurity
(see arrow in Figure 24b), which resulted in its rapid
dissolution. An analysis of the adlattice phase rela-
tionship in such images revealed that the vertical
running, [001]-oriented steps in the model in Figure
24a correspond to the more reactive step orientation.
Recently, this anisotropy in the dissolution behavior
could be directly verified by “real-time” observations
using video-STM.*?® As shown in the sequence of
images in Figure 25, recorded after a potential step
into the Cu dissolution regime, the dissolution of the
observed terrace proceeds predominantly via sequen-
tial removal of (v/2 x +/2)R45° rows at the reactive
step (indicated by solid white line). Dissolution along
the stable steps (dashed white line) occurs only via
(temporary) nucleation and “collective” removal of a
larger terrace segment (at 200 ms), i.e., a mechanism
involving solely nucleation, propagation, and con-
densation of kinks in reactive steps. The different
reactivity of kinks in the two types of steps was
tentatively explained by a different coordination of
Cu kink atoms with neighboring Cl adsorbates.*?3

These results demonstrate that the structure of the
ordered adlayer determines the structure of the
reaction site(s) and hence the microscopic kinetics of
the dissolution/deposition reaction. Since the re-
active Kink sites on the c(2 x 2) Cl-covered surface
are of well-defined structure and—due to the very low
kink density—sufficiently separated along the steps,
Cu(100)—Cl is an ideal system for a detailed, quan-
titative study of the dissolution dynamics at indi-
vidual kinks. Determining the rates of these atomic-
scale processes, which cannot be measured by
macroscopic electrochemical techniques due to prob-
lems in establishing the absolute number of kink
sites, is of fundamental importance for a detailed
understanding of metal dissolution/deposition, in
particular if complemented with modern quantum
chemical theories of this ion transfer reaction. Un-
fortunately, the direct observation of kink motion by
in situ STM is generally hampered by the high rate
of this process, which exceeds the maximum image
acquisition rate of conventional STMs (typically a few
seconds) by orders of magnitude even at the very
onset of Cu dissolution'® and only recently became
possible by video-STM (see above). To directly meas-
ure the kink migration velocity, Magnussen and Vogt
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Figure 25. A series of in situ high-speed STM images recorded on Cu(100) in 10 mM HCI after a potential step from

—0.23 to —0.17 Vsce (65 x 65 A2). The images show the progressive dissolution of a Cu terrace, starting at the outer
terrace corner, and illustrate the anisotropy in the etching behavior at the active and the stable step (initial positions
indicated by solid and dashed lines, respectively) of the terrace. (Reprinted with permission from ref 423. Copyright 2001

Elsevier Science Ltd.)

developed a novel technique, called time-of-walk
(TOW) measurements, which is illustrated in Figure
26a,b.#?% In this technique STM scan lines are re-
corded across an approximately perpendicular run-
ning step alternately at two locations (y; and y,),
separated by a distance Ay. At each location the
passing of a kink manifests as a distinct change in
the step position along x by one or two (see below)
(v/2 x +/2)R45° unit cell widths. The time difference
At between the positional changes at y; and y, then
corresponds to the propagation time of the kink from
y1 to y,. From a statistical analysis of these ex-
periments, the normalized distribution of the kink
propagation times for the dissolution of a single
(v/2 x +/2)R45° row is obtained, which is presented
in Figure 26¢ for two potentials in the regime of low
dissolution rates. The shape of these distributions
strongly indicates pronounced positional fluctuations
of the kinks along the steps caused by competing
dissolution and redeposition processes. Such parallel
dissolution and growth are expected from macro-
scopic electrochemical measurements and can be
directly observed in the video-STM experiments (see
Figure 25). They are the microscopic basis for the
exchange current density, one of the central kinetic
parameters of electrochemical reactions. According
to fits (shown in Figure 26¢) of the data by a simple
guantitative model, where the kink migration is
described as a one-dimensional random walk with

