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effect on the gold surface structure have been investigated using x-ray
specular reflectivity and grazing incident angle diffraction techniques.
The top layer of gold atoms undergoes a reversible phase transition
between the (lxl) bulk termination and a (23x»3) reconstructed phase on
changing the potential. The shifts of the phase transition potential in NaCl
and NaBr solutions from the one in NaF can be understood by the anion
adsorption induced charge effect. The reconstruction formation rate
increases in chloride and bromide solutions due to an increase in the sur-
face mobility with anion adsorption. Adsorbed chloride and bromide
monolayers can be monitored during a potential scan by the specular
reflectivity.

INTRODUCTION

In vacuum, the clean Au(l l l ) surface reconstructs at room temperature. That is,
the top layer gold atoms rearrange themselves in an ordered pattern with a different
periodicity and symmetry from the underlying bulk layers. The reconstruction is often
referred to as (23x̂ 3̂*) phase because the observed diffraction peaks1"4 have been
interpreted as a rectangular {lix^) unit cell corresponding to a uniaxial compression
(4.4%) along the <100> direction (in hexagonal coordinates) as shown in Figure 1.
Recent x-ray scattering3-4 and STM studies5'6 have shown that the uniaxial discom-
mensuration direction rotates by ± 60° to form a regular array of kink dislocations.
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The Au(l l l ) surface reconstruction at an electrochemical interface has been stu-
died by a variety of electrochemical, in situ optical, and ex situ surface science tech-
niques. Ex situ LEED studies have shown that the Au(l l l ) electrode emersed from an
electrochemical cell - as long as the potential never exceeds a critical value - exhibits
a (23x^3) phase7. Second harmonic generation (SHG) measurements at the Au( l l l )
surface8-9 have demonstrated that the phase transition between the (23x^3~) and ( lxl)
phase can be monitored in situ by the additional symmetry pattern in the SHG inten-
sity associated with the uniaxially compressed phase. Concurrent with the present
surface x-ray scattering study, in situ STM studies 10>11 in HC104 solutions have
confirmed the existence of the (23x /̂5") reconstruction within the negative potential
regime. However, questions remain as to what is the driving force of the
electrochemically-induced phase transition and hov/ electrolyte species affect the gold
surface structure. These issues are addressed in the present study.

EXPERIMENTAL

A gold disk (2 mm by 10 mm diameter) was spark cut and mechanically polished
with the <111> crystallographic axis oriented to within 0.1° of the surface normal
axis. Following an electrochemical polish in 1:1:1 (volume) HCl:ethylene
glycohethanol, the crystal was sputtered with argon at 5xlO~5 torr at 800°C using a
defocused beam at 1 kV and 2 JJA for several hours. The sample was transferred
through air to an electrochemical x-ray scattering cell constructed from Kel-F*~.

A 6 jim polypropylene window sealed the cell with a thin capillary electrolyte
film (~ 20 nm) between the crystal face and the polypropylene film. An outer
chamber was flushed with N2 gas to prevent oxygen from diffusing through the
polypropylene membrane. The applied potential was referenced to a Ag/AgCl elec-
trode connected to the cell through a micro glass frit13. In order to further reduce the
possibility of chloride contamination, a second frit was added in series with the
Ag/AgCl reference electrode, where the path separating the two frits was filled with a
NaF electrolyte. The counter electrode was either a gold or a platinum wire.

Before use, the x-ray scattering cell was cleaned with the 1:3 mixture of H^O^

(30%) and F L S O ^ 0 ^ ) in order to minimize organic contaminants, followed by
several rinsing and soaking cycles with ultrapure water from the Millipore Q water

system to remove adsorbed SCh " ions. The electrolyte solutions were prepared from
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superpure NaF, NaCl, and NaBr (Aldrich Corp). The electrolyte solutions were deox-
ygenated with 99.999% N2 gas immediately before filling the cell. After flushing the
cell with N2 gas, the deoxygenated electrolyte was injected into the cell through a
syringe with the control potential turned off.

The surface condition after transferring the sample through air was tested in the
same x-ray cell using a special crystal holder which allows the crystal to be suspended
upside down with only the (111) face in contact with the solution. Cyclic voltammo-
grams (CV) were carried out in 0.01 M HCIO^ solution: the characteristic features of
the Au(l l l ) monolayer oxidation-reduction14 appeared after a few potential cycles
from -0.5 to 1.4 V. Our studies of the Au(l l l ) surface were carried out in the double
layer potential region.

