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In situ x-ray-scattering studies of the Au(111) electrode surface have been carried out in NaF, NaCl,
LiCl, CsCl, KCl, and NaBr solutions using grazing-incident-angle diffraction and reflectivity techniques.
The top layer of gold atoms undergoes a reversible phase transition between the (1X1) bulk termination
and a (p XV/3) uniaxial discommensuration (striped) phase on changing the electrode potential. Below
the critical potential, in all solutions, p =23, which is identical to that obtained in vacuum. An ordered
array of discommensuration kinks is not observed. Above the critical potential, 23 <p <30. At
sufficiently positive potentials, the surface forms an ideally terminated (111) surface. In the negative po-
tential sweep, the reconstruction starts to reform at the critical potential. Analysis of the potential
dependence of the scattered x-ray intensity with differing anions in NaF, NaCl, and NaBr solutions sup-
ports a unifying model that depends on the induced surface charge density. The transition to the (1X1)
phase is much faster than the formation of the reconstructed phase. Cycling the potential in the recon-
structed region improves the reconstructed surface order. The adsorption of anions and “‘surface water”
at the gold interface has been investigated using specular x-ray reflectivity.

I. INTRODUCTION

In vacuum, the three lowest-index faces of gold, (001),
(110), and (111), have been the focus of scientific investi-
gations over the past 25 years. At room temperature,
these surfaces are reconstructed so that gold surface
atoms are arranged in an ordered pattern with a periodi-
city and symmetry different from the underlying bulk lay-
ers.!~!> Under electrochemical conditions, the surface
charge can be varied continuously and reversibly by as
much as 0.5 electrons per surface atom, yet very little is
known about the atomic structure of electrified inter-
faces. Recent technical developments have permitted
electrochemical surfaces to be investigated with an in-
creasing level of sophistication. These developments,
which include scanning tunneling microscopy (STM),!4-18
atomic-force microscopy,'® and surface x-ray scatter-
ing,?°-22 have permitted electrochemical surfaces to be in-
vestigated on an atomic scale. In this paper we report the
results of a comprehensive x-ray-scattering study of the
(23 XV'3) reconstruction of the Au(111) electrode surface
in a number of different solutions. Some of these results
have been previously reported.?>2*

The possibility that electrochemically induced recon-
structions of gold surfaces might exist was proposed by
Hamelin on the basis of the hysteresis observed in
differential capacitance curves and a peak that emerged
in cyclic voltammograms (current-voltage curves) at the
same potential.>>?®  Ex situ low-energy-electron-
diffraction (LEED) studies have shown that the Au(111)
surface, albeit after emersion from an electrochemical
cell, forms a (23 XV'3) phase in the negative potential re-
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gime.2 In situ second harmonic generation (SHG) mea-

surements at the Au(111) surface’”?® have demonstrated
that the phase transition between the (23XV'3) and
(1X1) phases can be monitored by the additional symme-
try pattern in the SHG intensity associated with the uni-
axial compressed phase. However, it is difficult to extract
detailed structural information from these measurements.
Concurrent with the present surface x-ray-scattering
study, in situ STM studies®*® in HCIO, solutions have
confirmed the existence of the (23 XV'3) reconstruction
within the negative potential regime. In the present elec-
trochemical x-ray-scattering study, the characteristic
stripe separation—averaged over a macroscopic area—
versus the applied potential has been measured with a la-
teral resolution that exceeds the capability of current
STM measurements.

Our understanding of the Au(111) surface in vacuum
has been obtained from a variety of techniques including
LEED,>* transmission electron diffraction (TED),® heli-
um scattering,® surface x-ray diffraction,”® and STM.3"3?
The observed diffraction peaks have been interpreted in
terms of a rectangular (23XV'3) unit cell that corre-
sponds to a uniaxial compression of 4.4% as shown in
Fig. 1. This structure is often referred to as a striped
phase. From TED measurements,” helium scattering,’
and from x-ray-diffraction techniques® it has been in-
ferred that the surface atoms are arranged in a manner
such that the surface stacking sequence changes between
ABC and ABA as shown in Fig. 1. Recent x-ray-
scattering”® and STM studies®!3? have shown that the
uniaxial discommensuration direction rotates by +60° to
form a regular array of kink dislocations.
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FIG. 1. In-plane hexagonal structure of the Au(111) surface.
The solid circles correspond to atoms in the second top layer.
Surface atoms (open circles) in the left- and right-hand sides of
the figure are in undistorted hexagonal sites ( ABC stacking se-
quence), whereas in the center of the figure the atoms are in
faulted sites ( AB A stacking sequence) (Refs. 6 and 7). For 24
surface atoms in place of 23 underlying surface atoms along the
(100) direction, the compression is 24/23—1=4.4% and
8=(/3/2)/23=0.038.

In the present study we have characterized the poten-
tial dependence of the in-plane structure of the Au(111)
surface in NaF, LiCl, NaCl, KCl, CsCl, and NaBr elec-
trolytes with concentrations from 0.01 to 0.1 M
(moles/liter). We have utilized salt solutions instead of
the more commonly used acid solutions. Under these
conditions we obtain a wider double-layer potential range
and are able to determine whether cations have any effect
on the structure of the Au(111) surface. In all the solu-
tions, at sufficiently negative potentials, the surface forms
a (23XV73) structure as in vacuum. The surface
diffraction pattern is inconsistent with a regular array of
kink dislocations. At sufficiently positive potentials the
striped reconstruction vanishes and the diffraction pat-
tern exhibits the symmetry of the underlying lattice. The
phase transitions are reversible in all solutions, although
there are significant hysteresis effects.

In Sec. II we describe the details of the experiment.
The results are reported in Sec. III with four subsections.
X-ray-scattering measurements of the reconstructed
phase and the general features of the potential-induced
phase transition are presented in Sec. III A. In Sec. III B,
the effects of different anions on the phase transition are
reported and discussed in terms of the surface charge
density o(E). Section III C describes the kinetic mea-
surements of the phase transition upon a step change in
the applied potential. In the Sec. III D, x-ray-reflectivity
measurements of the Au(111)/electrolyte interfaces, both
specular and nonspecular, are reported. Finally, we sum-
marize our results in Sec. IV.

II. EXPERIMENT

A. Surface preparation and electrochemical conditions

Gold-disk electrodes (10 mm diameter by 2 mm thick)
were spark cut from a common single crystal, and aligned
along the nominal [111] direction. These disks were
aligned, sanded, and polished with the [111] planes
oriented within 0. 1° of the surface-normal axis fi. A mir-
ror finish was obtained using 1-um alumina powder as the
final mechanical polish. This was followed by electro-
chemical polish in a 1:1:1 (volume) HCl:ethylene
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FIG. 2. X-ray-scattering electrochemical cell. The Au(111)
single crystal is held at the top center by a Kel-F clamp. The
cell is sealed with a polypropylene window compressed against
the Kel-F cell by an o-ring. (a) Electrolyte input; (b) counter
electrode; (c) electrolyte output. An outer chamber (not shown)
is filled with nitrogen gas to prevent diffusion of oxygen through
the polypropylene window.

glycol:ethanol solution.>* The final surface preparation
step involved sputtering with argon at 5X107° torr at
800°C using a defocused beam at 1 kV and 2 uA for
several hours. The sample was transferred through air to
an electrochemical x-ray-scattering cell constructed from
Kel-F (Ref. 20) as shown in Fig. 2.

A 6-um polypropylene window sealed the cell with a
thin-capillary electrolyte film between the crystal face
and the polypropylene film. An outer chamber was
flushed with N, gas to prevent oxygen from diffusing
through the polypropylene membrane. The applied po-
tential was referenced to a Ag/AgCl (3-M KCl) electrode
connected to the cell through a microglass frit.** In or-
der to reduce further the possibility of chloride contam-
ination from the reference electrode, a second frit was
added and the path separating the two frits was filled
with NaF electrolyte. Counter electrodes were either
gold or platinum wires.

Before use, the x-ray-scattering cell was cleaned with
the 1:3 mixture of H,0, (30%) and H,S0, (98%) in order
to minimize organic contaminants, followed by several
rinsing and soaking cycles with Millipore water®® to re-
move adsorbed SO,2” ions. The electrolyte solutions
were prepared from superpure NaF, LiCl, NaCl, KCl,
CsCl, and NaBr (Ref. 36) with Millipore H,0. The NaF
salts were baked for 2 h at 700°C to remove trace
amounts of volatile impurities. The diluted electrolyte
solutions were deoxygenated with 99.999% N, gas®’ im-
mediately before filling the cell. After flushing the cell
with N, gas, the deoxygenated electrolyte was injected
into the cell through a syringe. The cell was filled with
enough solution to expand the polypropylene window,
leaving a thick electrolyte layer (several mm) between the
face and the window. The potential control was then
turned on and cyclic voltammograms were carried out in
this geometry to check the electrochemical conditions.
Before carrying out the x-ray-scattering measurements,
the cell was deflated leaving a thin electrolyte layer which
we estimate from the small angle reflectivity measure-
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ments to be between 10 and 20 pum thick. In the thin-
electrolyte-layer geometry, the effects of bulk impurities
are greatly reduced relative to the thick-electrolyte-layer
geometry.

Our studies of the Au(111) surface were carried out in
a potential range which is referred to as the “double-
layer” region. Within this potential range there are no
Faradaic processes and the electrode can be treated as an
ideally polarizable interface. The potential region in
which this approximation is valid is bounded by hydro-
gen evolution at negative potentials and gold oxidation
processes at positive potentials. In salt solutions (pH
about 6), hydrogen evolution occurs below —0.8 V. The
high potential limit was 0.8 V for F~ and Cl ™ -containing
solutions and 0.6 V for NaBr solutions.