slightly different probabilities for steps in the two
directions, the reaction rate at kinks (k) is about 2
orders of magnitude larger than the average rate of
kink propagation (Ak), i.e., the rates of dissolution
and redeposition differ by less than 1%.%%¢ These
results directly demonstrate that each kink simul-
taneously acts as active site both for the dissolution
and the reverse deposition reaction. The average kink
propagation rates were in good agreement with direct
observation by video-STM#?® and estimates obtained
from macroscopic electrochemical measurements on
the same Cu(100) sample.*?® In addition, the experi-
ments suggest a second, less frequent dissolution
mechanism involving the collective removal of two
(V2 x +/2)R45° parallel rows, which was not con-
ceived in previous models of crystal dissolution.
Future studies by this method, where the temporal
resolution is improved by utilizing a high-speed STM,
should provide detailed quantitative data on the
dynamics of the dissolution/deposition reaction.
The same dissolution mechanism, i.e., the re-
moval of (v/2 x +/2)R45° unit cells at kink sites, was
found by Nakakura and Altman for the reactive
etching of Cu(100) by Cl, and Br; under UHV
conditions,?3%:236-238427 demonstrating the domination
of these processes by the chemisorbed adlayer and
its influence on the structure of surface defects,
independent of the environment. Furthermore, this
mechanism of metal dissolution is not unique to
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Figure 26. Quantitative measurements of kink propaga-
tion velocities during Cu(100) dissolution in 10 mM HCI
by the TOW method. (a) Path of the scanning tip, super-
imposed on an STM image (170 x 450 A?) recorded at
—0.25 Vsce prior to Cu dissolution. (b) Small part of the
TOW data, recorded after a potential step to —0.14 Vsce
at positions y; and y, (Ay = 306 A; time per TOW cycle 7 =
0.1 s). At time t3, a kink in the leftmost step with a width
of 3.6 A, i.e., one (v/2 x +/2)R45° unit, passes through y;
and y,. (c) Normalized distribution N(At)/Ny of the kink
propagation times At for —0.17 and —0.14 Vsce (data
columns correspond to i = 0—8 TOW cycles passed in the
interval At). The striped columns are results of fits to the
statistical model. (Adapted from ref 426.)

Cu(100) but also governs the dissolution of other
c(2 x 2) covered surfaces. As shown by Itaya and co-
workers it is found for Pd(100)—1,2°%:292 Ni(100)—
S,308.309 and Ag(100)—1,Y77 although the length of the
[001Horiented step segments was usually shorter
than on Cu(100). Interestingly, the anion adlayer was
preadsorbed prior to immersion in these systems, i.e.,
not present as a solution species. Nevertheless, the
ordered adlayer phase was maintained on the sur-
face, even after prolonged metal dissolution, which
was interpreted in a model where the removal of
metal atoms at the Kink sites is accompanied by a
step down of the anion at the kink from the upper to
the lower terrace.177:201.202:308309 Hence, in these sys-
tems the adlayer does not participate directly in the
reaction as for Cu(100)—CIl but solely acts as a
surface-confined species (“surfactant”), which deter-
mines the structure of the active sites of the dissolu-
tion/deposition reaction.

Also during the dissolution of (111)- and (110)-
oriented metal electrodes surfaces, a particular sta-
bility of steps running along close-packed directions
of the ordered anion adlayer was observed, indicating
an analogous influence of the adlayer on the dissolu-
tion process as for (100) surfaces. Examples include
the systems Cu(111)—Cl3%178 Au(111)—Cl,*?® and
Ni(111)—1,2°* where a preference for [211Horiented
steps was found, as well as Cu(110)—Cl,%° where
steps along [001] were preferred. Interestingly, a
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dissolution mechanism involving the anion-induced
stabilization of certain step orientations is even found
in the presence of high-order commensurate or
incommensurate adlayer phases, where the structure
of the step edge is less well defined as for simple
commensurate adlayers. As already mentioned in
section VI1.B, the oriented step segments in this case
often seem to be straight only on the nanometer scale
and the atomic structure differs locally. An even more
complex behavior is observed in the presence of
anisotropic adlayer phases, as shown by Polewska et
al. for the sulfate adlayer on Cu(111).364 Here the Cu
steps are oriented approximately parallel to the
Moiré pattern in the double layer potential range, i.e.,
run along one of the three close-packed directions of
the underlying, reconstructed Cu surface layer (Fig-
ure 27a).3143:355:362364 At potentials close to the onset
of Cu dissolution, a step flow mechanism is found,
where an apparently disordered phase emerges on
the freshly exposed Cu terraces below the dissolving
step (Figure 27b—d). This phase can be attributed to
a disordered sulfate adlayer on top of an unrecon-
structed or an only locally ordered, reconstructed Cu
lattice.3%4 Due to the anisotropy of the (v/3 x +/7)
structure, three different orientations of the sulfate
adlayer relative to the step direction are possible,
resulting in a corresponding anisotropy in the initial
step dissolution rate. As shown by the STM observa-
tions (Figure 27b—d), steps running perpendicular to
the close-packed direction of the sulfate adlayer
(“v/3"-direction) on the lower terrace side (white
arrows) are more stable than those running at a 30°
angle to this direction (black arrows).%%* This can be
correlated with the sulfate packing density along the
step direction, which is highest for steps oriented
perpendicular to the “v/3"-direction (see Figure 15).
Furthermore, these observations indicate that the
step is stabilized by the adlayer on the lower terrace
rather than by the adlayer on the upper, dissolving
terrace. Although this experimental differentiation
is only possible for anisotropic adlayer structures, a
stabilization of the step from the lower terrace side
may be relevant also for other systems.