The x-ray scattering measurements reported in this paper were carried out with
focused, monochromatic synchrotron radiation on Beamlines X22B (X=l.54A) and
X22C (X-1.24 A) of the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. At grazing incidence, the incident x-rays illuminate a region of
the crystal 0.5 mm wide across the entire crystal face (10 mm). For the present meas-
urements, the resolution within the scattering plane was determined by an array of
equally spaced parallel plates (Soller slits) which provide a 29 resolution of 0.1° half-
width-half-maximum (H.W.H.M.). This corresponds to a longitudinal in-plane resolu-
tion in reciprocal space of 0.007 A"1 H.W.H.M. at X-1.54A and 0.009 A"1

H.W.H.M. at X.-1.24 A. The transverse in-plane resolution is limited by the mosaic
spread of the crystalline order which is typically 0.025° H.W.H.M.. Normal to the
scattering plane, the resolution is determined by 10 mm detector slits located on the
four circle 20 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 the surface normal direction, it is convenient to use a hexago-
nal coordinate system4. The relationship between the cubic vector, (h,k,l) , . , and
the hexagonal vector (H,K,L) is given by the transformations h = -4H/3-2K/3+L/3, k =
2H/3-2K/3+L/3, and 1 = 2H/3+4K/3+L/3. In the grazing angle diffraction measure-
ments, the scattering profiles are measured in the (H,K) plane with fixed L, whereas in
the specular reflectivity measurements, the scattering intensity is measured along the
(0,0,L) direction.
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RESULTS AND DISCUSSION

The (23x^3) Reconstruction

A principle feature of the Au(l l l ) surface reconstruction is the uniaxial
compression of the top layer of gold atoms which forms a (p xV3) rectangular unit
cell as shown in Figure 1. Such a phase, incommensurate in only one direction, is
often called a stripe-domain phase. The dimensionless stripe separation, p, obtains a
minimum value of 23. Because there are three rotational equivalent domains, six
additional scattering rods are expected around each bulk reflection spot as shown in
Figure 2.

In Figure 3, 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 6 = 0.038 is the length of hexa-
gon side in dimensionless units3-4. The two surface reflections at largest wave-vector
transfer from the origin are the most intense and the two reflections with the smallest
wave-vector transfer are not observed. These intensity differences can be attributed to
the arrangement of atoms in the reconstructed unit cell (structure factor). At
sufficiently positive potentials, the additional peaks disappear completely and the
intensity at the (0,1) position increases. These facts indicate that the reconstruction is
lifted and the surface exhibits a ( lxl) structure.

A detailed study of the potential dependence of the scattering from the Au( l l l )
surface was carried out through the (0,1) reflection along the <1,1> direction which
we label as the qr axis in Figure 3. Along the qr axis, the in-plane projection of the
scattering wave-vector is given by (qr/^J,l+qr/^3). In Figure 4, we present the
measured scattering intensity obtained along the qr axis at L=0.2 at a series of
decreasing potentials between 0.1 and -0.6 V with an effective scan rate of 0.5 mV/s.
Above 0.10 V, the scattering is centered at qr = 0 corresponding to the (0,1) bulk
reflection. As the potential is reduced below 0.05 V, the intensity at 6 = 0.038 grows.
Concomitantly, the (0,1) reflection decreases in intensity. The position of the recon-
struction peak moves outward (increasing compression) as the potential is decreased.
The stripe separation, p = 1^3~/(26), and the correlation length of reconstructed
domains (proportional to the inverse of the diffraction peak width), are extracted from
the fitting of the scattering profile to the sum of two Lorentzians15 as shown by the
solid lines in the Figure 4.
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Further compression and increase in the correlation length (decrease of the peak
width) are observed in the following positive potential scan before the reconstruction
is lifted again at potentials above 0.1 V. The maximum compression and the highest
peak intensity are reached after several potential cycles between -0.8 and -0.1 V. We
refer to the potential cycling within the reconstruction potential region in order to
obtain the best surface ordering as "grooming" and the surface state where the max-
imum compression and correlation length are achieved as the "groomed" surface.
Detailed discussion about this kinetic behavior will be given elsewhere15. After
grooming, the maximum compression, corresponding to a stripe separation p = 23
(5-0.038), was found in HC1O4, NaF, LiCl, NaCl, CsCl, and NaBr solutions. That is,
neither cation nor anion species affects the reconstructed Au(l l l ) surface. However,
the reconstruction-lifting phase transition potential and the kinetics of reconstruction
varies with different anion species. These will be discussed in the next section.