B. X-ray scattering and reflectivity

The x-ray-scattering measurements were carried out
with focused, monochromatic synchrotron radiation at
beam lines X22B, X22C, and X25 at the National Syn-
chrotron Light Source at Brookhaven National Labora-
tory. In the four-circle geometry, the sample was orient-
ed through its Euler angles 0, x, and ¢ (Ref. 38) by a
spectrometer under computer control. The magnitude of
the scattering wave vector is

|k, —k,|=4m/Asin(26/2) ,

where k; and k correspond to the incident and scattered
wave vectors and where 26 is the detector angle within
the scattering plane. Diffraction measurements were car-
ried out by measuring the scattering intensity along paths
in reciprocal space.

Measurements were carried out at energies correspond-
ing to wavelengths A=1.54 A (beam line X22B) and
A=1.24 A (beam line X22C). For both these bending-
magnet beam lines the focused flux (0.5X0.5 mm?) was
approximately 10!! photons. X-ray-scattering studies of
the reconstruction kinetics were also performed at
A=1.18 A at the X25 wiggler line. This beam line pro-
vides significantly greater flux than the bending-magnet
lines. The scattered intensity at all three beam lines was
measured with a scintillator detector placed on the 26
arm and was normalized to the incident flux. At grazing
incidence, i.e., small a, the incident x rays illuminate a re-
gion of the crystal 0.5 mm wide across the entire crystal
face (10 mm). The scattering resolution, in reciprocal
space, was primarily determined by the angular accep-
tance of the scattered radiation and the mosaic of the
Au(l111) crystal. The illuminated area of the incident
beam does not directly affect the resolution. For the
present measurements, the resolution within the scatter-
ing plane was determined by an array of equally spaced
parallel plates (Soller slits) which provide a 26 resolution
of 0.1° half width at half maximum (HWHM). This cor-
responds to a longxtudmal in-plane resolution in recipro-
cal space of 0.007 A~ HWHM at A=1.54 A and 0.009
A"'HWHM at A=1.24 and 1.18 A. The transverse in-
plane resolution was limited by the mosaic spread of the
crystalline order, which is typically 0.025° HWHM. Nor-
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mal to the scattering plane, the resolution was deter-
mined by 10-mm detector slits located on the four-circle
26 arm about 600 mm from the sample position.

In order to describe the scattering wave vector in terms
of its components in the surface plane and along f, it is
convenient to use a hexagonal coordinate system.%3%4
The reciprocal basis can be expressed as

B=27|=% 2 2 (1a)
a9 3 3 3 cublc
Bzzﬁ ;2_’ ___l’ 4 (1b)
a9 3 3 3 cublc
p=2r |1 1 1 , (10)
a9 3 3 3 cubic
where
a —|Bll—|32|-——‘73——2 52 A7!
27 e —y
=|B;|= =0.89 A °,
l 3| ao‘/§

and a;,=4.08 A. The nearest-neighbor separation a
equals ay/ V2=2.885A. An arbitrary position in hexag-
onal reciprocal space is represented by (H,K,L) or
(H,K) within the surface plane where

G=HB,+KB,+LB,. ()
The relationship between the (h,k,l) ., and
(H,K,L) is given by the transformations
h=—4H /3—2K/3+L/3,
k=2H/3—2K/3+L/3,
and
I=2H/3+4K /3+L /3.
For example (1,1,1).,;=(0,0,3), (0,0,2)1;c=(0,1,2),

and (0,2,2) ;. =(1,0,4). A schematic view of reciprocal
space is shown in Fig. 3. The open circles correspond to
allowed Bragg reflections and the solids lines correspond
to the rods of weak scattering, which are referred to in
the literature as truncation rods*! or reflectivity.*?

An important aspect of the present x-ray-diffraction
study is the relationship between the in-plane surface
structure and the surface-normal structure. The surface-
normal structure, versus the applied potential, has been
investigated by utilizing x-ray specular reflectivity. In an
x-ray-reflectivity study, the weak scattering between the
Bragg reflections depends on the exact arrangement of
the surface atoms along the surface-normal direction. A
brief review of x-ray reflectivity follows.

In the kinematic approximation, the reflectivity is cal-
culated by integrating the x-ray-scattering cross sec-
tion.®2%41-43 For an incident polarization orthogonal to
the scattering plane, the expression for the reflectivity is
given by
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FIG. 3. Diffraction from the Au(111) surface in hexagonal
reciprocal-space coordinates. The circles correspond to Bragg
peaks and the lines are the rods of scattering connecting the
Bragg peaks along the surface-normal direction. The squares
correspond to positions where the potential dependence of the
intensity is recorded in Figs. 7 and 16.

4 25677'2r0
R(H,K,L)=|T(Q)* | —
3a°Q;
X|Fay(@)e " *SH KL,  Ga)

where W(Q,) is the Debye-Waller factor,** T(Q,) is the
Fresnel surface enhancement factor,*? r, is the Thomson
radius, and Q, =Lc*. The atomic form factor F,, is ap-
proximately equal to the number of electrons in the gold
atom at small wave vectors.

For a perfectly terminated Au(111) surface, the Fourier
sum over atomic layers is nonzero when H and K are in-
tegers and is given by

S(H,K,L)’: 2 e21Tni/3(‘H+K+L) . (3b)

n=1

For noninteger H and K the sum goes to zero. Carrying
out the geometric sum over the atomic layers gives the
relationship

1
|S(H,K, L) 2sin[7/3(—H+K+L)]
When the denominator in Eq. (3c) equals zero, the
scattering from all the atomic layers adds coherently.
This corresponds to three-dimensional Bragg scattering.
In addition, Eq. (3c) gives rise to weak scattering con-
necting the Bragg reflections. The scattering near a
Bragg peak at (H,K, L) falls off sharply along L and can
be approximated by (L —L,) 2 Specular reflectivity

(3¢)
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corresponds to the case where H=K =0, which yields
Bragg peaks at L =3j, where j is an integer, and weak
scattering between the Bragg peaks given by Eq. (3). For
a perfectly terminated surface, |S(H,K,L)| reaches a
minimum exactly in the middle of the zone between two
adjacent Bragg peaks along L. At this position the mag-
nitude of S(H,K,L) corresponds to the equivalent
scattering from half of a gold monolayer. For recon-
structed or otherwise nonideally terminated surfaces, the
scattering amplitudes from each atomic layer close to the
surface are no longer equivalent to those in the bulk.
Therefore, changes in the surface-normal structure can be
monitored by measuring specular intensities at fixed posi-
tions in reciprocal space. We demonstrate, in Sec. III D,
that adsorbate species also modify the specular
reflectivity profiles.

III. RESULTS AND DISCUSSION

A. The (p X V3) reconstruction
and potential-induced phase transition

An important feature of the Au(111) surface recon-
struction is a uniaxial compression of the top layer of
gold atoms, which forms a (p XV'3) rectangular unit cell
as shown in Fig. 1. In a surface-diffraction measurement,
the (p XV'3) reconstruction gives rise to additional in-
plane reflections beyond the underlying (1X1)
reflections. As previously demonstrated,’~® the recon-
struction reflections are arranged in a hexagonal pattern
surrounding the integer (H,K) positions. The incom-
mensurability § equals (V'3/2)/p (the bottom panel of
Fig. 4). For example, if there are 24 surface atoms in
place of 23 underlying surface atoms, the compression is
24/23—1=4.4% and 6=(v'3/2)/23=0.038. In an x-
ray-scattering experiment, the intensity is collected over
several mm?. Therefore, all three symmetry-equivalent
domains, which are labeled by the three different open
symbols in Fig. 4, are probed.

In the bottom panel of Fig. 4, equal-intensity contours
are shown in the vicinity of the (0,1) reflection at L =0.5
for 0.01-M NaCl at —0.3 V. Four peaks surrounding the
(0,1) reflection are arranged in a hexagonal pattern,
where §=0.038 is the distance between (0,1) and the hex-
agonal vertices which corresponds to p =V'3/(28)=23.
Our electrochemical measurements of the incommensura-
bility are in good agreement with high-resolution vacuum
measurements at 7=300 K, where §=0.0383.>"% The
two surface reflections at the largest wave-vector transfer
from the origin are the most intense. The two reflections
with the smallest wave-vector transfer correspond to
higher-order modulation peaks and are not observed.”?
At sufficiently positive applied potentials, in all electro-
lytes, the scattering from the Au(111) surface does not ex-
hibit the diffraction pattern of a reconstructured surface.
Instead, only the integral reflections (H,K) originating
from the substrate are observed.

We have carried out a study of the potential depen-
dence of the scattering from the Au(111) surface through
the (0,1) reflection along the [11] direction, which we la-
bel as the g, axis in Fig. 4. Along the g, (dimensionality
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FIG. 4. Top: In-plane diffraction pattern of the (23XV3)
reconstruction in hexagonal coordinates. The solid circles are
at the periodicities from the underlying bulk substrate. The
open symbols originate from the (23 X V'3) reconstructed phase
with three rotationally equivalent domains. The axis g, is
defined to be along the [11] direction. Bottom: X-ray-scattering
equal-intensity contours in the vicinity of the (0,1) reflection at
L =0.5 measured in 0.01-M NaCl at —0.3 V.

A7) axis, the in-plane projection of the scattering-wave
vector is give by (g,/V3a*,1+gq,/V3a*). In Fig. 5, we
present the measured scattering intensity obtained in
0.01-M NacCl along the g, axis at L =0.2 at a series of de-
creasing potentials between 0.1 and —0.8 V with an
effective scan rate of 0.5 mV/sec. Each data point was
obtained by summing the scattered intensity for two sec
at a constant potential. At 200-mA synchrotron ring
current, the peak intensity at (0,1) can exceed 10° counts
per second after background subtraction. Above 0.10 V
the scattering is centered at g, =0 (Fig. 5) corresponding
to the (0,1) bulk reflection. As the potential is reduced
below 0.05 V, the intensity of the reconstruction peaks
grows. Concomitantly, the (0,1) reflection decreases in
intensity. The position of the reconstruction peak moves
outward (increasing compression) as the potential is de-
creased. The maximum scattering intensity at (0,1) is
about 30 times the diffuse scattering originating from the
electrolyte and window.

