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Abstract

Synchrotron X-ray scattering results of halide monolayers of bromide and iodide on single-crystal electrodes are presented.
Both commensurate and incommensurate structures are observed. The incommensurate structures electrocompress with in-
creasing potential. The relative roles of the halide—halide and the substrate—halide interactions are discussed for iodide on
Au(l11), Ag(111),and Pt(111) and for bromide on Au(111), Ag(111)and Au(100).

1. Introduction

A true atomistic picture of the electrode interface is
starting to emerge. This development is primarily due to
the introduction of in situ structural methods, specifically,
scanning tunneling microscopy (STM), atomic force mi-
croscopy (AFM), and X-ray techniques, including surface
X-ray scattering (SXS). Studies using these techniques
have shown that electrode surfaces are well ordered with
coherence lengths of several hundred Angstroms and that
the sharp features observed using classical electrochemical
techniques are correlated with adlayer phase transitions.
Here we review recent SXS results of halide adlayers on low
index faces of gold, silver, and platinum, with particular em-
phasis on the nature of the potential dependence of incom-
mensurate phases, and on the effect of the substrate metal
and crystallographic orientation on the adlayer structure.

Investigations of electrode surfaces using X-ray scat-
tering techniques have benefitted from the development
of thin-layer electrochemical cells and high-intensity, syn-
chrotron X-ray sources. The first successful X-ray scat-
tering measurements from a well-defined surface showed
that incommensurate hexagonal monolayers of lead form
at potentials positive of the bulk Nernst potential and that
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these monolayers electrocompress with decreasing potential
[1]. Whereas these pioneering studies were carried out on
epitaxial gold and silver films on Mica, most recent studies
have utilized single-crystal surfaces. These experiments
have investigated the electrodeposited monolayers of Bi
on Ag(111) [2] and Au(111) [3], Tl on Ag(111) [4],
Au(111)[5], Au(100)[6],and Ag(100)[7],and Pt(111)
[8],and Pbon Ag(111)[1], Pt(111)[9] and Au(100)[10]
as well as adsorbed halide monolayers on Au(l11) [11,
12], Au(100), Au(110) and Pt(111) [13]. They revealed
well-ordered adlayer structures, often incommensurate with
the substrate with potential-dependent lattice parameters.
Scattering measurements have also shown that at suffi-
ciently negative potentials the (111), (100), and (110)
surfaces of gold reconstruct in a similar manner as the same
surfaces in vacuum and that a transformation to a (1 x 1)
state occurs at higher potentials [14-18]. In addition, stud-
ies have also been carried out of the ionic adsorption of
alkali-halide adlayers [19], the roughening of platinum [20],
the relaxation of the Pt(111) surface [21], the interfacial
water structure on Au(l11) [15, 22] and Ag(111) [23].
Several reviews pertaining to in situ X-ray studies under
electrochemical conditions are recommended [22, 24-28].
The structure of adsorbed monolayers and, in particular,
the registry between the adlayer and the substrate is affected
by the symmetry of the substrate, the adsorbate—adsorbate
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interactions, and the corrugations in the adsorbate—substrate
interaction potential [29-34]. The latter increases for more
open surfaces, i.e., for FCC surfaces in the order (111),
(100), (110). A simple one-dimensional model of har-
monically bound atoms in a sinusoidal corrugation potential
given by Frankel and Kontorowa [29] and by Frank and
Van der Merwe [30] showed that the lowest-energy solu-
tion can give rise to domain walls (solitons). The spacing
and widths of these domain walls are determined by the
lattice mismatch and the ratio of corrugation and lateral
interaction energy. In the limit of sharp domain walls, most
of the adatoms occupy highly coordinated, commensurate
positions except at domain walls where they are in ener-
getically less-favorable sites. Here we will refer to this
structure as a domain-wall incommensurate phase. On the
other hand, when the domain walls are diffuse, such that
the atoms are equally spaced along the incommensurate
direction we will refer to this structure as a uniformly
compressed incommensurate phase. Often, both of these
structures are referred to as striped phases where the height
modulation provides a stripe-like appearance. For the case
of the domain-wall phase the stripes are narrow and for the
uniformly compressed phase the stripes are broad. Finally,
we note that incommensurate phases are more likely to
appear on the close-packed (11 1) surface.

