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The mechanism of the early stages of the electrochemical faceting of Au(111) in 1 M aqueous sulfuric and
1 M aqueous perchloric acid was investigated, at room temperature, combining voltammetry, scanning tunneling
microscopy, and X-ray photoelectronic spectroscopy data. The analysis of the first electro-oxidation scan
indicates that the formation of OH- and O-electroadsorbed species is accompanied by 2D clustering. Subsequent
electro-oxidation scans involve the participation of deeper Au(111) atom layers. Clustering effects are favored
by the presence of specifically adsorbed anions. After the electro-oxidation scan, the subsequent fast
electroreduction of OH- and O-adsorbates initially produces spinoidal patterns that disappear by clustering,
2D metal island growth at different lattice levels, coalescence of islands, and 2D Ostwald ripening. This
complex mechanism involves the participation of cooperative surface phenomena. Repetitive electro-oxidation/
electroreduction potential cycling assists the formation of small 3D crystallites leading to Au(111) surface
faceting.

1. Introduction

Faceting has been defined as the break-up of a surface of
some arbitrary macroscopic orientation into a “hill and valley”
structure that exposes surfaces of different orientation.1 Faceting
can be produced perturbing the solid/environment interfacial
region by thermal treatment,2,3 potential-induced surface recon-
struction,4 adsorbate formation,5 or external pressure.6 According
to the perturbation routine, different interactions at the surface
level assist the development of faceting. In many situations a
lowering of the surface free energy has been considered as the
driving force for faceting, as occurs in the thermodynamic
separation of different phases, where each phase would be
related to a surface with a particular orientation. Then, the phase
diagram relevant for faceting are equilibrium crystal shapes.
However, faceting requires a relatively large contribution of
mass transport at the surface. Consequently, faceting often
occurs irreversibly when the environment of the surface is
changed, for instance, in the presence of impurities.

Generally, faceting is easily observable when facets have
reached the micrometer-scale, although at this length scale it is
difficult to describe the early stages of the process at the
molecular level. This situation, however, has changed from the
use of low-energy electron diffraction techniques and the
development of surface scanning probe microscopies that permit
the real space imaging of the surface morphology during
faceting.

The electrochemical faceting of both polycrystalline and
single-crystal metal electrodes in aqueous acids was described
several decades ago as a procedure to generate facets of definite
and predeterminable orientation, as well as the crystallographic

direction in which these facets lie.7-10 This can be easily
achieved by an appropriate choice of the electrochemical
parameters. In this procedure, as the initial crystal shape is far
from equilibrium, the surface free energy of the crystal is
lowered by increasing the net surface area to expose a weakly
disordered structure of facets present under equilibrium condi-
tions.11,12

Changes in the topography of Au(111) single-crystal sphere
electrodes prepared by the method reported in refs 13,14 and
immersed in aqueous acid solution by electrochemical faceting
were reported about a decade ago.10,15 This process depends on
the composition of the electrolyte solution, as expected, because
it occurs in the potential range where gold-anion adsorption
interactions play a key role in determining the behavior of the
electrochemical interface.16-21 It is well established that ionic
species with strongly bound solvation shells, such as perchlorate
ion, interact with the metal surface by electrostatic forces so
the excess concentration of the ionic species at a given potential
becomes independent of its chemical nature. Conversely, weakly
solvated ions form a chemical bond with the metal surface by
partly stripping their solvation shell. These ions, such as sulfate
and acid sulfate ions, are specifically adsorbed on gold.17,22,23

On the other hand, several atomic STM resolution and AFM
studies of differently prepared Au(111) single-crystal electrode
surfaces in aqueous acid have shown that under potential cycling
a number of modifications can be observed.16,24-30 Thus, the
Au(111) surface becomes rough and in part dissolves in solution
accompanying a single oxidation and reduction cycle. Experi-
ments made with Au(111) surfaces that have been prepared by
vacuum evaporation onto freshly cleaved mica also showed the
formation of both islands and pits of a single gold atom depth
(0.24 nm) after the oxidation-reduction cycling, although this* Corresponding author. E-mail: ajarvia@infita.unlp.edu.ar.
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surface morphology after a number of oxidation and reduction
cycles depends on the characteristics of the applied potential
routine.28,30 STM results have also shown that the gold oxide
layer is rough and amorphous consisting of small hillocks 0.10-
0.25 nm in height.30 Crystalline gold oxides are seldom referred
to in the literature. They are limited exclusively to those obtained
by hydrothermal synthesis.31,32

The dynamics of nanoscale island growth, stability, and
dissolution accompanying the potential-induced surface recon-
struction of Au(111) in 0.1 M aqueous perchloric acid has been
studied more extensively by potential pulse perturbed time-
resolved STM.33 These islands are metastable and dissolve with
time, and small islands decay faster than larger islands. Evidence
of electrochemical Ostwald ripening has been obtained, as even
under metastable conditions large islands frequently grow before
ultimately decaying. Perimeter detachment as a rate-determining
step provides a qualitative explanation for the observed decay
dynamics.

Despite the number of studies made on the electrochemical
faceting mechanism, this is still a matter of discussion.34-47

There is neither clear understanding of the early stages of anodic
formation of surface species at the levels of submonolayers and
a few monolayers nor the possibility of gold atom clustering in
the course of these reactions. The composition of these layers
in terms of OH- or O-species, and the change of the OH/O
surface concentration ratio with the applied potential and time
are still far from proven. Finally, there is no quantitative
evaluation about the influence of the metal-adsorbed ion
interaction on the entire phenomena. These issues seem to play
a key role in the electrochemical faceting of metals.

In this work attention is paid to the early stages of Au(111)
faceting, in either 1 M aqueous sulfuric acid or 1 M aqueous
perchloric acid, produced by single linear electro-oxidation and
electroreduction scans, including a holding time at each switch-
ing potential. The anodization potential range was selected to
produce adlyers from a fraction of a monolayer (ML) up to about
2.5 ML of an oxygen-containing adlayer on gold, whereas the
electroreduction potential range was limited to values in which
the oxygen-containing layer was electroreduced, in most cases
avoiding to reach the potential of Au(111) surface reconstruc-
tion. Topographic changes of Au(111) samples were followed
by in-situ scanning tunneling microscopy (STM) imaging, and
the composition of the surface layer, which was determined by
X-ray photoelectron spectroscopy (XPS). A reasonable correla-
tion between XPS and voltammetric data could be established.
This is a relevant starting point to advance our understanding
of the mechanism of the electrochemical faceting of metals.

Results reported in this work provide new information about
the mechanism at the early stages of Au(111) electrochemical
faceting. It starts with the formation of OH- and O-electro-
adsorbed species from the electro-oxidation of water, and the
simultaneous desorption of anions, and clustering of gold atoms
forming 2D islands covered by OH- and O-adsorbates. Subse-
quently, the initial stages of the electroreduction process involve
a nucleation and 2D growth of gold clusters followed by a
spinodal topography that disappear by clustering, coalescence
of islands, and Ostwald ripening 2D processes. The dynamics
of the electroreduced Au(111) topography at a 100 nm scale is
associated with a defined size distribution of clusters in which
the maximum cluster radius increases with time. This complex
mechanism, in which surface diffusion of adsorbates and gold
adatoms, influenced by cooperative phenomena, play a relevant
role, offers a reasonable explanation for the electrochemical
faceting of Au(111) in aqueous acids.