To extract additional information from the scattering
profiles, we fitted the scattering profiles along ¢, to the
sum of two Lorentzians and a small background

IO
1+(q,/a*)*/0?

15
+ +A+Bg,/a*. @
1+(q, /a*—8/02 474

S(g,)=
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FIG. 5. Representative x-ray-scattering profiles along the g,
axis [see Fig. 4(b)] at L =0.2 in 0.01-M NaCl solution at a series
of potentials chosen from scans between 0.1 and —0.8 V in
steps of —0.05 V. The solid lines are fits to a Lorentzian line
shape described in the text.

The first term represents the scattering around (0,1), the
second term corresponds to the scattering centered at
(8/v'3,1+8/V'3), and 4 and B are the background pa-
rameters. The parameters I, and Is correspond to the
peak intensities at g, equal to zero and 8a*, respectively.
The Lorentzian profile widths in Eq. (4) are ¢ and 04 In
reciprocal space, the Lorentzian line shape is derived
from a one-dimensional real-space atomic model in which
the correlation function decays exponentially with a
length {5=aV'3/(4mo). This length is a measure of the
distance over which atoms in the reconstructed layer are
positionally correlated. The stripe separation L is given
by Ly=pa=aV'3/(26).

In an x-ray-scattering measurement, the correlation
length of the underlying Au(111) facets can also be deter-
mined from the inverse peak widths in reciprocal space.
If the surface is composed of terraces (facets) separated
from each other by monoatomic steps, the scattering
from neighboring facets adds out of phase at the (0,1)
reflection and the peak width is broadened by this effect.
For an exponential facet size distribution, the mean facet
size along the [11] direction, &, equals a\/3/(47ra°). In
the present set of measurements, ¢ is at least 300 A and
represents a lower bound for the distance between steps.
Incorporating finite resolution effects into the analysis in-
creases the effective facet size.

In the fitting procedure, the peak position , the widths
o and o0, the amplitudes I, and I, and the background
are varied for the scattering profiles at constant potential.
Instrumental resolution effects have not been included in
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the present analysis since improving the reciprocal-space
resolution by a factor of ten did not modify the observed
scattering line widths.** The scattering in the wings of
the peak at g, =0 (substrate periodicity) exhibit a g, >
falloff. At small g,, however, the scattering profiles are
not adequately represented by the model. In part, this
discrepancy is due to finite substrate mosaic effects,
which have a Gaussian component that is not included in
our Lorentzian model. At g,=0.038¢* (reconstructed
periodicity) the scattering is reasonably well represented
by the Lorentzian profiles at sufficiently negative poten-
tials. The scattered intensity in the vicinity of
q,=0.038a* exhibit g, % tails. However, the actual
scattering is asymmetric, as shown in Fig. 5. This line-
shape effect is most apparent when the potential under-
goes a rapid potential excursion. The line shape is nearly
a perfect Lorentzian if the potential is cycled within the
reconstructed potential region. Consequently, we believe
that this asymmetry results from the distribution of
domains with a range of p.

The stripe separation Lg and the correlation length {5
obtained from fits to Eq. (4) are shown in Figs. 6(a) and
6(b), respectively as a function of the applied potential.
The potential cycle originates at 0.1 V and continues to
—0.8 V and then back to O V in steps of 0.05 V. After
the initial signs of the surface reconstruction at 0.05 V,
corresponding to the emergence of the modulation peak,
there is a continued compression as the potential is de-
creased, as shown by the inverted triangles in Fig. 6(a).
The maximum compression corresponds to a stripe sepa-
ration of 23a. Changes in the reconstructed surface
structure virtually cease below —0.6 V. (In some cases,
we have observed a small increase in p at the negative po-
tentials. We do not understand the origin of this behav-
ior.) Further compression and an increase in the correla-
tion length resumes after changing the potential sweeping
direction. The stripe domain correlation length &
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FIG. 6. (a) The stripe separation and (b) correlation length

obtained by fitting the scattering profiles (as representatively
shown in Fig. 5) to Eq. (4).
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achieves a maximum value of 55a at —0.1 V. Thisis at a
potential just below where the reconstruction lifting
starts and {j is always less than {. The correlation length
can be increased by 10-30 % by cycling the potential be-
tween —0.8 and —0.1 V. The final state is reached after
cycling the potential for several hours. We refer to the
surface state where the maximum compression and corre-
lation length are achieved as the “groomed” surface. **

In vacuum, the surface forms an ordered array of 60°
shifts in the discommensuration direction.”®3"3 For the
Si(111) surface, an ordered array of reconstructed
domains with different orientations reduces the strain en-
ergy of the underlying substrate.*> This argument may
also apply to the Au(111) surface.”® These shifts in the
discommensuration direction (kinks) for the Au(111) sur-
face are separated by about 80a at 7=300 K. This wave
vector, ~27/80a, gives rise to additional diffraction
spots.7‘8 At the electrode surface, at all potentials, these
additional diffraction spots are absent. Hence, there is no
evidence that the kinks form an ordered array. However,
the Au(111) electrode surface may form a disordered ar-
ray of kinks. This may explain why the maximum mea-
sured correlation length (55a) of the (23X V'3) recon-
struction is smaller than the effective facet size.

In 0.01-M LiCl and CsCl there is no significant
difference in the line shapes along g, or in the potential
dependence when compared with those in 0.01-M NaCl.
Thus, the cation species has a minor effect on the Au(111)
surface structure and potential dependence. As we shall
see in the next section, changing the anion from CI~ to
F~ or Br~ ions has a marked effect on the potential
dependence of the scattering. However, the in-plane sur-
face structure in the groomed state appears virtually the
same in all the salt solutions as well as in a HCIO, solu-
tion. This observed leads to a quantitative procedure for
comparing scattering intensities in different electrolyte
solutions.

Complementary information on the Au(111) surface
structure can be obtained by monitoring the potential
dependence of the scattering at several positions along
the rods of scattering (Fig. 3). Different positions in re-
ciprocal space are sensitive to different aspects of the sur-
face structure and likewise the potential dependence
varies with reciprocal space position. For instance,
scattering at (0,1) couples to the Fourier transform of the
atomic density distribution within the surface plane at a
wave vector corresponding to the undistorted bulk hexag-
onal spacing. The scattering at the reconstructed posi-
tion increases with decreasing potential, whereas the
scattering at (0,1,0.5) increases when the reconstruction is
lifted at positive potentials. In contrast, the scattering
along the specular direction is sensitive to changes in the
density and interlayer expansion of the gold surface, as
well as to adsorbed solution species.

Figure 7 displays the potential dependence of the
scattering from the Au(111) surface in 0.01-M NaCl at (a)
(0.038/v/3,1+0.038/v/3,0.2), (b) (0,1,0.5), and (c)
(0,0,3.4). Each panel corresponds to a potential cycle
starting at 0.6 to —0.8 V and then back to 0.6 V at a
sweep rate of 1.0 mV/sec. In the top panel [Fig. 7(a)] the
scattering intensity corresponds to the principal
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FIG. 7. Potential dependence of the x-ray-scattering intensi-
ties in 0.01-M NacCl solution at a scan rate of 1 mV/sec. Data
were acquired at the reciprocal-space positions (a)
(0.038/v/3,1+0.038/v/3,0.2), (b) (0,1,0.5), and (c) (0,0,3.4) in
both the negative and positive slew directions as indicated by
the arrows. In all cases, the potential cycle starts at the positive
limit. The background subtracted intensities are normalized to
unity at their maximum values at all three positions.

(23X V/3) reconstruction peak. We have subtracted the
diffuse background and normalized the intensity to the
groomed _state. At 0.05 V, the intensity at
(0.038/\/3,1+0.038/\/§,O.2) starts to increase corre-
sponding to the formation of the reconstructed phase.
Note that the maximum scattered density is achieved in
the positive-going potential sweep before the reconstruct-
ed phase is lifted. The measured intensity at
(0.038/1/3,1+0.038/\/§,0.2) does not always reflect
the peak intensity along g, since 8 varies with potential as
shown in Fig. 5. Despite this fact, the potential depen-
dence at this position does provide a reasonable measure
of the reconstructed order parameter. This is because the
peak profiles are relatively broad compared to the
changes in § with potential.

The scattering at (0,1,0.5) versus the applied potential
is shown in Fig. 7(b), where the maximum scattering in-
tensity has been normalized to unity. This reciprocal-
space position is exactly halfway between the (0,1,1) and
(0,1,2) Bragg peaks. At this position, the measured inten-
sities are most sensitive to effects of surface disorder. The
decrease in the scattered intensity at (0,1,0.5) in the
negative-going sweep occurs at 0.05 V which is the poten-
tial where the reconstruction starts to form [Fig. 7(a)].
This implies that the loss of order at (0,1) is correlated
with the formation of the reconstructed phase. At the
most negative potential (—0.8 V), the intensity at
(0,1,0.5) falls to about 65% of the (1X1) value. In the
positive sweep direction, the loss of the reconstructed or-
der is nearly complete by 0.25 V, Fig. 7(a), whereas the
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(1X1) order as monitored at (0,1,0.5) is not completely
restored until 0.40 V. A dip in the scattering intensity at
(0,1,0.5) appears in Fig. 7(b) during both scan directions.
In the positive sweep direction this effect is most pro-
nounced and the intensity at 0.25 V falls to 35% of the
intensity at 0.6 V. We believe that the dip in the scatter-
ing intensity corresponds to increased surface disorder
during the phase-transition process.