An extensively studied model system for the phase
behavior of two-dimensional adsorbates is the physisorp-
tion of noble gases on the cleaved, hexagonal face of
graphite [35]. Here the chemical potential can be var-
ied through the vapour pressure and clean, well-defined
surfaces can be prepared in a simple way. In contrast to
cleaved surfaces such as graphite, metal and semiconductor
surfaces can be prepared with arbitrary crystallographic
orientations. Thus, they are ideally suited for investigat-
ing the role of the crystallographic orientation on the
phase behavior of adsorbates. However, most adsorbates
are chemisorbed making the experimental control of the
adsorbates chemical potential through its vapour pressure
extremely difficult [31]. Rather, the coverage in gas-phase
experiments is varied by dosing the sample to a well defined
coverage.

Under electrochemical conditions a wide variety of cation
and anion species, with varying interactions and sizes, can
be electrodeposited as monolayers and as bulk. Here, the
chemical potential of the adsorbate can be directly and
accurately controlled through the applied potential. In ad-
dition, the substrate metal and crystallographic orientation
can be varied. As a result, the electrochemical environment
can provide an important testing ground for fundamental
issues in two-dimensional physics and in particular the
nature of the commensurate—incommensurate transition.
From a surface physics perspective, one disadvantage of the
electrochemical environment is that the temperature cannot
be varied over a wide range.

2. Examples

The results of X-ray scattering studies of the adsorption
of iodide and bromide on gold and silver single-crystal sur-
faces are summarized below. Potentials are referenced to a
Ag/AgCl(3M NaCl) reference electrode. The adsorption of
halides can be monitored using cyclic voltammetry (CV)
which measures the rate of charge transfer at a fixed po-
tential sweep rate. The initial adsorption gives rise to a
broad peak in the CV which is often followed by several
sharp peaks at higher potentials [12, 36-38]. The first sharp
peak in the CV is usually interpreted as a transition from
a disordered adlayer to an ordered adlayer. The additional
peaks correspond to transitions between different ordered
structures. All of the ordered halide adlayers form over a
potential regime where the underlying surfaces are unre-
constructed. For all halides studied to date, the coverages
deduced from the X-ray measurements shift by 59 &+ 5 mV
per decade change in the halide solution concentration [12,
11]. From this we conclude that the adsorbed halides are
almost completely discharged in the ordered phases. In ad-
dition, the adsorbed halides are atomic and they do not ex-
hibit diatomic characteristics. Finally, we point out that no
effect of the cation species (Li*, Na*, K*, and Cs™) on the
phase behavior was observed in the measurements presented
here.

2.1. lodide on Au(l111) and Ag(111)

In the first example we consider the adsorption of iodide
on the (111) faces of Au and Ag. Iodine is the largest,
most polarizable, and most strongly adsorbing of the halides
and exhibits ordered phases over the widest potential region.
Since silver and gold have nearly identical lattice constants,
a comparison of the iodide-phase behavior allows us to focus
on the relative role of the substrate-halide interaction.