B. Molecular Adsorption and Electrocatalytic
Reactions

Obviously, the presence of specifically adsorbed
anions, in particular of high-density, ordered adlayer
phases, may strongly affect the adsorption of other
species as well as chemical reactions between those
coadsorbates. As recognized even before detailed
structural data on anion adlayers became available,
this should significantly influence the Kinetics of
electrocatalytic reactions, such as oxygen reduction
or hydrogen evolution/oxidation. Since these reac-
tions are of considerable relevance for established
and emerging electrochemical technologies, e.g., fuel
cells, the relationship between anion adlayer struc-
ture and electrocatalytic properties is currently a
very active field of research. In the following, some
recent studies on well-defined, single crystalline
electrodes are described, for which the influence of
the anion adlayer structure was explicitly investi-
gated.
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Figure 27. A series of STM images showing the initial stages of Cu(111) dissolution in 10 M H,SO,4 (700 - 780 A2). The
images are recorded at (a) —0.30 V (0 min), (b) —0.13 V (7 min), (c) —0.13 V (10 min), and (d) —0.13 V (12.5 min). For
better visibility of the sulfate adlayer structure, each of the Cu terraces is colored by a separate gray scale (arrows are
described in the text). The circle indicates a screw dislocation, which marks identical surface locations in the images.
(Reprinted with permission from ref 364. Copyright 1999 American Chemical Society.)

We first discuss the effect of anion adlayers on the
oxygen reduction and the hydrogen evolution reac-
tion. To demonstrate that this effect can be substan-
tial, even for anions that are commonly regarded as
only moderately strong specifically adsorbed, Cu(111)
in sulfate-containing solution again is chosen as an
explicit example. In recent rotating ring-disk meas-
urements, Brisard et al.*?° observed strong inhibition
of both reactions on this electrode in the presence of
the (v/3 x +/7) sulfate adlayer. Their data for Cu(111)
in oxygen-saturated sulfuric and perchloric acid
solution are reproduced in Figure 28. Obviously, the
oxygen reduction current on Cu in H,SO, solution
(Figure 28a, dotted line) is completely blocked at
potentials positive of —0.35 Vscg, i.e., in the potential
range of the ordered sulfate adlayer. At more nega-
tive potentials, where the sulfate adlayer is disor-
dered, the oxygen reduction current is comparable
to that in HCIO, solution (Figure 28a, solid line). The
ring currents in the two electrolytes (Figure 28b),
however, differ also in this potential regime. Contrary
to the near-zero current in HCIO, solution, a sub-
stantial current is measured in H,SO, solution,
indicating a high rate of H,O, production below —0.40
Vsce. This implies a change in reaction mechanism
from a four-electron (HCIO, solution) to a two-

electron process (H,SO, solution). Apparently, even
the disordered sulfate adlayer can block the second
step of the oxygen reduction reaction. This was
tentatively attributed to changes in the anion ad-
sorption geometry or competition of hydrogen inter-
mediates.*?° Similar inhibition effects were found for
the hydrogen evolution reaction.364:42°

In a similar way, detailed Kinetic data on the
oxygen reduction reaction on Pt(hkl) ring-disk elec-
trodes in perchloric acid, sulfuric acid, and KOH
solution were obtained by Markovic et al.®~*! It was
found that the activity of the Pt(111) electrode, which
is the most active crystal face in HCIO, and KOH
solution, is reduced by about 3 orders of magni-
tude in H;SO, solution, whereas the activities of
Pt(100) and Pt(110) in H,SO,4 are almost identical to
those in KOH and only slightly lower than those in
HCIO, solution. As indicated by FTIR spectros-
copy,83:65338339.341.342 radiotracer,®*® and in situ STMB3533%
measurements (see section 1V.C), sulfate/bisulfate
adsorbs much more strongly and at considerably
higher coverages on Pt(111) than on Pt(100) and
Pt(110) and, moreover, forms a (+/3 x +/7) phase on
the (111) surface in the potential range where the
Og-reduction is under combined Kkinetic-diffusion
control. Hence, the pronounced differences in the
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Figure 28. Rotating ring-disk measurements of oxygen
reduction on Cu(111) in H,SO, and HCIO, solution (1600
rpm, 10 mV/s), illustrating the effect of the sulfate adlayer
on the electrocatalytic reactivity. (a) Cu(111) disk current,
(b) detection of H,O, oxidation on the Pt ring (E, = 0.95
Vsce) during the positive potential scanReprinted with
permission. (Reprinted with permission from ref 429.
Copyright 2000 Elsevier Science Ltd.)