The scattering along the specular direction, between
neighboring Bragg peaks, provides information on the
surface-normal structure and can be simply related to the
sum over atomic layers with an appropriate density and
phase factor.*? The potential dependence of the scattered
intensity along specular positions provides information
on the phase behavior of the gold surface layers® as well
as adsorbed anion species. In Fig. 7(c), the potential scan
at (0,0,3.4) is shown. At this specular position, the scat-
tered intensity is relatively insensitive to the effect of ad-
sorbates. However, the intensity is very sensitive to the
distance between the top two gold layers which decreases
when the surface reconstructs. In this regard, the sharp
intensity decrease (negative potential sweep) at 0.12 V re-
sults from the interlayer expansion of the top gold layer
which precedes the development of a reconstructed phase
at 0.08 V with in-plane order [Fig. 7(a)]. Between —0.5
and —0.8 V, in both sweep directions, there is very little
change in the scattered intensity at (0,0,3.4). This is con-
sistent with the idea that there is no significant change in
the surface-normal structure within this potential range.
In contrast, there is a continued increase in the scattered
intensity at

(0.038/v'3,1+0.038/v3,0.2)

within this same potential range. Thus, we conclude that
the grooming process primarily involves a rearrangement
of the gold atoms within the surface plane. In the lifting
process, the sharp increase in slope at about 0.20 V indi-
cates a decrease in the interlayer spacing of the top gold
layer, which follows the loss of the in-plane order that
starts at 0.00 V. This implies that there is an intermedi-
ate potential region in which the gold surface atoms have
started to disorder within the plane but in which the
surface-normal structure remains in the reconstructed
state.

In order to explore the change of in-plane structure
during the lifting within this intermediate potential
range, we have carried out measurements of the scatter-
ing line shape in a 0.01-M solution of NaF. We have
chosen the NaF electrolyte for this study since the phase
transition occurs over the widest potential range. The
surface was first groomed to form a well-ordered
(23X V/3) reconstruction and scans were -carried out
along the g, axis. The data were acquired in potential
steps of 0.05 V. For each potential step, three scans were
obtained in 10 min. The latter two scans were indistin-
guishable. In Fig. 8 (top) we show the last scan (of the
three-scan sequence) along g, at 0.0 V (triangles), 0.15 V
(circles), and 0.25 V (squares). As the potential increases,
the peak position 8§ decreases corresponding to an in-
creased stripe separation. Furthermore, the width of the
scattering profile increases with increasing potential. The
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FIG. 8. Top: In-plane diffraction along ¢, at 0.0 V (trian-
gles), 0.15 V (circles), and 0.25 V (squares) in 0.01-M NaF. The
solid lines are fits to Eq. (4) as described in the text. Stripe sepa-
ration p (middle panel) and correlation length &5 (bottom panel)
are obtained from the fits as representatively shown in the top
panel.

scattering profiles in Fig. 8 are well described by
Lorentzian fits (solid lines) to Eq. (4). We have obtained
the stripe separation Ly and the correlation length
from these fits which are shown in the bottom two panels
of Fig. 8. The stripe separation increases from 23.5a at
0.0 V to 30.3a at 0.3 V. Correspondingly, the correlation
length decreases from 55a to 20a. In addition to the de-
crease of the correlation length, the intensity at the
(0,1,0.2) position also decreases as shown in Fig. 8 (top
panel). Thus, in the lifting process, there is an intermedi-
ate potential range between the (23 XV'3) and the (1X1)
phase in which the stripe separation is greater than 23a
and in which the reconstructed surface is more disor-
dered than in the (23X V/3) phase. At the most positive
potentials, within this intermediate potential range, the
interlayer expansion of the top gold layer starts to revert
to the (1X1) state. Similar behavior is also observed in
NaCl and NaBr solutions, although this effect occurs
over a smaller potential range.

In this section the effects of potential on the Au(111)
electrode in 0.01-M NaCl and NaF were presented in or-
der to demonstrate the general features of the potential-
induced phase transition. Analysis of the scattering
profiles using a Lorentzian line shape has allowed us to
extract structural information on the reconstructed sur-
face. In Sec. III B we shall present the results obtained in
different electrolyte solutions in order to understand the
effect of the solution species on the electrode structure.
The anion species has a marked effect on the phase be-
havior of the Au(111) surface as a function of potential.
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B. The effect of surface charge on Au(111) structure

Previous studies of the Au(111) surface under electro-
chemical conditions have postulated that the adsorption
of anions lifts the (23X V'3) reconstruction,*® but these
studies have not been able to demonstrate conclusively
the role of anions in this process. In order to separate the
role of surface charge density from adsorbate-substrate
chemical interactions, we have carried out x-ray-
scattering measurements in NaF, NaCl, and NaBr solu-
tions.

Figure _9 shows the potential dependence at
(0.038/v3,14+0.038/v'3,0.2) in NaF, NaCl, and NaBr
relative to the groomed intensity at a scan rate of 1
mV/sec in both scan directions. The transition potential
is in the order Br~ <Cl” <F~. Furthermore, the hys-
teresis between the negative and positive sweep directions
increases in the same order. For the NaF solutions, there
is very little difference between the 0.01- and 0.1-M con-
centrations. This implies that the double-layer thickness,
which varies inversely as the square root of the concen-
tration in the Gouy-Stern-Chapman model,*’ does not
affect the potential dependence of the surface structure.
The corresponding surface electric field changes by a fac-
tor of V10 between these two concentrations. In NaCl
and NaBr solutions, the phase-transition potential shifts
negative and the hysteresis becomes smaller with increas-
ing concentration. These potential shifts are similar to
the change in double-layer capacitance observed with
different concentrations.*®

In all three electrolytes, at a sweep rate of 1.0 mV/sec,
the reconstruction starts to appear (negative ramp) within

-
o

NORMALIZED INTENSITY
o
(5]

-

0.5 £
<«

0k e e
-0.8 -0.4 0 0.4 0.8

Eag/aqc (volts)

FIG. 9. Potential dependence of the scattering intensity at
(0.038/v3,140.038/v/3,0.2) in 0.01- and 0.1-M NaF, NaCl,
and NaBr solutions at a scan rate of 1 mV/sec in both sweep
directions. The potential cycles all originate at a positive poten-
tial.
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0.1 V of the potential at which the reconstruction starts
to lift (positive ramp), as shown in Fig. 9. This critical
potential [0.05 V (NaF), 0.0 V (NaCl), and —0.17 V
(NaBr)] is indicated by the dashed vertical lines in Fig. 9
for the 0.1-M solutions. Below this potential, the intensi-
ty variation with potential depends on kinetic effects (Sec.
IIIC) and grooming. A stable (23 XV'3) surface recon-
struction forms below this critical potential after groom-
ing. Above this critical potential the reconstruction
starts  to lift  and the intensity at
(0.038/v'3,1+0.038/v'3,0.2) starts to decrease.

In order to demonstrate the relationship between the
phase-transition potential with anion adsorption and sur-
face charge, previous interfacial capacitance studies at an
Au(111) surface** are reproduced in Fig. 10(a) on a
common potential scale with the x-ray-scattering data in
0.1-M solutions [Fig. 10(b)]. The capacitance-potential
curve in dilute nonadsorbing or weakly adsorbing electro-
lytes exhibits two peaks and the minimum between these
peaks is generally accepted as the potential of zero charge
(PZC), where there is no excess charge at the metal sur-
face. In NaF solutions, the PZC, 0.37 V (vs Ag/AgCl),
has been determined from capacitance measurements.*®
The very slight negative shift in the potential minimum
with increasing concentration indicates that the fluoride
ions do not significantly adsorb at a gold electrode. On
the other hand, there is a marked change in the capaci-
tance with concentration in the NaCl and NaBr solu-
tions. For 0.1-M solutions, the adsorption starts to occur
at about —0.10 V for chloride and —0.25 V for bromide,
as indicated by the large changes in slope of the capaci-
tance curves as shown in Fig. 10(a).

From the correspondence of the transition potential
[Fig. 10(b)] and the peaks in the capacitance data [Fig.
10(a)], the shifts of phase-transition potentials with elec-
trolyte appear to be related to the adsorption of anions
[compare Fig. 10(b) with Fig. 10(a)]. However, our data
cannot be explained strictly in terms of anion adsorption.
For instance, in 0.1-M NaBr, the reconstructed phase is
completely stable up to —0.17 V, where the capacitance
measurement indicates that a significant amount of Br~
ions have already been adsorbed. In NaF solutions, the
lifting of the reconstruction starts at 0.1 V, which is at a
featureless region of the capacitance curve and very nega-
tive of the PZC (0.37 V), where no F~ ions are adsorbed.
In summary, for NaBr the reconstruction is stable with a
low Br coverage, whereas in NaF the reconstruction lifts
with no F adsorption. This demonstrates that the lifting
is indirectly related to anion adsorption.

Second-harmonic-generation measurements at the
Au(111) surface?” in 0.01-M HCIO, have shown that the
signal from a reconstructed phase starts to decrease at
around O V (in the positive-sweep direction). This poten-
tial is about 0.35-V negative of the PZC in HCIO,. In
nonadsorbing KPF solutions, the phase transition also
exists in the double-layer potential region as implied by
the observed hysteresis in capacitance measurements.’!
These studies support our observations that the phase be-
havior of the Au(111) surface cannot be explained in
terms of anion adsorption alone. We propose instead
that the surface structure might be determined by the
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FIG. 10. (a) Capacitance of the Au(111) electrode vs the ap-
plied potential. The “0.1-M” NaF curve is derived by averaging
capacitance measurements obtained in 0.05- and 0.5-M solu-
tions, because the 0.1-M data are not available in the literature.
The 0.05-M NaF data are from Fig. 2 of Ref. 50 and the remain-
ing data are from Fig. 1 of Ref. 49. The potential has been con-
verted from Escg to Eag/agcr by adding 40 mV. (b) Recon-
structed scattering density at (23XV'3), normalized to the
groomed state, vs the applied potential in three 0.1-M solutions.
The potential was swept at 1 mV/sec from 0.6 V and switched
the direction at —0.8 V. (c) Surface charge density o(E) of the
Au(111) electrode in 0.1-M solutions calculated from the capaci-
tance data in (a). It is valid to use the capacitance data obtained
in potassium salts for NaCl and NaBr surface-charge curves be-
cause both cations are fully hydrated at the interface and do not
significantly affect the capacitance curve.

surface charge density, which is a function of both the
applied potential and the anion adsorption.