With increasing potential, the adsorption of iodide on
Ag(111) gives rise to the series of ordered structures shown
in Fig. 1(a) [39]. These correspond to the commensurate
(V3 x V/3)R30°, the uniaxial-incommensurate ¢( p x v/3),
and the rotated-hexagonal phases where the coverage, 6, ex-
tends from % in the commensurate phase to 0.442 at the
most positive potentials. In the ¢(p x /3) structure the io-
dide atoms are arranged in a centered rectangular unit cell
with sides v/3 and p, where p decreases with increasing
potential. By construction the coverage (), corresponding to
this unit cell, is equal to p~'. In addition, all of the iodide
atoms reside in the rows of the gold. The absence of satel-
lite peaks — expected for sharp domain walls [40] — leads
us to the conclusion that the phase is better described as
uniformly compressed rather than a domain-wall phase. In
the rotated-hexagonal phase 6 = |aAg/a1|2, where q; is the
potential-dependent -1 separation and aa, = 2.889 A is the
Ag-Ag spacing.
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Fig. 1. (a) The structures of iodide on Ag(111) and Au(l11)
deduced from surface X-ray scattering results. They correspond
to A: the commensurate ('\/5 X \/§)R30°, B: the uniaxial-
incommensurate ¢( p x \/3), and C: the rotated-hexagonal phases.
(b) The potential-dependent coverages, 0, of iodide, determined
from the in-plane diffraction, are shown versus the applied poten-
tial for Ag(111)in 0.1 M Nal and for Au(l 1 1) in 0.1 M KI. The
potential scale of the Au(1 1 1) data has been shifted negatively by
0.5 V to facilitate the comparison with the Ag(111) data.

In Fig. 1(b) the potential-dependent iodide coverage on
the Ag(111) surface in 0.1 M Nal is shown as open cir-
cles [41]. The commensurate phase is stable from about
—0.9 to —0.94 V. No ordered iodide phase is observed be-
low —1.0 V. The ¢(p x +/3) incommensurate phase exists
between —0.92 and —0.36 V. Here 6 continuously increases
from about 0.355 and to 0.40. We note that it is difficult
to determine the coverage between % and 0.355 due to the
overlap of the diffraction peaks from the three symmetry
equivalent domains which cannot be easily resolved. At the
most positive extreme of the c(p x v/3) phase, the structure
corresponds to the (5 x v/3) high-order commensurate unit
cell with a nearest-neighbor iodide spacing of 4.39 A.

Upon a slight further increase in potential, the (5 x v/3)
phase vanishes and a rotated-hexagonal phase forms with

6 = 0.417 corresponding to a; = 4.59 A. The positive po-
tential range of this phase is limited by the onset of bulk
Agl formation.

We now contrast the iodide on Ag(1 1 1) phase behavior
with thaton Au(11 1) [12]in 0.1 MKI, shown in Fig. 1(b)as
filled circles, where the gold lattice constant, aa, = 2.885 A
is slightly smaller than aa,. For comparison purposes, the
potential scale of the results on Au(11 1) have been shifted
by —0.50 V. This shift is a manifestation of the much more
negative potential of zero charge of silver compared to gold.
The commensurate phase is never observed on Au(111),
rather it is intercepted by the disordered (fluid) phase at the
potentials where it would be expected. As demonstrated in
Fig. 1, similar phase behavior on the two metals is observed
in the ¢(p x v/3) and the rotated-hexagonal phases. In the
c(p x v/3) phase the maximum coverage and the electro-
compressibility, df/dE are slightly smaller on silver than
gold. Here the electrocompressibility has the opposite sign
as for metal deposition since the halide and metal ions have
the opposite charge. As with I on Ag(1 1 1), the absence of
satellite peaks implies that the structure is a uniformly com-
pressed rather than a domain-wall phase. Almost identical
behavior is observed in the rotated-hexagonal phase which
suggests that the influence of the substrate is minimal within
this phase. The coverages in the rotated-hexagonal phase are
nearly identical to those on Ag(111).

Many aspects of the observed phase behavior can be un-
derstood in terms of the adjustable electrochemical potential
which favors increased surface densities at higher poten-
tials, and the competition between the adsorbate—adsorbate
interaction and the adsorbate—substrate interaction. In the
uniaxial-incommensurate phase the adsorbates reside be-
tween the rows of the substrate atoms and this configuration
has a lower interfacial energy than the rotated-hexagonal
phase where some of the adsorbates must be in high-
energy atop sites. However, the uniaxial-incommensurate
phase is slightly distorted from the hexagonal configura-
tion and this distortion increases the adsorbate-adsorbate
elastic interaction energy. With increasing potential the
distortion increases and at a critical potential the uniaxial-
incommensurate phase transforms into the incommensurate,
rotated-hexagonal phase.