2. Experimental Section

2.1. Voltammetry. Voltammetric experiments were per-
formed in a glass electrochemical cell. For both voltammetric
runs and scanning tunneling microscopy (STM) imaging gold
films evaporated on borosilicate glass (Metallhandel Schroeer
GmbH, Germany) were used. These gold films were annealed
in a hydrogen flame for three minutes to obtain large Au(111)
terraces.

For the in-situ STM measurements gold films 1 cm2 exposed
area were used as working electrodes, and a 4 cm2 gold plate
and a palladium/hydrogen reversible electrode, properly arranged
into the cell, were utilized as counter and reference electrode,
respectively. For the XPS measurements, gold films of 0.26 cm2

exposed area were employed, high-area platinum grids and a
normal hydrogen electrode were used as counter and reference
electrode, respectively.

Aqueous sulfuric acid (1 M) and 1 M aqueous perchloric acid
were prepared from analytical reagents and MilliQ* water, and
used in all the experiments under oxygen-free nitrogen gas
saturation. Runs were made at room temperature, and potentials
in the text are given on the normal hydrogen electrode (NHE)
scale.

The potential routine applied to the working electrode
consisted of a first single voltammetric scan at V ) 0.10 V/s
covering from Ei ) 0.50 V up to an anodic switching potential
Eas in the range 1.41 e Eas e 2.00 V, including a potential
holding at Eas for the time tag (45 e tag e 750 s) to attain null
current. Occasionally, a complete voltammetric cycle from 0.80
V to Eas and backward to the cathodic switching potential Ecs
) -0.25 V was made. Schemes of these potential routines (I
and II) are depicted in Figure 1.

2.2. STM Imaging. STM imaging (in situ and ex situ) was
performed using a Nanoscope III STM (Digital Instruments,
Inc.) and commercial Pt-Ir nanotips covered with Apiezon wax
for insulation. Images were taken in the constant current mode
at both Eas (after the application of routine I) and Ei (after the
application of routine II). The scanning frequency was varied
in the range 5-10 Hz. Typical set point currents and bias
voltages were 5 to 10 nA and -0.15 to -0.25 V, respectively.
A large area platinum counter electrode and a palladium/
hydrogen reference electrode were used in the STM electro-
chemical cell. Samples from conventional voltammetry were
protected with a water drop before mounting for STM imaging.

Figure 1. Scheme of potential routines I (anodization) and II
(cathodization). The potential was held at the anodic switching potential
(Eas) for the time tag to form an anodic adlayer including its pre-selected
aging at constant potential. Ecs is the cathodic switching potential.
Vertical arrows indicate the time at which STM imaging and XPS
analysis of samples were performed.
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Changes in the topography of the working electrode produced
by the application of either routine I or II, were followed over
an area of about 100 × 100 nm2 in which a few terraces could
be distinguished.

2.3. X-ray Photoelectron Spectroscopy. The X-ray photo-
electron spectra (XPS) were recorded utilizing a PHI 5600
multisystem and a 350 W and 15 kV Al KR monochromatic
source. Each gold sample was systematically protected with a
water drop before placing it in the vacuum chamber. Spectra
were run under approximately 1 × 10-9 Torr in the main
chamber. Survey spectrum pass energy was 93.9 eV, whereas
for multiplex spectra the pass energy was 5.85 eV for Au4f,
and O1s and 29.35 eV for C1s and S2p. For the analysis of
spectra, the background correction was made using Shirley’s
method, and Gaussian-Lorentzian distributions were adopted.
All binding energies were corrected using the signal for
adventitious C1s at 284.5 eV as the inner standard. Quantitative
spectral data were obtained utilizing the PHI software that is
based on atomic sensitivity factors considering instrumental
factors and the specific transition parameters of each element.
Argon ion sputtering at 4 kV was done over some blank samples
to record the spectrum of very clean gold surfaces. Further
details about XPS experiments are extensively described
elsewhere.48

3. Results

3.1. Reference Voltammetry and Au(111) Topography. A
typical STM image of an unreconstructed Au(111) sample
surface (Figure 2a,b) consists of well-defined triangular terraces
of 100 nm average size limited by steps one or two gold atoms
high. At a higher magnification, each terrace exhibits the
hexagonal Au(111) lattice with the atom-atom nearest neighbor
distance, dAu-Au ) 0.29 nm (Figure 2c) that corresponds to
ideally terminated bulk Au(111) with an atomic surface density
of 1.35 × 1015 atom cm-2, at 298 K, defining the ML value at
the Au(111) crystal face. As seen from the cross section (Figure
2b) the fluctuation in flatness of these terraces is within 0.02-
0.03 nm.

To adjust the values of Ecs and Eas associated with the range
of the potential window in which the Au(111) surface
reconstruction49-53 is either produced or avoided, a typical in
situ single-cycle voltammogram was run at V ) 0.10 V s-1 in
1 M aqueous sulfuric acid from Ei ) 0.50 V to Eas ) 1.78 V,
reversed to Ecs ) -0.25 V, and backward to Ei ) 0.50 V (Figure
2d). It shows the small electroadsorption charge related to sulfate
ion adsorption, and Au(111) surface reconstruction in the range
0.50 e E e 0.90 V, followed by the two successive processes
related to the electroformation of an oxygen-containing
adlayer.17-19,44-48 The electro-oxidation of water commences
at E = 1.3 V and extends up to Eas ) 1.78 V defining an
asymmetric, sharp anodic current peak at 1.63 V. The corre-
sponding anodic voltammetric charge density is qa ) 0.454 mC
cm-2. The electroreduction of the oxygen-containing adlayer
produced in the reverse scan begins at Eas ) 1.30 V and is
characterized by a symmetric cathodic current peak at E ) 1.18
V comprising a cathodic charge density qc ) 0.443 mC cm-2.
Besides, in the potential range 0.60 e E e 0.80 V, the
voltammogram shows a small charge associated with reversible
Au(111) surface reconstruction and competitive sulfate ion
specific adsorption.23,50-53 Finally, for Ecs < 0 V, the hydrogen
evolution current increases exponentially as Ecs is shifted
negatively. The subsequent scan from Ecs ) -0.30 V upward
shows a small, wide anodic current peak related to the electro-
oxidation of molecular hydrogen accumulated at the interface.7,8

After this treatment, the STM image of the surface sample
(Figure 2e) consists of crystallites with rather diffuse borders,
and domains of unreconstructed flat terraces and others with
ordered “herringbone” structures. The corrugation of the surface,
as derived from the cross section of the STM image, is in the
range 0.09-0.l7 nm (Figure 2f), i.e., from a fraction up to the
gold atom radius, rAu = 0.145 nm. This figure is consistent with
the flatness of the reconstructed 22 × x3 surface of Au(111),
as well as with the separation distance of “herringbone”
structures that is close to 6.3 nm. The observation of recon-
structed Au(111) was an indication of the gold surface cleanness.