The induced surface charge density versus the applied
potential o(E) in NaF solutions has been obtained by in-
tegrating the capacitance curve from the PZC to E, that
is,

o(E)= fPiCC(E')dE’ .

For chloride and bromide solutions, we assume that the
surface charge at —0.8 V (where both anions are not ad-
sorbed) is the same as in the NaF solution because the
PZC cannot be directly obtained from the capacitance
measurements in these two solutions. The results are
shown in Fig. 10(c).

The relationship between surface charge and surface
reconstruction is displayed in Fig. 11, where the intensity
at (0.038/v/3,14-0.038/v/3,0.2), acquired as a function
of potential, is displayed versus the integrated surface
charge for the three 0.1 M solutions in both sweep direc-
tions. In all three electrolytes, the transition from the
ideally terminated surface to the (23X V'3) surface phase
occurs at about 0.07 e/atom. A positive electron density
(e/atom) corresponds to a net negative charge on the
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electrode surface. The discrepancy between the curves
above 0.07e/atom is in part due to kinetic effects which
will be discussed further in Sec. IIIC. In 0.1-M NaF and
NaCl electrolytes the reconstruction starts to lift at
o =0.07e/atom. This is the same charge density where
the reconstruction starts to form. For 0.1-M NaBr the
transition is shifted by about 0.02 e/atom, which corre-
sponds to only a 20-mV shift in the applied potential.
Within this potential region strong adsorption induces a
rapid change in the surface charge density (0.1 e/atom
per 0.1 V). In all electrolytes, the reconstruction is nearly
completely lifted at zero charge density. Although the
three curves in Fig. 11 are not identical, the common
features suggests a simple phase-transition mechanism
based on the excess surface charge.

In vacuum, a similar surface charge mechanism has
been proposed for Ag(110) that reconstructs when a sub-
monolayer of alkali metal is adsorbed.’? The relative sur-
face energies of the (1X 1) and the (1X2) structures as a
function of induced charge on the surface have been cal-
culated using local-density-functional theory. The ad-
sorbed alkali-metal ions were modeled by an effective
external charge having a negligible overlap with the sur-
face electronic density. Within the context of this model,
adsorbates mimic an applied electric field. These theoret-
ical results at the Ag(110) surface>? suggest that increas-
ing the electron density at the surface favors a more
densely packed (reconstructed) surface. Conversely, de-
creasing the electron density stabilizes the (1X 1) struc-
ture. Experiments in vacuum have confirmed that sur-
face reconstructions can be lifted by adsorbates that posi-
tively charge the surface> and, in some cases, reconstruc-
tions can be induced by alkali-metal adsorption that neg-
atively charges the surface.>*

The effect of changes in the surface charge density on
the stability of reconstructed surfaces can be related to
the electronic origin of spontaneous reconstructions at
noble-metal surfaces. Theoretically, it has been suggested
that the mobile, delocalized sp electrons in noble metals
can assumulate into regions between the surface atoms.*
This increases the in-plane sp bonding and gives a tangen-
tial compressive stress. As pointed out by Smolu-
chowski,® the excess electron density of a negatively
charged electrode is accumulated in the valleys between
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FIG. 11. Scattering intensity of the Au(111) (23X V/ 3) recon-
struction vs the induced surface charge derived from the data
presented in Fig. 10.
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the surface atoms in order to obtain a flat termination of
the electronic charge. This smoothing effect leads to an
increased sp-electron density between the surface atoms
and, hence, to an increased attraction between these
atoms which, therefore, show a tendency to form a dense-
ly packed reconstruction.’” Our results at the Au(111)
surface are consistent with this mechanism for the elec-
trochemically induced lifting of the surface reconstruc-
tion. When the electrode is positively charged, the loss of
mobile sp-electron density leads to a weakened attraction
between the surface atoms, which makes the reconstruc-
tion unstable in comparison to the (1X1) phase. Similar
cases have been found in vacuum. For instance, the
chemisorption of S and Cl on Ni(001) surfaces®® shows
that the magnitude of the surface Ni-Ni bond strength is
insensitive to the strength of the adsorbate-Ni bond.
Rather, the Ni-Ni bond strength depends almaost ex-
clusively on the adsorbate coverage, which has been relat-
ed to the total amount of charge removed from the metal
surface.

Important features of the Au(111) surface reconstruc-
tion phase transition in different electrolytes have
emerged when the scattering intensities are plotted versus
the surface charge. Our data strongly suggest that the
potential-induced reconstruction of the Au(111) surface
can be explained in terms of a simple model based on the
surface charge. This model explains many of the ob-
served features of the potential dependence of the
Au(111) surface in different electrolytes. Additional
features of the potential-induced reconstruction are
resolved in Sec. III C by considering kinetic effects.

C. Kinetics of the (1X 1)«>(23XV3) phase transitions

The transition between the (1X1) and reconstructed
phase of the Au(111) surface has been explored in terms
of the applied potential in Secs. III A and III B. In this
section we investigate surface structures, as measured by
the scattered x rays, as a function of time after a step
change in the applied potential. Measurements have been
carried out in several solutions to determine (1) the time
required to lift the reconstructed surface when the poten-
tial is stepped positively, (2) the time required for the
reconstruction to recover when the potential is stepped
negatively, and (3) the coarsening of the surface structure
with time. Comparisons of the measured kinetics in
different electrolytes allows us to develop a better under-
standing of the phase-transition mechanism.

In the first set of measurements, groomed surfaces were
prepared by repeated potential cycling in the reconstruct-
ed potential regime. After the intensity at
(0.038/v/3,1+0.038/v'3,0.2) reached 90% of the
groomed intensity, the potential was stepped to a positive
value from —0.2 V and the scattered intensity was mea-
sured versus time.”® Typical results obtained in 0.01-M
NaBr and 0.1-M NaF solutions are shown in Fig. 12. Be-
cause of the thin-layer cell geometry, the electrical
response time after a potential step at the center of the
crystal surface may be as long as 10 sec in 0.01-M electro-
lyte solutions. In order to minimize this factor, measure-
ments were carried out in 0.09-M NaF supporting elec-
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trolytes with 0.01-M NaCl or NaBr. The same time con-
stants were obtained by moving the sample sideways so
that the x-ray beam intercepted the edge of the sample,
reducing the voltage transmission time to the illuminated
sample region. The measurements in 0.01-M NaF solu-
tion were carried out in this manner.

In the lifting process, the scattered intensity at
(0.038/v/3,1+0.038/V/3,0.2) decays exponentially with
time if the potential is stepped sufficiently positive. Ex-
ponential time constants 7 were always found to be at
least 2—3 sec. This minimum time constant is about a
factor of 5 faster than results obtained from SHG mea-
surements of the Au(111) surface in HCIO, acid solu-
tion.”” In the present measurements, the 2—3 sec time
constant may result from the thin-layer cell geometry or
it may represent a true kinetic effect of the Au(111) sur-
face. We define a characteristic potential E};; such that
for potentials greater than E); the time constant is less
than 3 sec. The results from 0.01- and 0.1-M solutions of
sodium halides are listed in Table I. In 0.1-M solutions,
the potential E);;, is lower than in 0.01-M solutions. Fur-
thermore, this shift with concentration is smallest in NaF
solutions and largest in NaBr solutions. In 0.1-M solu-
tions this critical potential corresponds to a surface
charge density of about —0.06 e/atom for all three
halides. This implies that the lifting process is related to
the surface charge density rather than the specifics of the
halide-gold interaction.

In the second set of kinetic measurements, we have in-
vestigated the growth of the reconstructed Au(111) sur-
face from the (1X1) surface phase in 0.01-M NaCl. The
top panel of Fig. 13 shows the intensity at
(0.038/v/3,1+0.038/v/3,0.2), normalized to the
groomed surface, versus time after the potential is
stepped from 0.6 V (1X 1) phase at t =0 sec to E, (recon-
structed) versus time. For consistency, the potential is

(o e e )
s@ 0.01 M NaBr © 0. ]

o

08 01V
00V

0.6 | -0.05

=

B 04|

[¥)

=

=02

o

()

N

p—)

3

Z e -

210 ﬁ. 0.1 M NoF o 08V

(N a 04V
Lo S8V
. o
061 % Wﬁo’s’v’fo\—*
04 °%0%0 .
a IQQR

02} R aaa Rty

o

-20 0 20 40 60 80 100 120

TIME (seconds)

FIG. 12. Time dependence of the reconstruction lifting at
several potentials in NaBr (top) and NaF (bottom) solutions.
The potential is stepped from —0.2 V to the value indicated for
each line at =0 sec.
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TABLE 1. The effect of the electrolyte anion on the phase-
transition kinetics. The potential Ey, corresponds to the
minimum potential in which the reconstruction is lifted within
2-3 sec. The potential E,, corresponds to the potential where
the reconstruction intensity at (0.038/3,1+0.038/v/3,0.2)
achieves the maximum intensity without surface grooming. The
potentials are referred to a Ag/AgCl electrode. The molarity
refers to the total halide anion concentration as discussed in the
text.