activity of Pt(111) can be attributed to the blocking
of active sites for O, adsorption by the ordered sulfate
adlayer.®* More recently, Wang et al.'*1> and Mark-
ovic et al.*213 studied for Pt(111) the effect of Br— and
CI~ anions on this reaction and found a similar but
even stronger inhibition effect, which again can be
rationalized by the presence of the close-packed
halide adlayers. In addition, both observed the quan-
titative production of peroxide, indicating that in the
presence of adsorbed Br anions the O,-reduction
reaction does not proceed entirely through a four-
electron pathway as in HCIO,, KOH, and H,SO,
solution. It was proposed that the blocking of sites
by the Br adsorbate suppresses both the adsorption
as well as the dissociation of the O, molecules on the
electrode surface.’?! In situ SXS measurements
during the course of oxygen reduction revealed that
the (3 x 3) Br is destabilized by O, at potentials
negative of 0.55 Vg, probably due to competitive
adsorption/coadsorption of oxygen species.'® Further-
more, similar combined SXS and rotating-disk meas-
urements were performed by Wang et al.'*% on
Au(100) and Ag(100) electrodes in Br-containing
solution. According to these data, O, reduction on
Alj}lOO) is completely inhibited by the ordered
c(v/2 x 2+4/2)R45° and c(v/2 x p)R45° adlayer phases
and only takes place in the potential range where the
Br adlayer is disordered. On Ag(100) only partial
blocking of this reaction was found in the presence
of the ¢(2 x 2) Br phase, which was explained by O,
adsorption through the holes of this more open Br
lattice in an end-on configuration.®®
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Second, the effect of specifically adsorbed anions
on the adsorption of larger molecules is considered,
where competitive as well as cooperative effects of
anions are found. In a combined in situ STM, FTIR
spectroscopy, and electrochemical study, Vogt et al.
demonstrated that the organic corrosion inhibitor
benzotriazole forms a dense adlayer on Cu(100) and
Cu(111) in H,SO4 solution but is completely displaced
from the electrode surface by the anion adlayer in
Cl-containing solution.364430-432 Alsp in this case the
molecular adsorption was inhibited predominantly in
the range of the ordered adlayer phases, whereas in
the potential range of the disordered adlayer phase
the benzotriazole adlayer was stable. These observa-
tions provide a direct microscopic explanation of the
pronounced influence of chloride on the benzotriazole
inhibition efficiency. On the other hand, metal elec-
trodes covered by ordered, chemisorbed anion ad-
layers may constitute an ideal substrate for the
formation of well-ordered adlayers of various organic
molecules via self-assembly, as demonstrated in
detailed in situ STM studies of iodide-covered Au, Ag,
and Pt electrodes by the group of Itaya.®6:433-438 |n
contrast to bare metal surfaces, where the ordering
of these molecular adlayers is hindered by the low
surface mobility of the strongly chemisorbed mol-
ecules, the much weaker van der Waals interactions
between these species and the close-packed iodide
adlayer underneath and the resulting lower corruga-
tion potential of the iodide-covered surface seem to
facilitate organization into structures determined by
the lateral intermolecular interactions (for details,
see ref 36). These results demonstrate that ordered
anion adlayers offer exciting new opportunities for
the defined tailoring of the physical and chemical
properties of electrode surfaces.