3.2. Voltammetry. Voltammetric experiments were made
utilizing annealed Au(111) electrodes their initial topography
being that already described in section 3.1 above. For both
aqueous sulfuric and perchloric acids, the voltammograms were
run at V ) 0.05 V s-1 according to routine I starting from Ei )
0.50 V up to different values of Eas, this potential was held for

Figure 2. (a) In-situ STM image (100 × 100 nm2) of the initial
Au(111) single-crystal surface topography in 1 M aqueous sulfuric acid.
Terraces separated by well-defined steps can be observed. (b) The cross-
over section analysis shows flat terraces separated by steps one gold
atom high, 0.24 nm, as indicated by arrow points. The average
corrugation of terraces is in the order of 0.01-0.02 nm as expected
for a very smooth surface topography. (c) STM image (2.7 × 2.7 nm2)
from a terrace depicted in (a). The hexagonal lattice of gold atoms
with the nearest neighbor interatomic distance dAu-Au ) 0.29 nm can
be observed. (d) In-situ voltammogram of a Au(111) single-crystal
sample in the STM electrochemical cell from Ei ) 0.50 V to Eas )
1.78 V, reversed to Ecs ) -0.25 V, and backward to Ei ) 0.50 V, at
V ) 0.05 V s-1. (e) In-situ STM image (100 × 100 nm2) of a Au(111)
electrode surface at Ei ) 0.50 V after the application of the potential
routine indicated in (d). Both reconstructed (parallel rows) and
unreconstructed gold surface domains can be observed. (f) Cross-section
analysis of the STM image depicted in (e). Terrace domains of different
corrugations can be seen. The small corrugation of lateral size 6.3 nm
(see arrows) corresponds to domains of the 22 × x3 reconstructed
Au(111) surface.
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tag, and then the potential scan was reversed to -0.25 e Ecs e
0.05 V. The value of Ei was slightly more negative than the
potential of zero charge of Au(111) in aqueous acids, Epzc =
0.55 V at 298 K,49 which lies in the double layer potential range
of the voltammogram. Blanks for both acids are depicted in
Figures 3a and 5b.

3.2.1. 1.0 M Aqueous Sulfuric Acid. Single sweep voltam-
mograms from either reconstructed or unreconstructed Au(111)
in aqueous sulfuric acid run from Ecs ) 0.05 V up to different
values of Eas show distinguishable features related to anodic
and cathodic processes that depend on Eas and tag. Thus, the
voltammogram run from Ei ) 0.50 V to Eas e 1.7 V, held at
this potential for tag ) 30 s, and backward to Ecs ) 0.05 V
(Figure 3b,c) shows a first current signal at 0.75 V associated
with the lifting of Au(111) reconstruction50-53 and the initiation
of sulfate ion specific adsorption,53-58 followed by an anodic
current peak at 1.65 V preceded by a small hump at ca. 1.50 V.
The reverse scan exhibits a single sharp cathodic peak at 1.15
V. In this case, for Eas ) 1.70 V, the anodic voltammetric charge
is qa ) 0.46 mC cm-2, a figure close to qa ) 0.444 mC cm-2,
the charge density calculated for one ML of oxygen atoms on
a Au(111) crystal surface.51-53

A similar voltammogram run to Eas ) 1.80 V (Figure 3d)
adds a complex cathodic peak at ca. 0.90 V that further increases
and extends to approximately 0.60 V as Eas is shifted positively
to Eas ) 1.90 V (Figure 3e). Otherwise, the voltammogram run
up to Eas > 1.90 V (Figure 3f) shows the increase in the current
related to the oxygen evolution reaction on a gold surface that
is already fully covered by an adsorbed oxo-hydroxide multi-
layer a few ML thick. In this case, the molecular oxygen

electroreduction limiting current that extends from E < 0.50 V
downward is related to the four-electron-transfer reaction
involving two consecutive electron-transfer steps.59,60 In contrast
to results obtained for Eas e 1.80 V, when Eas ) 2.00 V (Figure
3f), the voltammetric charge from the electroreduction of the
oxygen-containing layer contributes to the enhancement of the
cathodic peak at ca. 0.90 V.

Voltammograms forEas > 1.80 V show that the potential of
the current peak for oxygen adlayer electroreduction shifts
negatively as qa increases, in agreement with previously
published results.36-44 The dependence on Eas of the oxygen-
containing adlayer electroreduction charge density (qr) resulting
from the cathodic current peaks at 0.90 and 1.18 V is shown in
Figure 4a.

3.2.2. 1.0 M Aqueous Perchloric Acid. In general, the
voltammogram from an initially reconstructed Au(111) sample
(Figure 5a) in 1 M aqueous perchloric acid is comparable to
those described in 3.1.2 (Figure 5a). The voltammogram run
with the same routine described in 3.2.1 (Figure 5b) exhibits
small current instabilities in the range 0.50 to 0.90 V, which
are presumably related to lifting of the Au(111) surface
reconstruction.18-21 The formation of the oxygen-containing
layer commences at E ) 1.15 V. It is characterized by an anodic
current peak at 1.65 V that is preceded by a small hump. No
feature specific to perchlorate ion adsorption on Au(111) can

Figure 3. Voltammograms of Au(111) single-crystal electrodes in 1
M aqueous sulfuric acid run at V ) 0.05 V s-1 from Ei ) 0.5 V to (a)
Eas ) 1.80 V (blank); (b) 1.55 V; (c) 1.70 V; (d) 1.80 V; (e) 1.90 V;
(f) 2.00 V. Note the different current scales in the graphs. The
voltammograms change considerably with Eas.

Figure 4. Dependence of the amount of O- and OH-containing surface
species on the anodic switching potential. (a) Plots of qr versus Eas
from voltammetric data obtained in 1 M aqueous sulfuric acid as shown
in Figure 3. (9) qrOH; (b) qrO. Data obtained in 1 M aqueous perchloric
acid are depicted in the inset. (b) Plots of the height of deconvoluted
XPS O1s peaks related to the presence of OH (2) and O (9) surface
species versus Eas. The sum of oxygen species (%) OH + O (b) is
also plotted.
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be distinguished in the voltammogram. The reverse potential
scan shows a main cathodic current peak at 1.18 V. The
molecular oxygen electroreduction wave extends from E < 0.55
V downward. For the same Eas, the charge derived from the
voltammetric peaks at 1.00 and 0.50 V that corresponds to the
amount of oxygen-containing adsorbates on Au(111) in aqueous
perchloric acid is smaller than that in aqueous sulfuric acid.
Values of qr(0.90 V) and qr(1.18 V) at different Eas for Au(111)
in 1 M aqueous perchloric acid are shown in Figure 4a (inset).

3.3. STM Imaging. 3.3.1. Application of Routines I and II.
Influence of Eas. To investigate the electrochemical faceting of
Au(111) changes in the sample topography were followed by
STM imaging, first after the application of routine I from Ei )
Ecs to Eas and then, after the application of routine II from Eas
downward (see arrows in Figure 1). STM images of Au(111)
samples after the application of routine I from Ei ) 0.50 V up
to 1.53 e Eas e 2.00 V and potential holding at Eas for a preset
tag involve values of the degree of surface coverage by oxygen-
containing species (θoxy), varying from a subML up to adlayers
about 2 ML thick (Figure 4a).