Molarity NaF NaCl NaBr

Eyn (V) 0.01 0.60 0.30 0.20
0.1 0.55 0.20 —0.05

E (V) 0.01 —0.25 —0.30 —0.30
0.1 —0.15 —0.25 —0.35

maintained at 0.6 V for 30 sec before stepping the poten-
tial to E,. The fastest initial growth of the reconstructed
phase occurs when the potential is stepped the most nega-
tive (Fig. 13, open circles); however, the intensity at
(0.038/v/3,1+0.038/v'3,0.2) nearly saturates after
about 20 sec and only reaches 27% of the maximum
value after 120 sec. If, on the other hand, E,=—0.3 V
(Fig. 13, solid line), the initial intensity increase is slower
but the intensity continues to increase after 20 sec. For
E,=—0.3 V the intensity grows to 60% of the groomed
value after 120 sec at this potential. These results show
that the initial nucleation is faster for the most negative
surface charge, whereas the subsequent growth process is
favored by a surface charge that is less negative.
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FIG. 13. Top: Time dependence of the reconstruction into
(23 XV'3) for several potentials in 0.01-M NaCl solution after a
step change in potential. Bottom: Scattering intensity along the
g, direction measured at 120 sec after a step change in the po-
tential. Note that the reconstruction is better formed at —0.3 V
than at —0.8 V.
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In order to ascertain how different potential conditions
affect the structure of the (1X 1) to (23 XV/3) phase tran-
sition, scans were performed along g, at 200 sec after
stepping the potential to E,. Fits of the scattering
profiles to Eq. (4) show that the surface is most
compressed at E,= —0.3 where the fit yields p =24.0
and (;=41.4a. At E,=—0.8 the surface is less
compressed and the fit yields p=26.2 and £{;=25.7a.
The factor of 2 difference in the intensity between these
two voltages (see Fig. 13) at t =120 sec is accounted for
by an increase in {5 and a shift in p.

The formation of the reconstructed phase, after a step
change in potential, can be described by a spontaneous
nucleation process followed by a much slower process
that involves the cooperative behavior of many surface
atoms in order to form large domains with the optimal
packing density (i.e., p =23). The latter process is con-
trolled by the mobility of surface gold atoms, which is the
slowest at the most negative potentials. The kinetic be-
havior (discussed above) and the improved surface order
with potential cycling suggests that the fastest approach
to a well-ordered reconstructed phase cannot be obtained
at a fixed surface charge (potential). Whereas the driving
force for reconstruction [the decrease of free energy of
the reconstructed phase relative to the (1X1) phase] in-
creases with decreasing potential, the mobility of gold
atoms increases with increasing potential.®*®! From
these two considerations, there is an optimal potential
E ., where the reconstructed domains reach a most or-
dered state as determined by the x-ray intensity (Fig. 13).
In all cases, the intensity is smaller than the groomed in-
tensity.

The measured values of E,,,, are summarized in Table I
for the three electrolytes with 0.01- and 0.1-M concentra-
tions. In 0.1-M solution the optimal potentials are
—0.15 V (NaF), —0.25 V (NaCl), and —0.35 V (NaBr).
In these three electrolytes, the potential E,, corresponds
to about the same value of the surface charge density
(0.12 e/atom). However, at 120 sec after stepping the po-
tential to E,, in 0.1-M solutions, the intensity at
(0.038/v'3,14+0.038/v/3,0.2), relative to the groomed
intensity, is 80% for NaBr, 65% for NaCl, and 60% for
NaF. At E,,, the capacitance curves indicate that a
small amount of chloride and bromide are adsorbed on
the surface as shown in Fig. 10(a). The adsorption of
trace amounts of chloride and bromide anions improves
the surface mobility,>®! which significantly decreases the
formation time to the reconstructed surface state.

In the third set of kinetic measurements we have inves-
tigated the temporal evolution of the scattering line shape
on the second time scale after a step change in potential.
These measurements were carried out at X25 at A=1.18
A. The scans along g¢,, reported in Fig. 5, required
several minutes and were too slow to measure the early
stages of the nucleation and growth phenomena. To ob-
tain the scattering profiles versus time we take advantage
of the fact that the surface can be repetitively cycled be-
tween the reconstructed and the (1X1) state and that the
average surface structure undergoes the same evolution
for all cycles. In Fig. 14(a) we show a repetitive cycle
where the potential is stepped to 0.5 V (1X1) at O sec
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FIG. 14. Top: Repetitive potential cycle where the voltage is
stepped to 0.5 V (1X1) at 0 sec and to —0.3 V (reconstructed)
at 20 sec and back to 0.5 V after 120 sec. Bottom: Geometric
density contours in a g, and time plane in a mixture of 0.01-M
NaCl and 0.49-M NaF electrolytes where the potential depen-
dence is given in (a). Adjacent contour lines differ by a factor of
0.65. Within several seconds after raising the potential to +0.5
V, the intensity contours associated with the reconstructed
phase vanish and there is a subsequent increase in the intensity
at ¢,=0. About 5 sec after the potential is lowered to —0.3 V
there is a rather uniform increase in the scattered intensity all
the way from ¢, =0.0la * until 0.05¢ * with no apparent peak.

and to —0.3 V (reconstructed) at 20 sec. During each
potential cycle, the scattered intensity is acquired versus
time at a fixed gq,. After every potential cycle the position
along g, is incremented and the standard potential cycle
is resumed by stepping the potential to 0.5 V. In this
manner, we are able to acquire a reciprocal space-time
scattering profile. The equal intensity contours are
displayed in Fig. 14(b).

In order to improve the time response in the thin-layer
geometry we have carried out the measurements in a
mixed solution containing 0.01-M NaCl in a 0.49-M NaF
solution. The high NaF concentration reduces the cell
resistance (R), and decreases the time constant of the
cell. The potential dependence of the scattering from the
Au(111) surface, at g, =0.038a *, in the mixed solution is
virtually identical to the result obtained in 0.01-M NaCl
at a 1-mV/sec scan rate.

Within several seconds after raising the potential to
+0.5 V, the intensity contours associated with the recon-
structed phase vanish and there is a subsequent increase
in the intensity at g, =0. About 5 sec after the potential
is lowered to —0.3 V there is a uniform increase in the
scattered intensity all the way from ¢,=0.0la* until
0.05a* with no apparent peak. We associate this behav-
ior with a disordered phase in which an ordered stripe
separation has not been established. At about 10 sec
after lowering the potential to —0.3 V, an ordered
striped phase starts to establish, yet the measured line
shape is broad. As the reconstruction develops the inten-
sity in the wings of the scattering profiles remain fixed,
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whereas the peak intensity continues to increase.
Analysis of the scattering profiles in Fig. 14 at fixed time
indicates that there is a factor of 3 increase in the fitted
correlation length in going from ¢ =30 to 120 sec. _

In the nucleation and growth process of the (23 XV'3)
reconstruction, it is important to consider the effects of
the three symmetry-equivalent directions for the uniaxial
compression that are rotated from each other by £120°.
Spontaneous nucleation and growth conditions should
populate the surface with random domains of these three
orientations. The collision between growing domains
with different orientations develops a random array of
kink dislocations at the electrode surface. This is in con-
trast to the Au(111) surface in vacuum, after cycling to
high temperatures, where the surface exhibits a regular
array of kink dislocations in a zig-zag pattern.®3!:32 Un-
der these conditions, the kink density is related to the in-
verse domain size. Whereas kinks in the discommensura-
tion direction reduce the substrate strain energy, an over-
abundance of kinks increases the high-energy domain-
wall boundary regions. This argument suggests that
there is an optimal density of kinks. If the density of nu-
cleating sites is larger than the optimal kink density, and
if these kinks are not mobile, then the electrode surface
cannot reach the most ordered state. The grooming pro-
cess may facilitate a rearrangement of the kinks to form a
structure with the optimal kink density.

These measurements of the time evolution of the
scattering provide complementary information on the
transition between the ideally terminated (1X1) surface
and the (23 XV'3) reconstructed surface. Analysis of the
temporal data suggests that the effects of surface mobility
and the energy difference between the two phases (driving
force) play an important role in the phase transition.

D. Surface-normal structure —reconstructions,
anion adsorption, and surface water

In this section, we demonstrate that the surface-normal
structure at the electrode/electrolyte interface can be
determined from the scattering profiles along the
surface-normal direction. Reflectivity refers to the abso-
lute scattered intensity, normalized to the incident flux,%?
along the surface-normal direction at fixed in-plane wave
vectors. The experimental configuration for the
reflectivity measurements is identical to previous studies
at the vacuum interface that have been reported else-
where.!3 Briefly, the reflectivity measurements were ob-
tained by setting the spectrometer to L and integrating
the reflected signal in a 6 scan. In this procedure, the
data were corrected for background contributions and
the incident x-ray polarization.'?

In Fig. 15, the specular x-ray reflectivities are shown in
KBr (top, X 10000), NaCl (middle, X 100), and NaF elec-
trolytes along with several model curves between L =0.2
and 6.5. Thoe latter two measurements were carried out
at A=1.24 A and the KBr measurement was carried out
at A=1.54 A. Near L =0, 3, and 6 (H=K =0) thereis a
rapid increase in the scattered intensity and the latter two
peaks correspond to the cubic (1,1,1) and (2,2,2) Bragg
reflections. Between these peaks the observed reflectivity
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is weak and depends on the detailed structure of the in-
terface. The specular reflectivity from the reconstructed
surface (open symbols) exhibits an overall asymmetry in
the wings of the (0,0,3) and (0,0,6) Bragg peaks, being
larger at smaller wave vectors. To within our statistics,
the specular reflectivities for the reconstructed surfaces in
all three solutions and in HCIO, have similar line shapes,
independent of potential. This is because the cations are
not directly bound to the surface. On the other hand, the
reflectivity profile obtained in the (1X1) potential region
(filled symbols) varies with the anion species as shown in
Fig. 15. We note that the calculated specular profile for
an ideally terminated Au(111) surface [Eq. (3)], shown as
dotted lines in Fig. 15, does not adequately describe the
reflectivity over the entire range of L for any of the solu-
tions.