The phase behavior of iodide on Ag(111) is especially
significant since it elegantly displays the loss of commensu-
ration with two distinct phase transformations with increas-
ing potential. This phase sequence has been predicted by
Bak and coworkers [42] using Landau theory. Similar results
have also been obtained by Kardar [43] using a generalized
three-state Potts model.

Finally, we contrast the results of iodide on Ag(111)
and Au(111) with those on Pt(111). These studies have
been carried out using ex situ LEED [44], in situ STM [45]
and with SXS in our laboratory. All of these studies have

shown the existence of a (3 x 3) phase with 8 = g and a
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(7 x T)R 21.8° structure with 8 = 3/7 = 0.428. The exact
phase behavior between these two phases could not be repro-
ducibly determined in these studies. Since ap, = 2.77 A, the
iodide densities are much higher on Pt than either Ag or Au.
In fact, the nearest-neighbor iodide separations equal 4.16
and 4.25 Ainthe (3 x 3)and (7 x 7)R 21.8° phases, respec-
tively. This is about 0.1 — 0.2 A smaller than observed on
Ag or Au. This indicates that the Pt-I interaction is stronger
than for Au-I or Ag-L

2.2. Bromide on Au(111) and Au(100)

Bromide is slightly smaller and less strongly adsorbed on
metal surfaces than iodide. Here we compare the results of Br
on the (111) and (100) surfaces of gold. On the Au(111)
electrode, electrodeposited Br forms a rotated-hexagonal
phase [11] (see the top of Fig. 2) which is the same phase as
the high potential phase of iodide on Au(111). In Fig. 2 we
show the potential-dependent Br coverage in 0.1 M NaBr.
The rotated-hexagonal diffraction pattern appears when the
potential is raised into the range positive of 0.42 V. Be-
tween 0.42 and 0.72 V the Br coverage normalized to that of
the substrate, 6, increases from 0.465 to 0.515 whereas
the absolute coverage increases from 6.46 x 10! to 7.16 x
10" cm™. The atomic Br—Br spacing, ag:, decreases from
424 A at 042V to the saturation value of 4.03 A at the
highest potentials. The electrocompression of the adlayer
proceeds monotonically and there are no discontinuities in
the adatom—adatom spacings. Hence, we can exclude a lock-
in of the adlayer into high-order commensurate structures,
which would result in a fixed bromide spacing over a range
of potentials . Whereas the uniaxial-incommensurate phase
is observed at potentials negative of the rotated-hexagonal
phase for I on Au(11 1), no such phase is observed for Br.
Thus, the rotated-hexagonal phase directly transforms to the
liquid phase below 0.42 V.

In the rotated-hexagonal phase, electrochemical measure-
ments of the coverage using chronocoulometric techniques
[47] are in reasonable agreement with the data shown in
Fig. 2 and this agreement increases our confidence in both
techniques. The electrochemical measurements were also
carried out in the disordered phase and they show that the
electrocompressibility is similar on both sides of the tran-
sition.

On Ag(111), SXS studies have shown that Br forms a
high-order commensurate (7 x 7)R 21.8° structure with 25
Br atoms in the unit cell over an ~100 mV wide potential
regime negative of the potential of bulk AgBr formation
[48]. This structure has a spacing ap = 4.04 A and an
absolute coverage, I' = 7.05 x 10" cm™2, close to the
maximum coverage found on Au(1 | 1). The commensurate
nature and the different alignment as compared to Br on
Au(111) indicates a stronger corrugation potential than
on Au(l11), in agreement with the trend established for

(@) A B C
c(V2x2/2)R45°  c({2xp)R45°

rotated—hex

721 (b) §
& O Au(100
§ 701 ° Auémg &
= o (
£ .‘
S
2 68} S . ]
x e
= e 8
X, 6.6} ° 68
2 ® o
o ® 0 B
§ 6.4 .
3
S 6.2}
m A o
6.0 00 0 O O 00OTOC e

0 02 04 06 08
Crapgr V)