The STM image, rather disordered and diffuse, is obtained
after the first electro-oxidation scan up to Eas ) 1.53 V and tag
) 20 s (Figure 6a). This image shows the formation of small
bumps, the appearance of randomly distributed holes of smaller
size than that of bumps, and steps somewhat distorted separating
terraces. As seen from the cross section analysis, the height of
these defects is close to the diameter of the gold atom, and the
corrugation at terraces is a fraction of gold atom size, as has
been reported for O-atom adsorbates on several metals.61

Conversely, the definition of the STM image resulting after the
subsequent electroreduction scan from Eas to Ei (Figure 6b) is
better defined. It shows the formation of bumps and holes 2-5
nm wide and about 0.24 nm high randomly distributed on
terraces containing about (3-7) × 104 and 200-500 gold atoms,
respectively, and a distortion of step edges. Both bumps and
holes tend to acquire a triangular shape. After the second electro-
oxidation scan, the STM image (Figure 6c) exhibits an increas-
ing destruction of step edges, terraces becoming rounded, and
a number of small diffuse bumps and holes, their cross section
being distinguishable from the noise of the preceding profile
(Figure 6a). The STM image after the subsequent electroreduc-
tion scan (Figure 6d) shows the formation of small crystallites
with neat faces and steps separating terraces. In contrast to holes,
which are randomly distributed on terraces and steps, only a
few small nanometer-sized bumps remain on terraces. Then,
the appearance of the surface can be described as a “Swiss
cheese-like” structure. The cross section analysis indicates an
early stage of faceting, i.e., small crystallites separated by holes
1-2 gold atoms deep. Holes of different size and shape, most

of them one gold atom high, are formed on terraces. It should
be noted that the electrooxidized Au(111) surface, in contrast
to the electroreduced one, exhibits a small corrugation noise
(about 0.05 nm) at terraces. A zoom of these features (Figure
6e) indicates a tendency to the formation of crystalline nanopits
with faces forming 30° angles or multiples of it. The coalescence
of a relatively large number of bumps generates continuous
grain-like surface domains (clustering) and holes of different
sizes from the nanometer-scale upward. After the third electro-
oxidation scan (Figure 6f) the image of the surface shows step
edges rather diffuse, and a sort of aligned diffuse wormlike
grains (clusters) at both the center and at the central upper part
of the image. After the subsequent electroreduction scan (Figure
6g) the image, at Ei ) 0.5 V, is qualitatively similar to that
shown in Figure 6e, but the shape and distribution of terraces,
bumps, and holes have changed drastically, although the height
of all these defects is always equal or close to one gold atom
height. It is interesting to observe that if the image of the same
surface domain is repeated 7 min later (Figure 6h), remarkable
differences in the topography reveal the occurrence of coales-
cence phenomena leading to changes in the number and size of
holes and bumps, as well as in the shape and size of terraces.
The cross section of the “aged” electrode shows an increase in
the overall surface smoothness.

The sequence of STM images after electro-oxidation from
Ei ) 0.50 V to Eas ) 1.65 V (θoxy f 1) is depicted in Figure
7. After the first electro-oxidation scan (Figure 7a), the surface
appears mostly covered by a large number of small clusters 1-2
nm in average size, either free or contacting neighbor clusters,
and a few bumps and holes 5-10 nm in average size randomly
distributed. A considerable number of small size clusters are
rounded while larger bumps tend to attain a triangular shape.
Terrace domains covered by small clusters exhibit a corrugation
of about 0.05 nm. The cross section analysis indicates that step
edges about one gold atom high are somewhat distorted. As
discussed further on, the small clusters with 0.05 nm corrugation
can be related to the presence of O- and OH-adsorbates. After
the subsequent electroreduction scan down to Ei ) 0.50 V
(Figure 7b), the small clusters disappear and the formation of
holes 1-10 nm in average size, irregular step edges, and some
rounded bumps about 10 nm in diameter can be seen. Holes
tend to be ordered in certain preferred directions, either
following step borders or forming angles with step borders that
are multiples of 30°. The average separation distance between
neighbor hole centers is close to 20 nm. The depth of holes
and the height of bumps are always in the range of one gold
atom height. The STM image resulting from the second electro-
oxidation scan (Figure 7c) repeats the small cluster-like structure
all over the surface including the inner part of holes. An
increasing density of clusters at regions closer to step edges,
and bump formation at terraces due to the coalescence of small
clusters are observed. Zoomed images (Figure 7c,d) show further
topographic details, such as the tendency to form crystal-
lographic holes. The subsequent electroreduction produces
drastic topographic changes characterized by the formation of
larger holes, the coalescence of holes yielding the “Swiss
cheese”-like pattern with new holes appearing at the level of
the second atomic lattice. At this stage, only a very few disklike
bumps remain on terraces and very smooth extended terraces
are formed.

After the third electro-oxidation scan (not shown) the
topographic features described above are maintained, and the
coalescence of small bumps yields a structure of parallel sticks
covering most of the surface including part of the hole bottoms.

Figure 5. (a) In-situ STM (100 × 100 nm2) of a Au(111) single-
crystal surface in 1 M aqueous perchloric acid at Ei ) 0.5 V. The 22
× x3 lattice of reconstructed Au(111) surface dominates the topog-
raphy. (b) Voltammograms of a Au(111) single-crystal electrode in 1
M aqueous perchloric acid run at V ) 0.10 V s-1 from Ei ) 0.50 V to
Eas ) 1.80 V, reversed to Ecs ) -0.30 V, and backward to 0.50 V.
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The cross section exhibits bumps and holes approximately one
gold atom high with a corrugation of about 0.1 nm. After the
electrochemical reduction, the “Swiss cheese”-like structure is
enhanced, the area of islands and holes tends to be of the same
size, the number density of holes penetrating one atomic layer
into bulk gold is increased, and a number of small clusters
covering the bare second and third gold layers can be distin-
guished. The corresponding cross section reveals that the
outermost planes of bumps are very smooth, but those of holes
exhibit a number of steps one atom high and a corrugation of
the order of 0.05-0.07 nm.

The STM images that resulted from the application of routine
I from Ei ) 0.50 V up to Eas ) 1.78 V and tag ) 30 s, (θoxy f
2) to a surface such as that exhibited in Figure 2e, showed a

topography of clusters of about 10 nm average size randomly
distributed and terrace domains with a small corrugation as
described above. After the application of routine II, a smaller
corrugation of the electroreduced surface was observed, the
shape of metal clusters became more neat, their average size
smaller than that determined for clusters after the electro-
oxidation stage, and their distribution tending to attain a certain
periodicity, as was seen from the cross section analysis.