Further evidence of anion adsorption effects on the
specular reflectivity is presented in Fig. 16, where the po-
tential dependence of the effective specular reflection® at
a fixed position, (0,0,2.2), is shown. These curves were
obtained in 0.01-M solution of KBr, NaCl, and NaF at a
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FIG. 15. Absolute specular x-ray reflectivity from the

Au(111) surface in 0.01-M solutions of KBr (top, X 10000),
NaCl (middle, X100), and NaF(bottom). The open symbols
correspond to the (23 XV'3) reconstructed phase and the filled
symbols correspond to the (1X1), surface phase. The
reflectivity profile for a reconstructed phase in vacuum is shown
as the long-dashed line. The reconstructed reflectivity profile
under electrochemical conditions with an adsorbed water layer
is shown as the solid line and deviates from the vacuum model
around L=1. Above L~3 the long-dashed and solid lines
merge. The ideally terminated (1X1) surface reflectivity is
shown as the dotted line. Fits to the KBr, NaCl, and NaF
reflectivities at 0.5, 0.6, and 0.8 V, respectively (solid symbols)
are shown as the short-dashed lines.
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FIG. 16. Potential dependence of the reflectivity at (0,0,2.2)
on an absolute scale in 0.01-M solutions of KBr, NaCl, and NaF
in the positive and negative sweep directions. The potential in-
dependent reflectivity at low potentials corresponds to the
reconstructed phase. The decrease in intensity at high poten-
tials corresponds to the transition to the (1X 1) state and anion
adsorption.

slew rate of 1 mV/sec in both sweep directions. Scans at
(0,0,3), exactly halfway between the (0,0,0) and (0,0,3)
Bragg peaks, exhibit very similar potential dependence to
those at (0,0,2.2). At the most negative potentials the
surface is reconstructed (as discussed in Sec. III B) and
the absolute reflectivity equals 1.56+0.05X107% in all
three solutions. The decrease in the reflectivity at
(0,0,2.2) results from the transition from the reconstruct-
ed phase to the (1X 1) phase and from the adsorption of
anions at the gold interface. This intensity decrease is the
greatest in the KBr electrolyte, since the adsorbed
bromide ions have the largest number of electrons, i.e.,
the largest scattering amplitude, compared with chloride
and fluoride. Above 0.3 V the intensity decrease levels off
where the adsorbed bromide layer saturates (a decrease in
the capacitance), as shown in Fig. 10(a). In NaCl solu-
tion, the capacitance peak extends beyond 0.3 V, which
implies that the adsorbed chloride layer is not saturated
up to 0.3 V. Correspondingly, the reflectivity at (0,0,2.2)
continues to decrease as the potential is extended beyond
0.3 V as more chloride is adsorbed. Because the
adsorption-desorption of anions at the gold surface is re-
versible and occurs rapidly upon changing the potential,
the reflectivity versus potential curves obtained from
both sweep directions overlap at the potentials above 0.3
V. In order to account for the effects of solution species
at the gold interface and potential-induced changes in the
structure of the gold layers, the reflectivity model given
by Eq. (3) must be extended.

A realistic description of reconstructed gold surfaces in
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vacuum requires a modification of the sum over atomic
layers to allow for variations in the layer spacing, layer
densities, and enhancements of the root-mean-square dis-
placement amplitudes.®!>#? In addition, the effects of
the solution species at the interface must be included. To
accommodate these effects, we express the specular
reflectivity as

256m°rd _
R(0,0,L)=|T(Q,)* | === |Is(0,0,L)[2% "% |
3a“Q;
(5a)
where the sum over atomic layers is
0222 i
5(0,0,L ):ZO<P09 ono/zeled())
< —-Q22/2 iQ,d
FFA(Q0) S (pye ET7% %Ny L ()

n=1

The first term in Eq. (5b) corresponds to the scattering
amplitude from a surface ion-water monolayer with a
molecular charge Z, (fixed in the analysis), an atomic lay-
er density p, relative to a Au(l11) atomic layer, and a
root-mean-square (rms) atomic displacement o, along 7.
The second term corresponds to the sum over gold layers.
The gold atomic surface-normal displacement amplitude
o, is enhanced at the surface over the bulk thermal
Debye-Waller value of 0.085 A.% Surface enhancements
in o, relative to the bulk value, have a pronounced effect
on the specular and nonspecular reflectivities when the
surface-normal wave vector, i.e., L, is far from a Bragg
peak, but a minimal effect near Bragg peaks. In the bulk,
the atomic layers are positioned at nd, whereas, at or
near a surface the interlayer atomic spacing may either
expand or contract. This relaxation produces an asym-
metric reflectivity —along L —in the wings of the Bragg
peaks. For an interlayer expansion of the topmost gold
layer, the reflectivity is increased at wave vectors just
below the peak and the reflectivity decreases at wave vec-
tors just above the peak.*’ In order to account for the ab-
sorption losses from the polypropylene window and the
capillary electrolyte layer we have assumed a slab of ad-
sorbing material of constant thickness. This produces the
- ahs/Qz H .
factor e , where Q,,. is related to the thickness,
deng(i)ty and mass absorption cross sections of these lay-
ers.

In the subsequent analysis, the absorption correction
given in Eq. (5a), Q,,,., is fixed at a value of 0.2¢* for the
NaF and NaCl data and at a value of 0.4c * for the KBr
data, because a lower-energy x-ray beam was used in the
KBr measurements. This provides a reasonable descrip-
tion of the small-wave-vector reflectivity where absorp-
tion effects dominate. Reflectivity within 0.05¢* of the
Bragg peaks and below 0.4c* has been excluded from the
fitting procedure. In the first case, the kinematic approx-
imation does not apply near Bragg peaks and in the latter
case it is difficult to control the footprint of the incident
beam on the sample at small angles.

In order to understand the effects of adsorbed species
at the Au(111) surface, it is useful to compare directly the
electrochemical results with results from clean vacuum



46 IN SITU X-RAY-DIFFRACTION AND -REFLECTIVITY ...

surfaces. Since both the vacuum and electrochemical
data support the same (23 XV'3) motif we believe that
the scattering from the gold layers should be the same for
both interfaces. Differences in these specular
reflectivities can be accounted for by adsorbed species at
the interface. In vacuum at T=300 K, the specular
reflectivity is well described by a real-space atomic mod-
el® with 0,=0.13 A, p,=1.045, and a relative interlayer
expansion of the top gold layer,
g, =(d;—d,;)/dyy —1=3.3%. The remaining parame-
ters are fixed at their “bulk ideal values.” This model,
shown as a dashed line in Fig. 15, provides a reasonable
description of the reconstructed reflectivity in all three
electrolytes (open symbols) above L =3 but fails to de-
scribe the data between L =0.5 and 2.5.

An improved description of the specular reflectivity, in
the reconstructed potential range for all three electrolytes
is obtained if we incorporate an ordered water layer. In
the analysis, we have fixed the molecular charge Z,=10
(water). The parameters for the top gold layer were set to
values obtained in vacuum (p,=1.045 and £,=3.3%),}
and we have allowed p,, d,, and o to vary. All three
data sets are very well described by a model with
po=1.0£2, 0,=0.3510.1 A, and a gold-water distance
of 2.940.3 A given by the solid lines in Fig. 15. A densi-
ty of p,=1.0 for water only represents 13% of the elec-
tron density for the underlying gold layers. This water
density is larger than the expected layer density (0.75)
calculated from the water volume (30 A> per water mole-
cule) raised to the 2 power. One possibility is that small
monolayer-height gold clusters, which occupy a small
fraction of the surface area, could also lead to a dimin-
ished reflectivity between the Bragg peaks. By incor-
porating gold clusters covering 3—-4 % of the gold sur-
face, it is possible to use a water layer with a coverage of
0.75. Alternatively, incorporating both a first and second
water layer improves the description of the data. The
best fit is obtained with first and second water-layer den-
sities of 0.7 and 0.3, respectively, relative to the gold-
layer densities. From the reflectivity profiles at fixed po-
tentials it is difficult to distinguish between water and
solution species, since both contribute to the electron
densities of the solution layers.

The present analysis of the reflectivity profiles supports
the standard model of the electrochemical double layer.
Within the context of this model, cation ions are attract-
ed to the negatively charged metal surface but remain hy-
drated. This implies that the metal surface is only in
direct contact with water molecules (no specific adsorp-
tion) and that the second solution layer is composed of
both cation species and water molecules. Within the con-
text of our two-layer fit, the second-layer density (0.3)
may in part result from solvated sodium ions which are at
a well-defined distance from the charged electrode sur-
face. This model suggests that the water in the second
layer and beyond are more disordered in the surface-
normal direction than either the first water layer or the
cations in the second layer. The adsorption of a hydrated
cesium ion has a significant impact on the reflectivity
profiles, since the charge of a cesium cation (54 electrons)
is much greater than for a sodium cation. For instance,
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in 0.01-M CsCl at (0,0,2.2) the reflectivity reversibly in-
creases within the reconstructed potential regime, when
the potential is lowered (increased coverage). In contrast,
an increase in the coverage of chloride ions that are
directly adsorbed to the gold surface leads to a decrease
in the reflectivity at (0,0,2.2). Detailed modeling suggest
that the Cs™ ions are present in the second layer rather
than in the first layer. Measurements of the potential
dependence of the reflected intensity at wave vectors
smaller than that at (0,0,2.2) should be more sensitive to
the cation coverage in the second layer, according to Eq.
(5).