The Effect of Anion Adsorption on the Phase Transition

Figure 5a shows the potential dependence of the scattering intensity at the recon-
struction peak position, (0.038/^, 1+0.038//3", 0.2), in 0.1 M solutions of NaF, NaCl,
and NaBr relative to the "groomed" intensity. In all three electrolytes, at a sweep rate
of 1.0 mV/s, the reconstruction starts to appear (negative ramp) within 0.1 V of where
the reconstruction starts to lift (positive ramp). These phase transition potentials (0.1
V (NaF), 0.0 V (NaCl), and -0.18 V (NaBr)) are indicated by the vertical lines. The
shifts of the phase transition potential are attributed to the anion adsorption. A
detailed comparison with interfacial capacitance measurements was carried out in
order to understand how the phase transition is affected by the anion adsorption.

Previous interfacial capacitance studies at the Au(l l l ) surface in salt solu-
tions^' 17 are reproduced in Figure 5(b) on a common potential scale. The capaci-
tance curve of 0.1 M NaF was derived by averaging capacitance measurements
obtained in 0.5 M solutions16 and in 0.05 M solutions17. Fluoride ions are considered
nearly nonadsorbing at gold electrodes because there is only a slight shift of the capa-
citance minimum with increasing the concentration. Chloride and bromide ions are
known to adsorb strongly on gold surfaces. The capacitance curves in Figure 5b for
the bromide and chloride anions were recorded with K+ and not Na+ cations16. There
is virtually no difference in these capacitance measurements when the cation is
switched between Na and K since both cations remain fully hydrated at the sur-
face18. For 0.1 M solutions, the adsorption starts to occur at about -0.10 V for
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chloride and -0.25 V for bromide which is indicated by the sharp increase in capaci-

tance.

From the correspondence of the transition potentials (Figure 5a) and the peaks in
the capacitance data (Figure 5b) it is clear that the shifts of phase transition potentials
are related to the adsorption of anions. However, it also shows that the anion adsorp-
tion cannot be the direct cause of lifting. For instance, in 0.1 M NaBr, the recon-
structed phase is completely stable up to -0.15 V where the capacitance measurement
indicates that a significant amount of Br" ions have already been adsorbed. On the
other hand, the reconstruction starts to lift in 0.1 M NaF at 0.1 V which is at a feature-
less region of the capacitance curve and very negative of the potential of zero charge
(PZC=0.37 V versus a Ag/AgCl reference electrode)17, where presumably no F" ions
are adsorbed.

In order to answer the question as to what is the real cause of the lifting of recon-
struction, the surface charge density curves as a function of applied potential, a(E), in
0.1 M NaF, NaCl, and NaBr solutions are shown in Figure 5c. The a(E) for 0.1 M
NaF was obtained by integration of the capacitance curve (in Figure 5b) from the PZC

E
to E, that is, o(E)** f C(E')dE'. The surface charge integration constants for the

FLC

chloride and bromide electrolytes were obtained by assuming that the surface charge
densities at -0.8 V (where both anions are not adsorbed) are the same as in the NaF
solution.

The corresponding surface charge for all three phase transition potentials, which
are indicated by the vertical lines in the Figure 5c, are about 0.07 e/atom. We note
that a positive electron density (e/atom) corresponds to a net negative charge on the
electrode surface. The common phase behavior as a function of surface charge den-
sity with different adsorbates suggests that the reconstruction-lifting phase transition
is driven by the excess surface charge. The shifts of the phase transition potential in
adsorbing electrolytes can be understood by their effect on the surface charge density.

In vacuum, a similar surface charge mechanism has been proposed for the Ag
(110) which reconstructs when a submonolayer of alkali metal is adsorbed19. The
relative surface energies of the (lxl) and the (1x2) structures as a function of induced
charge on the surface have been calculated using local-density-functional theory. The
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results19 suggest that increasing the electron density at the surface favors a more
densely packed (reconstructed) surface. Conversely, decreasing the electron density
stablizes the (lxl) structure.