The STM images resulting from experiments run on a flat
Au(111) terrace in 1 M aqueous perchloric acid by applying
first routine I from Ei ) 0.50 V up to Eas ) 1.78 V and tag )
30 s, (θoxy f 2) and then routine II showed features comparable
to those already described for 1 M aqueous sulfuric acid,
although the magnitude of topographic changes was much

Figure 6. In-situ STM images (100 × 100 nm2) of Au(111) after application of routines I (electro-oxidation) and II (electroreduction). 1 M
aqueous sulfuric acid; Ei ) 0.50 V; Eas ) 1.53 V. Routine I: First scan (a); 2nd scan (c); 3rd scan (f). Routine II: First scan (b); 2nd scan (d); 3rd
scan (g). Image (e) corresponds to a zoomed domain of image (d). Image (h) shows the topography of image (g) 7 min later. Note the small
corrugation resulting from the electro-oxidation scan (a,c,f), and hole formation (b,d,g) resulting from the electroreduction scan and their evolution
(h) observed afterward.
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smaller. The application of routine I generated both relatively
wide pits and a large number of small clusters. After the
application of routine II, the cross section analysis showed the
tendency to a topographic periodicity, which in part might be
due to Au(111) surface reconstruction, as the corrugation 0.042
nm was much smaller than the gold atom radius. From these
experiments one can conclude that the Au(111) surface atom
rearrangement in aqueous perchloric acid caused by the
electrochemical treatment is less significant than in aqueous
sulfuric acid.

3.3.2. Dynamic BehaVior of Au(111) Surfaces after the
Electrochemical Treatments in 1 M Aqueous Sulfuric Acid. The
sequence of STM images of the same surface domain (Figure
8a) taken after the second electroreduction scan from Eas to Ecs
) 0.50 V, holding at this potential for t ) 20 s (Figure 8b),
540 s (Figure 8c), and 660 s (Figure 8d), show new features of
the dynamics of the electroreduced Au(111) surface. One of
these images (Figure 8a) corresponds to the interruption of the
STM scan to visualize the transition between the electrooxidized
and the electroreduced domains (lower and upper part of the
picture, respectively) of the surface. Considering that for Figure
8a the scanning frequency is 8 Hz, the image reveals fast
changes in the number density, shape and distribution of holes
and islands, and shape of step borders that occur in less than 1
s. These changes would involve 2D coalescence of gold adatoms
and clusters, as well as competitive adsorption/electrosorption
of solution constituents. The rate of these processes decays
rapidly as concluded from images depicted in Figure 8b-d.
However, at longer t, as can be seen from the evolution of
marked domains in Figure 8b, those lakes initially formed by

coalescence of holes of smaller size, first reach a maximum
area (not shown), and later shrink at a rate much smaller than
the coalescence rate. From the cross section analysis of zoomed
STM image domains (Figure 8d) for t > 50 s, the directional
step edge displacement (Xd) data obey Xd versus tn plots with
exponent values in the range 0.25 e n e 0.35, as has been
found for Ostwald-type ripening phenomena.61 Accordingly, the
surface electroreduction reaction is accompanied by the occur-
rence of short- and long-time-range surface processes. These
processes would involve the displacement of atoms and clusters
on the surface, and the simultaneous adsorption of anions to
allocate gold adatoms into more stable lattice configurations.
These atoms either incorporate into the bulk lattice, or more
likely form clusters and faceted disc-shaped bumps with sizes
compatible with the minimum surface free energy.

On the other hand, a sequence of STM images of the same
selected surface domain after the second electro-oxidation scan
up to Eas ) 1.65 V (θoxy = 0.9) after tag ) 30, 360, and 800 s
(Figure 9a-c) shows that the upper surface of bumps tends to
become flatter, and the bottom of holes rougher as tag is
increased, the corresponding corrugation varying from about
0.6 nm up to one or two gold atoms high. Certainly, the presence

Figure 7. In-situ STM images (100 × 100 nm2) of Au(111) after
application of routines I and II. 1 M aqueous sulfuric acid; Ecs ) 0.50
V; Eas ) 1.65 V. Routine I: First scan (a). Routine II: First scan (b).
Images (c) and (d) correspond to zoomed terrace and step domains,
respectively, of image (b) after the 2nd electro-oxidation scan.

Figure 8. STM images (100 × 100 nm2) showing the evolution of
the topography of a Au(111) surface domain in 1 M aqueous sulfuric
acid after the application of the sequence routine I + routine II + routine
I + routine II. STM images of the same surface domain resulting at
the end of the second electroreduction scan (routine II) are shown. Ei
) 0.50 V; Eas ) 1.65 V; tag ) 20 s. (a) Image captured interrupting
the STM scanning to show the transition in the topography (indicated
by the arrows) from the ssecond electro-oxidation to the second
electroreduction scan. (b-d) Images of the same electro-reduced domain
at Ei ) 0.50 V after t ) 45 s (b); 540 s (c); 660 s (d). After
electroreduction domains of reconstructed Au(111) terraces can be
observed. The square domain drawn on image (b) was used to determine
the kinetics of long-time-range phenomena.
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of oxygen on the surface distorts to some extent the smoothness
of the surface as discussed further on.

3.4. XPS Data. A detailed XPS study of Au(111) samples
after being subjected to routines I and II, in either 1 M aqueous
sulfuric acid or 1 M aqueous perchloric acid, has been made to
complement this work. These data were extensively reported
elsewhere.48

3.4.1. 1.0 M Aqueous Sulfuric Acid. Reference XPS data were
obtained from an annealed Au(111) electrode in 1 M aqueous
sulfuric acid for tag ) 15 min at Eoc ) 0.80 V, a value close to
the open circuit potential of the system. The survey XPS
spectrum (Figure 10a) shows signals at 84.05 eV (Au4f7/2) and
87.70 eV (Au4f5/2) with fwhm ) 0.7 eV, in agreement with
reference data,54-57 and multiplex signals at 169.1 eV (S2p3/2),
532 eV (O1s), and 286.3 eV (C1s). The S2p3/2 signal is related
to the presence of adsorbed sulfate species. This signal was taken
as a reference for calibration of the surface coverage by
adsorbates. According to the literature,23,51-54 at Eoc ) 0.80 V
the largest coverage of Au(111) by adsorbed sulfate ions (θsulfate)
from aqueous sulfuric acid, θsulfate = 0.2, is attained. This value
decreases at potentials where sulfate adsorption competes with
the formation of the oxygen-containing layer.

The XPS of a Au(111) electrode potential scanned from 0.5
V up to Eas in the range 1.55 e Eas e 2.50 V and holding at Eas
for 30 e tag e 300 s (Figure 10b) shows the same Au signals
already described, and a multiplex O1s spectrum peak revealing
the existence of different oxygen-containing species on the
surface. The value of the oxygen-containing adlayer on Au(111)
was determined by integrating the anodic voltammetric charge
and considering qa ) 0.444 mC cm-2 for the oxygen-atom ML
on Au(111).29 The deconvolution of the O1s signal (Figure 11)
of samples electro-oxidized at different Eas suggests the presence

of four oxygen-containing species together with signals from
sulfate (BE ) 531.5 eV) and carbonaceous residues (BE ) 532.3
eV) (Figure 11). To discriminate those species specifically
produced by the electrochemical treatment from those resulting
from impurities coming from the environment, a correlation
between deconvoluted spectra and voltammetric electroreduction
peaks was established (Figure 4a,b). Thus, for Eas ) 1.55 V,
the first deconvoluted peak at 531.3 eV is assigned to C-O
species: the peak at 532.3 eV to sulfate adsorbates, the peak at
531.1. eV to OH-Au, and the peak at 533.3 eV to O-Au
surface species. The intensity of the latter is consistent with
the voltammetric charge of the electroreduction current peak at
1.55 V.