Fig. 2. (a) The structures of Br on Au(100) and Au(l11). They
correspond to A: the commensurate c(v/2 x 2v/2)R45° structure,
B: the uniaxial-incommensurate ¢(v/2 x Pp)R45® structure, and
C: the rotated-hexagonal structure. (b) The potential-dependent
bromide coverages, I', in units of atoms/cm?, on Au(100) and
Au(111), determined from the in-plane diffraction, are shown ver-
sus the applied potential. The Au(100) and Au(1 1 1) studies were
carried out in 0.05 M NaBr and 0.10 M NaBr solutions, respec-
tively. This concentration difference causes a +0.018 V shift for
the Au(l11) data set.

iodide. For Br on Pt(1 1 1), an electrocompressive, aligned-
hexagonal phase with a slightly higher maximum density,
I' = 7.6 x 10" cm™2, has recently been reported [13].
How does the substrate structure affect the structure and
coverage of the adsorbate? In order to explore this issue, we
have carried out studies of the electrodeposition of Br on the
Au(100) surface {46]. As shown in Fig. 2(a), this surface
has an underlying square symmetry with a lattice spacing
of 2.885 A which gives 1.20 x 10'* gold atoms/cm?. This
is 86.6% of the Au(111) density. In bromide contain-
ing solutions, we find at lower potentials a commensurate
(V2 x 2v/2)R45° phase (see Fig. 2(b)) with 6 = L. This
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commensurate structure contains two atoms in a rectangu-
lar unit cell with sides 4.08 A and 8.16 A. By construction,
the nearest-neighbor separations are 4.08 and 4.56 A. This
phase is unusual since the atoms reside on bridge sites
rather than the more coordinated fourfold hollows sites.
The latter coordination is found for the (v/2 x v/2)R45°
phase, often referred to as ¢(2 x 2), which also has 6 = !
and is more commonly observed on FCC (100) surfaces.
However, the symmetry of this phase is square, whereas the
e(v2 x 2v/2)R45° phase is closer to hexagonal. The pref-
erence for the ¢(v/2 x 24/2)R45° phase suggests that the
elastic interactions between the relatively large Br adsor-
bates, which favor hexagonal packing, are more significant
than the adsorbate-substrate interaction energy difference
between the two phases.

Above 0.42'V in 0.05 M NaBr, the c(v/2 x 2v/2)R45°
transforms to a uniaxial-incommensurate c¢(v/2 x p)R45°,
where p = 2v2/(1 +¢) and & is a measure of the in-
commensurability and varies continuously between (¢ and
0.12 over the potential range 0.42-0.60 V, respectively. In
Fig. 2(b) the potential-dependent coverage, I', shown as cir-
cles, is proportional to 1 4+ &. Whereas the nearest-neighbor
distance is always 4.08 A, the next-nearest-neighbor spacing
decreases from 4.56 A for ¢ = 0 (commensurate) to 4.13 A
when ¢ = 0.12. Thus, the distortion from hexagonal symme-
try, determined from the ratio between the nearest-neighbor
and next-nearest-neighbor distances, decreases from 11.7%
to 1.2% over the measured range. Despite the small distor-
tion at this potential, the coverage at 0.60 V on the Au(111)
face is still 3% higher than on the (100) face. The positive
potential ranges are limited by the stability of the gold with
respect to Br-induced dissolution. Consequently, the more
densely packed (11 1) face is more stable than the more
open (100) face and the (111) data extends to higher
potentials.

No satellite peaks have been observed for Br on Au(100)
within the limits of the diffuse scattering background. This
allows us to establish that the satellite peaks are at least
a factor of 50 lower than the principal Br peaks when ¢
is greater than 0.05. With this limitation, we have ana-
lyzed the scattering data in terms of locally commensurate
regions separated by domain walls and deduced that the
domain wall width must be nearly as wide as the separation
between domain walls. Thus, the incommensurate phase is
better defined by a uniformly compressed phase rather than
a domain-wall phase.