Theoretically, it has been suggested that the mobile, delocalized sp electrons in
noble metals can accumulate into regions between the surface atoms20. This increases
the in-plane sp bonding and gives a tangential compressive stress. As pointed out by
Schneider and Kolb21 in the discussion of potential-induced reconstruction of the
Au(OOl) surface, the excess electron density of a negatively charged electrode is accu-
mulated in the valleys between the surface atoms. This leads to an increased attraction
between these atoms which favors a more densely packed reconstruction. Our results
at the Au(l l l ) surface suggest a similar mechanism for the electrochemically induced
lifting of the surface reconstruction. 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 reconstruction unstable in comparison to the (lxl) phase.
Similar cases have been found in vacuum. For instance, the chemisorption of S and Cl
on Ni(OOl) surfaces22 shows that the surface Ni-Ni bond strength is insensitive to the
strength of the adsorbate-Ni bond. Rather, the Ni-Ni bond strength depends almost
exclusively on the adsorbate coverage which controls the total amount of charge
removed from the metal.

From the above discussion, it has been demonstrated that the effect of anion
adsorption on the phase transition potential is due to the induced charge effect. In the
following, the reconstruction kinetics will be briefly discussed to show that the anion
adsorption has an effect on the reconstruction kinetics. Specifically, the reconstruc-
tion formation rate increases in the order of F" < C]~ < Br". 15 This fact is also
reflected in Figure 5a, where the increase in intensity is faster in NaBr and NaCl solu-
tions than in NaF at the same potential scan rate. The reason is believed to be the
enhancement of the surface mobility caused by a small amount of anion adsorption.
This is because (1) the biggest effect is observed at the potentials just below the phase
transition potential where some anion can still be adsorbed; (2) it has been found that
adsorption of trace amounts of chloride ions improves the surface mobility23-24.
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Surface Normal Structure - Reconstructions and Anion Adsorption

In this section we demonstrate that the surface normal structure at the
electrode/electrolyte interface can be determined from the specular reflectivity.
Reflectivity refers to the absolute 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 in this study is identical to previous
studies at the vacuum interface which have been reported elsewhere25. Briefly, the
reflectivity measurements were obtained by set ing the spectrometer to L and integrat-
ing the reflected signal in a 9 scan. In this piocecmre the data were corrected for back-
ground contributions and the incident x-ray polarizi tion25. In Figure 6, specular x-ray
reflectivity spectra are shown in KBr, NaCl, and NaF electrolytes along with several
model curves between L=0.2 and L=6.5. Detailed modeling and fitting procedure will
be reported elsewhere*5, but some of the key features of the data will be discussed in
the following paragraphs.

Near L = 0, 3, and 6 (H=K=0), there is a rapid increase in the scattered intensity
as the latter two peaks correspond to the cubic (1,1,1) and (2,2,2) Bragg reflections.
Between these peaks, the observed reflectivity is weak and depends on the interfacial
electron density profile along the surfacs normal direction15. In NaF solution, the
solution phase electron density profile should change very little with potential because
fluoride ions are nearly nonadsorbing and all three species, Na , F", and HOO, have
the same electron number (Z =10). Therefore, the differences in the specular
reflectivity profiles obtained in NaF at two potentials (filled circle for reconstructed
surface at 0.0 V and the open circle for (lxl) surfacs at 0.8 V) are primarily due to the
formation of the surface reconstruction. The specular reflectivity fro:a the recon-
structed surface exhibits an overall asymmetry in the wings of the (0,0,3) and (0,0,6)
Bragg peaks, being larger at smaller wave vectors. This is due to the 4.4% top layer
expansion as in vacuum4. To within our experimental statistics, the specular
reflectivities for the reconstructed surfaces in all three solutions and in HC1O4 have
similar line shapes, independent of potential. This fact supports the notion that the
cations are hydrated and not directly bound to the surface. On the other hand, the
reflectivity profile obtained in the (lxl) potential region (the open symbols) varies
with the anion species as shown in Figure 6.
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In order to verify that these differences are due to the adsorbed anions, we meas-
ured the potential dependence of the effective specular reflectivity26 at a fixed specu-
lar position, (0,0,2.2), (marked by the vertical line in Figure 6). The curves obtained
in 0.01 M solutions of KBr, NaCl, and NaF at a slew rate of 1 mV/s in both sweep
directions are shown in Figure 7. In the reconstructed potential region, the absolute
reflectivity equals 1.56 ± 0.05xl0~6 in all three solutions. The transition to the (lxl)
phase together with the anion adsorption causes a decrease in the intensity at (0,0,2.2).
The reflectivity decrease is most dramatic in KBr solution where the anion has the
largest atomic number. The drop of the intensity stops at about 0.3 V corresponding
the positive side of the capacitance peak in Figure 5b which suggests that the bromide
adsorption is nearly saturated at 'J.3 V. In NaCl solution, the capacitance peak extends
beyond 0.3 V and a continued increase in the adsorption coverage is expected above
0.3 V. This fact is clearly reflected in Figure 7. The reflectivity at (0,0,2.2) continuely
decrease between 0.3 V to 0.6 V in NaCl solution (solids line). Here the reflectivity in
the positive scan direction overlaps with that in the negative scan direction showing
that the anion adsorption is reversible. In contrast, reflectivities do not overlap for
both scan directions between 0.1 and 0.3 V since there is hysteresis associated with
the phase transition between the (lxl) and reconstructed surfaces.