C. Outer-Sphere Reactions

Finally, anion adlayers may also influence outer-
sphere electron-transfer reactions, i.e., electrochemi-
cal reactions that do not involve adsorption on the
electrode surface. This phenomenon was very re-
cently studied by Wakabayashi et al.,**® using redox
reactions of cobalt complexes on Pt(111), Pt(100), and
Pt(110) single-crystal electrodes as an example. It
was found that these reactions were retarded by
chloride, bromide, and iodide adlayers, but acceler-
ated by CN and SCN adlayers. These effects may be
caused by anion-induced changes in the potential of
zero charge of the electrodes and/or modifications of
the electron transfer by the adlayers. In the latter
model, the retardation of the reaction in the presence
of halide adsorbates could be ascribed to an increase
in the effective electron tunneling distance, caused
by the outward shift in the plane of closest approach
of the Co complexes. The acceleration observed on
CN- and SCN-covered electrodes might be explained
by electron transfer via intermediate states of the
adsorbate (“resonant tunneling”).*3 Also for this type
of reaction, the behavior found at the electrochemical
interface qualitatively resembles that observed in the
corresponding gas phase systems, as shown recently
by Casagrande et al.**° In their study of the electron
capture of fluorine atoms on chlorine-covered Ag(111)
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under UHV conditions, a strong decrease in the
electron-transfer rate was found in the presence of a
close-packed CI adlayer that could not be explained
by changes in the metal work function alone (corre-
sponding to the changes in pzc in the electrochemical
system) but had to be attributed to modifications of
the local electronic structure by the adsorbate. Al-
though such studies of electron-transfer phenomena
at electrochemical and metal—vacuum interfaces are
still scarce, they again underline the close relation-
ship between the effect of these adlayer phases on
the surface reactivity in both environments.

VIIl. Conclusions and Outlook

Over the past decade a detailed microscopic picture
of specific anion adsorption at the electrochemical
interface has emerged. Significant new insights into
the complex interface structure and the atomic-scale
mechanisms of reactions at this interface were ob-
tained that considerably broadened the classical,
largely thermodynamic double layer models. Al-
though we here have focused on the results of in situ
structure-sensitive techniques, it should be empha-
sized that these achievements were only made pos-
sible by the complementary data of a multitude of
experimental and theoretical methods. Among the
most surprising results is the rich potential-depend-
ent phase behavior, found even for adlayers of simple,
atomic anions. Not only disordered phases, as ex-
pected from the early electrochemical studies on the
(particularly weakly adsorbing) Hg electrode, but also
densely packed, ordered adlayers with commensurate
as well as compressible, incommensurate structures
are formed, which can be rationalized by the compet-
ing lateral adsorbate—adsorbate and adsorbate—
substrate interactions. In particular, on noble metal
electrodes potential-dependent sequences of different
ordered phases can be observed, which closely re-
semble those found in classical quasi-two-dimen-
sional systems. Also for molecular anions ordered
adlayer structures are found, which are determined
by the more complex interactions between these
adsorbates, such as covalent or hydrogen bonding.
Furthermore, clear evidence for effects such as co-
adsorption of cations or solvent molecules as well as
for a pronounced influence of anions on the structure
and morphology of the metal substrate exists. These
structural phenomena can explain the well-known,
significant influence of specifically adsorbed anions
on the electrochemical reactivity. The precise rela-
tionship between anion adlayer structure and elec-
trode reactivity was already explicitly demonstrated
in a few well-studied systems.

Despite this progress, considerable challenges in
clarifying the structure and dynamics of anion ad-
layers as well as their influence on the electrochemi-
cal reactivity exist. For example, the structure of
adlayers formed by larger molecular anions is mostly
unknown or—as in the case of sulfate—still under
debate. In particular, the incorporation of water or
hydronium ions into these adlayers and the role of
these species in stabilizing ordered structures are not
fully understood. Furthermore, almost no in situ
structural data exist for anion adlayers on more
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reactive metals, such as Fe, Co, Ni, or Al, despite the
high technological relevance of the electrochemical
behavior of these systems, e.g., in corrosion science.
Also, the microscopic mechanisms of reactions at
anion-covered electrodes are studied only rudimen-
tarily and on a qualitative level at present. As
illustrated for the case of metal dissolution, quantita-
tive measurements of the nanometer scale reactivity
in these systems can give access to otherwise unob-
tainable data and, in the long run, should help to
bridge the gap between traditional macroscopic ki-
netic data and modern theories of ion transfer reac-
tions. Here, improvements in the time resolution of
structure-sensitive in situ techniques should offer
significant new opportunities. These experimental
advances might also allow studies of the largely
unknown adsorbate dynamics in anion adlayers.
Finally, true insights into the physiochemical nature
of these systems will be only possible if these experi-
mental approaches are accompanied by advanced
theoretical treatments of the anion adlayer structure
(e.g., via density functional calculations in slab
geometry) of the potential-dependent phase behavior
and—most ambitious—of the mechanisms of electro-
chemical reactions at these interfaces. In view of the
almost ubiquitous presence of specifically adsorbing
anions in natural and technological environments,
these studies should contribute significantly to the
understanding of the structure and reactivity of
electrochemical interfaces.
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