A summary of data derived from the deconvolution analysis
of the O1s signal is depicted in Figure 4b. The binding energies
(BE) of oxygenated surface species in 1 M aqueous sulfuric
acid, and the elemental adlayer composition are shown in Table
1.

3.4.2. 1.0 M Aqueous Perchloric Acid. Under comparable
conditions, XPS results for Au(111) in 1.0 M aqueous perchloric
acid are similar to those described in section 3.2.1, except for
the absence, as expected, of the sulfur atom signal. Thus, from
1.60 V e Eas e 2.00 V, after electrode emersion the XPS shows
all expected peaks, including the smallest contribution of O1s
and C1s peaks due to contamination by traces of chlorine- and

Figure 9. Evolution of the electro-oxidized Au(111) surface topography
for Eas ) 1.65 V. STM images (100 × 100 nm2) of the same domain
and the corresponding cross sections after tag ) 30 s (a); 360 s (b);
800 s (c).

Figure 10. (a) Survey XPS spectra. (A) Au(111) sample after argon
sputtering (blank). (b) Gold sample after immersion in 1 M aqueous
sulfuric acid, electro-reduced at 0.05 V for 2 min and removed from
the solution at 0.5 V. (C) The same treatment as in (B), but in 1 M
aqueous perchloric acid; 298 K. (b) XPS spectral regions of gold,
oxygen, carbon, and sulfur, and curve-fitting analysis after holding the
Au(111) sample at E ) 0.80 V for 15 min in 1 M aqueous sulfuric
acid.
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carbon-oxygen-containing species, respectively. The presence
of traces of chloride as an impurity from perchloric acid may
contribute to the formation of a weakly adsorbed layer that
presumably consists of chloride, perchlorate, and water.62,63 The
corresponding summary of data resulting from the deconvolution
of the O1s signal for Au(111) in 1 M aqueous perchloric acid
are assembled in Table 2.

4. Discussion

4.1. Preliminary Considerations. Both XPS and voltam-
metric data of anodized Au(111) depend on the strength of anion
adsorption on the substrate in agreement with the key role played

by anions at the polarized electrochemical interface that has
been discussed in earlier publications.23,50-53

For Au(111) in aqueous sulfuric acid, the specific adsorption
of sulfate ions starts at E = 0.35 V, i.e., on the negatively
charged surface (E < Epze = 0.5 V). Electrochemical data23,27,55

have shown that the surface concentration of sulfate species
initially changes slowly with E, it rises steeply for E > Epzc,
and finally, for E > 0.7 V, an ordered adlayer packing density
close to saturation is attained.19,55 The lifting of Au(111) surface
reconstruction occurs at very small coverages of adsorbed
sulfate.56,58 In-situ STM imaging of Au(111) immersed in
aqueous sulfuric acid has shown an order-disorder transition
in the sulfate/bisulfate adlayer.18,64 The ordered adlayers are
observed in the potential range where the Au(111)(1 × 1)
surface structure is stable.18,53,65 Similar ordered adlayer struc-
tures have been observed from Au(111) emersed from sulfate-
containing solution.18,23,66

The commensurate structure involves a maximum surface
coverage equivalent to θsulfate = 0.2, a figure significantly lower
than that expected for a close packed sulfate adlayer. This
adlayer consists of sulfate/bisulfate anions bound to the surface
with their oxygen atoms toward the metal surface, matching
the tetragonal symmetry of the anions and the trigonal (111)
surface lattice,18,23,66-70 in agreement with recent calculations
of the adsorption of sulfate adlayer on Au(111).67 A dynamic
model of the adlayer has also been proposed67-70 in which the
adlayer array consists of a sulfuric acid/water coadsorbed layer
via hydrogen bonding, similar to that of oxonion hydrogen
sulfate.70 This adlayer structure is stabilized by hydration on
top of the H2SO4/H3O+ layer. In contrast to aqueous sulfuric
acid, no definite ordered adsorbate layer on Au(111) could be
determined in aqueous perchloric acid. This fact points out that
the Au(111)-solvated sulfate/bisulfate interaction may depend
on the specific hydrogen-bonding capability of each anion.22

For 1 M aqueous sulfuric acid, the correlation between XPS
data for OH- and O-adsorbates on Au(111) and their electro-
desorption charge (Figure 4a) shows that the formation of OH-
adsorbates starts from 1.45 V, whereas the appearance of
O-adsorbates occurs from 1.55 V. The ML charge is attained
at 1.70 V, i.e., a potential close to the electroadsorption current
peak potential, the corresponding layer being made of 85% OH-
and 15% O-adsorbate. The OH/O surface concentration ratio
decreases as Eas is shifted up to ca. 2.00 V where a 2 ML thick
adsorbed film is formed, the composition of this film approach-
ing the ratio OH/O ) 1. At potentials above 1.80 V, in contrast
to the concentration of O-species that increases rapidly with
the applied potential, the OH surface concentration remains
almost constant.48

The above description provides an explanation for the
multiplicity of the O1s XPS signal from Au(111) anodized in
1 M aqueous sulfuric acid. In the absence of carbonaceous
residues, this signal involves the contribution of O-atoms from
sulfate/bisulfate adsorbates, electroadsorbed O- and OH-species
from water, and water itself, whereas for aqueous perchloric
acid, only the last two contributions are observed. It should be
noted that the XPS signal at 84.0 eV related to the formation
of Au(III) bulk oxide71 could not be observed in our experi-
ments.48 This might be due to the fact that only a thin amorphous
hydrous oxide layer is produced by anodization of gold, its
nature depending on the potential perturbation routine.72 Ac-
cordingly, these results and the presence of the XPS water signal
over the whole potential range (Figure 4b) confirm that the
anodic layer electrochemically produced on Au(111) for Eas >
1.60 V can be described as a hydrous amorphous oxo-

Figure 11. Deconvolution of the XPS O1s signal. Au(111) samples
treated in 1 M aqueous sulfuric acid as indicated in the text. (A) E )
0.80 V; (B) Eas ) 1.55 V; (C) Eas ) 1.65 V; (D) Eas ) 1.75 V; (E) Eas
) 2.00 V; (F) Eas ) 2.50 V. The deconvoluted XPS signals at 532.3
and 531.5 eV correspond to residual sulfate and carbonaceous species.