The present model of the specular reflectivity [Eq. (5)],
including the effects of a water monolayer, also describes
the reflectivity from the Au(111) surface in the (1X1)
phase at positive potentials in NaF. Within the context
of this model, the best fit is represented by a gold-water
layer spacing of 2.9 A, an rms displacement amplitude of
the water layer, 0,=0.37 A, and a water layer density of
1.0£0.2. There is no apparent relaxation of the top
gold-gold interlayer spacing and the rms displacement
amplitude of the top gold layer o, is 0.10 Ain the (1X1)
potential regime. Extending the model to include a
second water layer does not improve the quality of the fit
and suggests that the first-layer density is close to unity.
This density is higher than the expected density of 0.75
(see above) and this discrepancy may result from gold
clusters or from directly adsorbed fluoride ions.

The specular reflectivity profiles for the Au(111) elec-
trode in the (1X1) potential region in KBr (0.5 V) and
NacCl (0.6 V) have been fitted with the same single-layer
model with Z, fixed at 36 and 18 for the bromide and
chloride anions, respectively. In the analysis, we allowed
the three additional parameters describing the adsorbed
anion layer (p,, d,, and o) and the parameters describ-
ing the top gold layer (o, and d,) to vary in the least-
squares-fitting procedure. All of the remaining parame-
ters have been constrained at their bulk values. The best
fits for the NaCl and KBr specular reflectivities (short
dashed line in Fig. 15) provide an excellent description of
the reflectivity profiles. The fitted model is described by
an anion layer with rms displacement amplitudes (o) of
0.27 A (bromide) and 0.28 A (chloride). The fitted
atomic-layer densities (p,) are 0.49 (bromide) and 0.64
(chloride). These densities are calculated relative to the
atomic density of a Au(111) layer which is 1.39X 10"
atoms/cm®. These values imply densities of 6.8X 10"
bromide atoms/cm* (0.01M KBr at 0.5 V), and 8.9X10'*
chloride atoms/cm? (0.01M NaCl at 0.6 V). These num-
bers are in close agreement with the ESCA studies on
emersed polycrystalline gold electrode from bromide and
chloride solutions.®® In both electrolytes the rms dis-
placement amplitudes of the top gold layer, o0,=0.12 A,
is slightly smaller than the reconstructed value. The
gold-bromide and gold-chloride layer spacings are
2.4£0.3 A and are larger than the gold-gold layer spac-
ing. Finally, we note that there is no apparent relaxation
of the gold-gold layer spacing for the top gold layer
(within 0.5%).

We now turn our attention to the nonspecular
reflectivity profiles. In Fig. 17 nonspecular reflectivity
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FIG. 17. Nonspecular x-ray reflectivity (0,1,L) from the
Au(111) surface in 0.01-M solutions of KBr and NaCl obtained
using a symmetric mode (=) at 1.54 A. The solid line corre-
sponds to an ideally terminated (1X 1) model and agrees with
the high potential data (X 100) in both solutions shown as the
triangles.

profiles (0,1,L) are shown for 0.01-M solutions of KBr
(filled symbols) and NaCl (open symbols). Peaks in the
reflectivity are observed at (0,1,2) and (0,1,5) correspond-
ing to the cubic reflection (0,0,2) and (1,1,3), respectively.
Whereas the reflectivity profiles within the (1X 1) poten-
tial region differ from the NaCl and KBr electrolytes, the
nonspecular reflectivities are the same in both solutions,
independent of potential, within the same potential range.
The latter motion is supported by the potential scan at
the (0,1,0,5) position shown in Fig. 7(b). The flat feature
at positive potentials before and after the sharp changes
due to the phase transitions suggests that adsorbed
chloride ions do not affect the nonspecular reflectivity.

Theoretically, the nonspecular reflectivity, along L at
(H,K ), can be expressed as’?

.| 2567°r5
R(H,K,L)=|T(Q)* | —5—
3a°Q;
X |s(H,K,L)|% %% (6a)

where the sum over atomic layers is

o —0262 /2 i
S(H,K,L)=F,,(Q,) S, (plHKe %2,y = (gp)

n=1

where we have ignored the effects of solution species at
the interface (n =0). In this expression, relative to Eq.
(5), the layer density p, has been replaced by the layer-

dependent crystalline order parameter p{*"X), which cor-

WANG, OCKO, DAVENPORT, AND ISAACS 46

responds to the amplitude of the electron density wave
for the nth layer at an in-plane position (H,K). The
crystalline order parameter for integers H and K —
except for (0,0)—measures the extent to which the gold
layers are in registry with the underlying bulk layers at
(H,K). For reconstructed surfaces, not all of the gold
surface atoms (n =1) are in registry with the Au(111) lat-
tice positions and p{X’ is less than unity. This effect
reduces the reflectivity between adjacent nonspecular
Bragg peaks relative to an ideally terminated surface.® '3

The solid line corresponds to the calculated reflectivity
for a perfectly terminated lattice calculated from Eq. (6)
with no interlayer expansion for the top gold layer and no
adsorbed electrolyte layer. This provides an excellent
description of the nonspecular reflectivity above L =2 in
both the NaCl and KBr electrolytes at 0.4 and 0.2 V, re-
spectively, and supports our contention that above the
phase-transition potential, the surface indeed exhibits a
(1X1) phase. Deviations at small L may result from ab-
sorption effects and limitations in the present integration
procedure. Similar deviations are exhibited in the recon-
structed phase under vacuum conditions.?

At negative potentials, where the Au(111) surface ex-
hibits a (23 XV'3) reconstruction, the reflectivity profiles
cannot be described by the ideally terminated Au(111)
crystal. Rather, the profiles exhibit asymmetric wings
around the (0,1,2) and (0,1,5) Bragg peaks. The asym-
metry is similar to the asymmetry in the specular
reflectivity in the (23 XV'3) potential regime (open sym-
bols in Fig. 15). Our nonspecular reflectivity data are vir-
tually identical to the nonspecular reflectivity obtained
under vacuum conditions® at 7=300 K and requires a
model with p{®!'~0.7. This value is consistent with a
reconstructed phase in which the surface stacking se-
quence changes from ABC to AB A, as shown in Fig. 1.}
The agreement between the vacuum and electrochemical
nonspecular reflectivity profiles suggests that the gold
surface-normal structure is the same for these differing
environments.

Specular reflectivity in the reconstructed phase sug-
gests that there is a well-defined monolayer of water at
the interface. In the (1X1) phase, the adsorption of
anions has a drastic effect on the reflectivity and detailed
analysis provides information on the coverage and posi-
tion of this anion layer. Finally, nonspecular reflectivity
confirms that the phase transition from the (23XV'3)
phase at low potential is to an ideally terminated, (1X1)
phase at higher potential.

IV. SUMMARY

In this paper we have presented the results of in situ
structural x-ray-scattering studies of the Au(111) elec-
trode surface in NaF, NaCl, LiCl, CsCl, and NaBr solu-
tions. The top layer of gold atoms undergoes a reversible
phase transition between the (1X 1) bulk termination and
a (p X V'3) uniaxial discommensuration (striped) phase on
changing the electrode potential. Below a critical poten-
tial in all solutions, p =23 is identical to results obtained
in vacuum. However, an ordered array of discommen-
suration kinks is not observed. The reconstruction is par-
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tially lifted with 23 <p <30 above this critical potential.
At sufficiently positive potentials the striped phase disap-
pears and the surface exhibits the structure of a (1X1)
surface. The reconstruction reforms from the (1X1)
phase at potentials below the critical potential. Anion
adsorption shifts the critical potential and modifies the
reconstruction kinetics.

Comparison of the phase-transition behavior in
different halide solutions supports a unifying model based
on the surface charge density. The critical potentials in
0.1-M NaF, NacCl, and NaBr solutions correspond to the
same surface charge density of 0.07 e/atom (negatively
charged). The complete lifting of the reconstruction
occurs at a potential corresponding to zero surface
charge in all electrolytes. Furthermore, both the
minimum potential of instant lifting, E,, and the op-
timal potential for reforming the reconstruction, Eqp
have the same surface charge densities —0.06 and 0.12
e/atom, respectively, in all solutions. Therefore, the sur-
face charge density plays an important role in the phase
behavior of Au(111) electrode surface.

The kinetics of the phase transitions involves the po-
tential dependence of the driving force [energy difference
between the (1X 1) and the (23 X V'3) phases] and surface
mobility. The reconstructed phase disappears within
several seconds after stepping the potential from the
reconstructed potential region to a potential above E .
Spontaneous nucleation of the reconstructed phase
occurs across the entire surface when the potential is
stepped from the (1X 1) potential regime to a potential in
the reconstructed potential region. Since the driving
force for the surface reconstruction increases with in-
creasing surface electron density, the fastest initial
growth occurs at the most negative potential. The mobil-
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ity of the surface atoms decreases with increasing nega-
tive charge on the surface. This explains why the recon-
struction growth process “turns off”” at the most negative
potentials before a well-ordered, reconstructed surface is
formed. Cycling the potential in the reconstructed re-
gime gives the most-ordered reconstructed surface.

Complementary information on the Au(111) surface
has been obtained by carrying out x-ray-reflectivity mea-
surements to determine the surface-normal electron den-
sity profile at the gold/electrolyte interface. In the
(23X V'3) phase, the interlayer spacing of the top gold
layer is expanded by 3.3% relative to the bulk layer spac-
ing. There is no interlayer relaxation of the top gold lay-
er in the (1X1) phase. At potentials where there is no
specific adsorption of ions, our data supports a well-
defined monolayer layer of water at the gold interface.
Adsorbed chloride and bromide monolayers (Stern layers)
have a pronounced effect on the specular reflectivity
profiles.
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