In contrast to the order/disorder transition observed at
lower potentials and the uniaxial-incommensurate to rotated-
hexagonal transition for iodide on Au(111) and Ag(111),
the coverage in the neighborhood of the commensurate—
incommensurate transition varies continuously. Accord-
ingly, this transition is a second-order phase transition. The
measured critical exponent, §, which describes the behav-
ior of incommensurability versus the potential, has been

obtained by fitting the incommensurability to the form ¢ =
(E — Ep) in the incommensurate phase. When the entire
range is used in the fitting f = 0.4 £ 0.02; however system-
atic deviations from this form are evident. When the range
is restricted to ¢ < 0.04, the data is consistent with f = %
The dependence of f on the range is a direct consequence
of the saturation which occurs when the bromide—bromide
separation approaches the Van der Waals diameter.

In the standard model of the commensurate—incommens-
urate transition the commensurate phase transforms into a
striped incommensurate phase. As described by Pokrofsky
and Talapov [49], the appearance of entropicaily wandering,
non-interacting domain walls marks the transition and they
predict that f = % Measurements of the commensurate—
incommensurate transition for noble gases on graphite [35]
Xe on Pt(11 1) [33], and bromine intercalated graphite [50]
have confirmed the predicted exponent. Since the model
of Pokrofsky and Talapov assumes sharp domain walls
rather than uniform compression, this model does not ap-
pear directly applicable to Br on Au(1 00) over most of the
measured potential range. It may, however, apply close to
the transition where ¢ is small and the diffraction intensities
are weak. Consequently, within this region it is difficult
to distinguish between uniform compression and sharp do-
main walls.

As indicated by Fig. 2(b), ordered phases are more
favorable on Au(100) than on Au(l11) since the
o(v/2 x 2v/2)R45° structure on Au(1 0 0) appears at 0.05 V,
whereas the rotated-hexagonal structure on Au(l11) only
appears at 0.42 V. The small difference in bromide concen-
tration in these studies accounts for a 0.018 V shift, albeit
in the wrong direction. Thus, it is not responsible for the
0.37 V shift. Furthermore, differences between the respec-
tive potentials of zero charge (discussed below) cannot
explain this shift. Rather, the difference is clearly a manifes-
tation of the stronger bonding of Br to the more open (100)
surface.

Over a range of coverages, between about 6.45 x 10"
to 6.70 x 10'*ecm™*, the close-packed Br monolayers on
Au(100)and Au(1 1 1) exhibit similar electrocompressibil-
ities, albeit a potential shift of 0.1 V. The similarity in the
potential dependences, despite the uniaxial-compression on
Au(100) compared to the biaxial compression on Au(111),
suggests that the interactions between the Au and Br are
similar in both cases and that the symmetry of the substrate
does not play a critical role at the highest coverages.

3. Summary

Our X-ray scattering studies of halides on the surfaces
of gold and silver clearly show the existence of well-
ordered monolayers over a wide potential regime. These
studies have revealed that the halides tend to form
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incommensurate phases which electrocompress. The in-
plane separations are close to the van der Waals diameter.
The absence of satellite peaks indicates that the incommen-
surate phases are uniformly compressed and do not corre-
spond to domain-wall phase. Many aspects of the observed
phase behavior can be understood in terms of a competition
between the elastic adatom—adatom interactions and the
adsorbate—substrate interaction.

The phase behavior of iodide on Au(111)and Ag(111)
are rather similar. Both exhibit uniaxial-incommensurate
and rotated-hexagonal phases which -electrocompress.
The existence of the commensurate (v/3 X v/3)R30° and
(5 % V/3) phases on Ag(111) and not on Au(111) indi-
cates that a stronger corrugation potential for halides on
silver than on gold. For bromide, only an incommensurate
phase is observed on Au(111). An ordered bromide phase
forms on Au(100) at much more negative potentials indi-
cating a somewhat stronger adsorbate-substrate interaction
than on Au(111). The transition to the incommensurate
¢(v/2 x p)RA45° phase and the potential-dependent incom-
mensurability cannot be fully explained by existing theories
of the commensurate—incommensurate transition.

Note added in proof: Complementary results for I on
Ag(111) have recently been obtained by Yamada and
coworkers using in situ STM and ex situ LEED [51].
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