TABLE 1: Summary of the Deconvolution Analysis of the
XPS O1s Signala (The binding energy, the composition of
oxygenated surface species, and their percent elemental
adlayer composition (in parentheses) are indicated.)

binding energy of oxygenated species (eV)b

Eas (V) Au-H2O Au-OH Au-O
0.80 533.7 (1.6%) N.D. N.D.
1.55 533.3 (3.7%) 531.2 (1.4%) N.D.
1.70 533.3 (2.8%) 530.9 (4.9%) 530.2 (0.6%)
1.75 533.6 (1.9%) 531.2 (4.7%) 530.5 (0.9%)
2.00 533.6 (2.3%) 531.2 (4.3%) 530.6 (3.6%)
2.50 534.2 (1.8%) 531.7 (4.3%) 531.3 (8.2%)

a Au(111)/1 M aqueous sulfuric acid. Data are corrected for sulfate
ion adsorption as indicated in ref 48. b N.D. ) nondetectable.

TABLE 2: Summary of the Adlayer Elemental
Compositiona (Data from the deconvolution of the XPS O1s
signal. Au(111)/1M aqueous perchloric acid.)

binding energy of oxygenated species (eV)
Eas (V) Au-H2O Au-OHb Au-O

0.80 532.7 (3.1%) N.D. N.D.
1.60 N.D. 531.3 (0.7%) N.D.
2.00 N.D. 531.5 (2.7%) 531.0 (1.9%)

a N.D. ) nondetectable. b Adsorbed species related to the voltam-
metric electroreduction current peak at 1.17 V.
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hydroxide adlayer consisting of an Eas- and tag-dependent OH:
O:H2O concentration ratio. Then, the chemical composition of
anodic adlayers up to those slightly thicker than 1 ML is well
represented as a hydrous oxo-hydroxide layer, as has been
earlier concluded.73,74

4.2. Likely Complex Molecular Reaction Pathway at the
Early Stages of Anodic Layer Formation. 4.2.1. 1.0 M
Aqueous Sulfuric Acid. The voltammetric anodic current con-
tribution from Au(111) in aqueous sulfuric acid starts from ca.
1.45 V, i.e., a potential at which the saturation of adsorbed
sulfate on Au(111) is attained. The corresponding anodic charge
has been assigned to the formation of a first sublattice of
OH.34-45 Therefore, the first elementary step can be described
as the discharge of water on a positively charged Au(111)
surface partially covered by sulfate ions. For Eas = 1.45 V this
step can be formally represented by

In reaction 1, 3 Au(111) surface atoms on the average would
interact with one adsorbed sulfate, and one atom with one OH-
species. Adsorbates, gold surface atoms, and surface domains
are denoted in parentheses, brackets, and braces, respectively.
The half-life time of adsorbed OH on gold, estimated from fast
triangularly modulated triangular potential voltammetry for
aqueous acids is in the order of 1 ms at 298 K.37-39 The
relatively fast reaction 1 behaves as a reversible electrochemical
surface process.

For values of Eas = 1.65 V, i.e., close to the anodic current
peak, the second electron-transfer step involving water electro-
oxidation increases the surface coverage by OH- and O-
adsorbates. This process is accompanied by the desorption of
sulfate/bisulfate ions from Au(111), as has been concluded from
XPS data.48 This reaction can be written as

and

Reactions 2 and 3 involve complex competitive electrosorp-
tion processes and the displacement of the corresponding ionic
equilibria at the electrochemical interface.

In agreement with XPS data (Figure 4b), the ratio p/q
decreases as Esa is positively shifted. Then, as the oxygen ML
coverage is attained, both OH- and O-adsorbed species are the
main constitutents of the adlayer. Both adsorbates contribute
to the formation of the oxo-hydroxide layer at higher surface
coverages.47,58

The rearrangement of gold surface atoms has been described
as a replacement-turnover process associated with eqs 1 to
3.38-45 This process, which would involve gold atoms moving
up from terrace sites to step positions assisted by competitive
electrosorption involving either OH- or O-adsorbates, can be
written via reactions such as

and

In reactions 4 and 5 the double brackets indicate gold atoms
from the second layer moving upward to the top surface atom
layer, whereas OH- and O-species move slightly inward. This
rearrangement of surface species, as discussed further on, agrees
with the corrugation of anodized clusters described in sections
3.2.2 and 3.2.3. Reactions 4 and 5 occur in parallel with
reactions 1-3, and contribute to an increase in the disorder of
the Au(111) surface, as concluded from the analysis of STM
images. The free energy change involved in these reactions can
be estimated as referred to in section 4.3.

4.2.2. 1.0 M Aqueous Perchloric Acid. The weaker adsorption
of perchlorate ions on Au(111), presumably favored by co-
adsorption with traces of chloride impurity,62,63 would contribute
to the electrodecomposition of water yielding both OH- and
O-containing adsorbates at values of E lower than those resulting
for aqueous sulfuric acid. Therefore, reactions 1 and 2 can be
expressed as follows:

and

For reactions 6 and 7, the weaker perchlorate ion-gold surface
interaction would produce a slowdown of reactions 4 and 5,
and in this case, the number of gold atoms reallocated per
electron-transfer event becomes lower than that found in aqueous
sulfuric acid, as discussed in section 4.3.

As concluded from voltammetry and XPS data, in this case
the composition of O-containing adlayers a few monolayers
thick electroformed from reactions 2-7 is also consistent with
a hydrous AuOOH surface stoichiometry.

In conclusion, the early stages of the anodic layer formation
in both aqueous acids can be reasonably explained in terms of
competitive electroadsorption processes coupled to a gold
surface atom rearrangement. It should be noted that under our
experimental conditions, no Au(III) oxide phase can be detected
at the early stages of anodization, irrespective of the aqueous
acid. Hence, our results validate the reaction pathway that has
been proposed earlier by several authors from experiments
performed with either polycrystalline or single-crystal gold
electrodes.34-45 Recent data on self-assembled sulfate/bisulfate
adlayers on Au(111) allowed us to extend this reaction pathway
including the participation of those adlayers in surface electro-
chemical reactions. As will be seen, the new approach to the
molecular reaction pathway becomes useful to advance in the
understanding of Au(111) faceting.

4.3. Estimation of the Energy Change Associated with the
Initiation of Gold Atom Clustering. For 1 M aqueous sulfuric
acid, the correlation of XPS and electrochemical data (Figure
4) is consistent with the formation of OH-adsorbates via a
competitive electroadsorption process as was discussed above.
Let us then estimate the energy balance from the first anodiza-
tion scan up to two different values of Eas, i.e., 1.45 V (Figure
3a) and 1.81 V (Figure 3e). Thus, for Eas ) 1.45 V,
the anodic reaction starts from a Au(111) surface partially
covered by adsorbed sulfate ions

[[Au]]{[AuO]} w {[Au O][Au]} (5)

{[Au](H2O)[Au](ClO4
-)} + H2O )

{[Au](OH)[Au](H2O)} + ClO4
-(aq) + H+(aq) + e- (6)

{[Au](H2O)[Au](OH)} + H2O )

{[AuOH] [AuO]} + 2H+(aq) + 2e- (7)

{[Au3](SO4
2-) [Au]} + H2O )

{[Au3](SO4
2-) [Au](OH)} + H+(aq) + e- (1)

{[Au3SO4
2-][AuOH][Aux-2]} + 3H2O )

{[Au4(OH)4][Aux-2]} + SO4
2-(aq) + 3H+(aq) + 3e- (2)