SUMMARY

In this paper we have presented results of in situ structural x-ray scattering stu-
dies of the Au(l l l ) electrode/electrolyte interface. The top layer of gold atoms under-
goes a reversible phase transition between the (lxl) bulk termination and a (23x^3~)
uniaxial (striped) discommensuration phase on changing the electrode potential. The
shifts of the phase transition potential in the NaCl and NaBr solutions from the phase
transition potential in the NaF solution are due to the anion adsorption induced charge
effect. Adsorbed chloride and bromide monolayers have a pronounced effect on the
specular reflectivity profiles and hence can be monitored during a potential scan.
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Figure 1, In-plane hexagonal structure of the Au(111) surface. The solid
circles correspond to atoms in the second (first) layer. Surface atoms
(open circles) in the left and right hand sides of the figure are in
undistorted hexagonal sites (ABC stacking sequence) whereas in the center
of the figure the atoms are in faulted sites (ABA stacking sequence). For
24 surface atoms in place of 23 underlying surface atoms along the <11>
direction, the compression is 24/23-1=4.4% and 6 = (^3/2)/23 = 0.038.
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Figure 2, In-plane diffraction
pattern of the (23x^3)
reconstruction in hexagonal
coordinates. The solid circles
are at the periodicities from
the underlying bulk substrate.
Hie open symbols originate
from the (23x^3) reconstructed
phase with three rotational
equivalent domains.
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Figure 3, X-ray scattering equal
intensity contours in the vicinity
of the (0,1) reflection at L=0.5
measured in 0.01 M NaCI at
-0 .3 V.

Figure 4, Representative x-ray
scattering scans along the q
axis at L=0.2 in 0.01 M NaCI
solution at a series of potentials
chosen from scans between 0.1
to -0 .8 V in steps of -0 .05 V.
The solid lines are fits to a
Lorentzian line shape.
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(a) Scattering intensity of the (23x^3) reconstruction versus applied
potential in three 0.1'M electrolyte solutions at 1 mV/s. Scans started
from 0.6 V and switched the direction at -0.8 V. The scattering intensity
has been normalized to the "groomed" state.
(b) Capacitance of the Au(111) electrode versus the applied potential from
ref.[i6,17]. The potential has been converted from E^c to EwAaCi
by adding 40 mV. ^ ' ^
(c) Surface charge, 0"(E), of the Au(111) electrode versus the applied
potential in 0.1 M electrolyte solutions calculated from the capacitance
data in (b) by integration. The vertical lines indicate the phase
transition potentials in each solution.
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Rgure 6, Absolute specular x-ray reflectivity from the Au(111) surface
in 0.01 M solutions of NaF, NaCI, and KBr. The filled cycle corresponds
to the (23x^3) reconstructed phase obtained in NaF solution which
represents the results in all three solutions. The open symbols
correspond to the (1x1), surface phase. Rts to the NaF, NaCI, and KBr
reflectivities at 0.8 V, 0.6 V, and 0.5 V respectively are shown as the
solid lines. The dashed vertival line highlights the sensitivity of the
specular reflectivity at L = 2.2 to the anion adsorption. The intensity
variation at this position during a potential scan is shown in Figure 6.
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Figure 7, Potential dependence of the reflectivity at (0,0,2.2) on
an absolute scale in 0.01 M solutions of NaF, NaCI, and KBr in the
positive and negative sweep directions. The potential independent
reflectivity at low potentials corresponds to the reconstructed
phase. The decrease in intensity at high potentials corresponds
to the transition to the (1x1) state. Adsorption of anions in NaCI
and KBr solutions further decreases the intensity.