{[Au3SO4
2-][AuOH][Aux-2]} + (p + q)H2O )

{[Aun-(p+q)][Aup(OH)p][AuqOq]} + SO4
2-(aq) +

8(p + 2q)H+(aq) + (p + 2q)e- (3)

[[Au]]{[AuOH]} w {[AuOH][Au]} (4)
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For Eas ) 1.45 V (versus NHE), the value of ∆Gel, the free
energy change associated with reaction 8, is ∆Gel ) -3FEas )
∆Gp - ∆Gr, where ∆Gp and ∆Gr stand for the free energy
change of products and reactants, respectively. Accordingly,
∆Gel ) -420 kJ mol-1. Let us further consider the enthalpy
change accompanying OH and sulfate adsorption, ∆Hf(Au-
OH) ) -142 kJ mol-1,75,76 and the adsorption energy for
sulfate/bisulfate on Au(111), ∆Gad ) -140 kJ mol-1 at ca. 1.0
V.18,51,53,64 Assuming, as a first approximation, that for both
adsorbates ∆Gf = ∆Hf, and disregarding the contribution of
HSO4-(aq) formation from H+(aq) and SO42-(aq) as ∆Gdiss )
-8.67 kJ mol-1,77 from the energy balance the energy difference
∆X ) -280 kJ mol-1 that would correspond to an excess of
energy to be used up for gold surface atom rearrangements.
Thus, as gold faceting involves surface stepping, let us take
the energy required for the creation of a single atom step on a
Au(111) terrace, that is ∆Estep = 4.4. kJ atom-1.78 Correspond-
ingly, the likely number of atoms involved in the rearrangement
of gold surface atoms per event, as represented by reaction 10,
is about 60. Furthermore, assuming a rounded 2D clustering,
the average diameter of each cluster would be on the order of
1 nm.

The same energy balance estimation can be made for Eas )
1.81 V. In this case, XPS and voltammetric data (Figure 4)
indicate that the anodic adlayer consists of OH- and O-species,
the latter being slightly in excess with respect to the former.
Therefore, the corresponding stoichiometric reaction can be
represented as follows:

Then, for Eas ) 1.81 V, and the value ∆Hf(Au-O) ) +27 kJ
mol-1 75,76 from the energy balance the value of ∆X results in
about 500 kJ mol-1. This figure would imply that the number
of surface atoms removed by each event expressed by reaction
9 is about 100. Accordingly, the average diameter of each round
cluster produced for Eas ) 1.81 V would result in about 2 nm.

A similar estimation can be made for Au(111) anodized in 1
M aqueous perchloric acid. In this case, the formation of OH-
electroadsorbates is represented by reaction 5, which involves
the electro-oxidation of water at the Au(111) surface

From voltammetry data (Figure 3), considering E ) 1.30 V
for reaction 10, and ∆Hf (Au-H2O) ) -50 kJ mol-1 75,76 one
obtains a value ∆X of about -33 kJ mol-1. This figure would
indicate that reaction 5 is accompanied by the formation of a
2D cluster consisting of 7-8 atoms. Likewise, at E ) 1.50 V,
considering the reaction

from the energy balance it results in ∆X ) -276 kJ mol-1.
This would mean that reaction 11 involves the clustering of
about 60-70 gold atoms.

These results indicate that the early stages of Au(111)
anodization are closely related to the initiation of faceting, a
process that depends considerably on both the interaction of
ionic and molecular species with the Au(111) surface and
applied electric potential, i.e., on the relative contribution of
the first and the second water electro-oxidation stage to the
overall anodization process. Certainly, in our case, the largest
efficiency of surface atom rearrangement is obtained in the
presence of specifically adsorbed sulfate/bisulfate ions on
Au(111).

4.4. The Early Stages of Faceting. The above molecular
approach offers a reasonable explanation to the first stages of
gold surface atom reordering produced by anodization, but is
insufficient to account for the evolution of topographic features
of Au(111) resulting from the global electro-oxidation and
electroreduction cycles. In fact, from the inspection of STM
images and depending on the time scale, different relaxation
processes taking place at the gold surface can be distinguished,
irrespective of both Eas and θoxygen. Results showed that the
transition from the electro-oxidized to the electro-reduced
surface (Figure 8a) involves a fast electron-transfer reaction in
agreement with electrochemical data,34-45 followed by surface
relaxation producing, at a lower rate, 2D islands and holes by
surface diffusion of either adsorbates or gold adatoms leading
in the long term to the appearance of somewhat regular patterns
(Figure 8b-d). These surface relaxation processes can be
observed in both the 10 s range and from 1 min upward. These
features, as well as the tendency to clustering of O-containing
adsorbates that is observed in the electro-oxidation scan, suggest
that the electrochemical faceting could be more realistically
discussed in terms of cooperative phenomena.

4.4.1. The Electro-oxidation Stage. The initial formation of
OH-adsorbates from water discharge at Eas ) 1.45 V undergoes
on the Au(111) surface partially covered by adsorbed sulfate
species, but as Eas is shifted positively and θoxy f 1, the
composition and structure of the OH/O-containing layer change.
In any case, the reproducible hysteresis-free adsorption isotherm
of the sulfate ion on Au(111)23,50-53 indicates that the influence
of this process on the kinetics of the global electroreduction
reaction is smaller than that due to anodic layer aging.79

As the surface concentration of OH-species increases, neigh-
bor OH-adsorbates would also contribute to adsorbate clustering
via reactions 1 and 2. The largest density of clusters occurs at
step borders (Figures 6 and 7) and their distribution at terraces
has been related to the mechanism of clustering.33,79,81 The
driving force for cluster displacement from terraces to step
borders on Au(111) has been assigned to the gradient of
chemical potential between terrace and step borders.81 Then,
clusters of OH/O-adsorbates can be considered as precursors
for the formation of the oxo-hydroxide layer.80,81

On the other hand, from the replacement-turnover processes
one would expect the emergence of steps one-gold-atom high,
i.e., a 0.24 nm corrugation at electro-oxidized terraces, a figure
that largely exceeds 0.05 nm as seen from STM images (Figure
12). This small corrugation in the step-terrace topography have
been observed for clean Cu(110) and Au(111)24,80,81 and
attributed to adsorbate-induced effects. In these cases, local
changes in the electronic structure produced by adsorbates are
reflected in local height variations in the STM image that do
not correspond to the topography of adsorbed species according
to their binding geometry. It has been proposed that the
corrugation generally increases with decreasing adatom negativ-
ity.82,84 This conclusion has been confirmed experimentally for
oxygen atoms on Ni(100).66,84,85 On the other hand, our terrace

Au3(SO4
2-)(aq) + 3H2O )

Au3(OH)3(aq) + SO4
2-(aq) + 3H+(aq) + 3e- (8)

Au(OH)+ Au3(SO4
2-) + 3H2O )

Au2(OH)2 + Au2(O)2 + SO4
2-(aq) + 4H+(aq) + 4e- (9)

{n[Au(111)]} + H2O )

{[(n - 1)Au(111)][Au(OH)]} + H+(aq) + e- (10)

{[(n - 1)Au(111)][Au(OH)]} + H2O )

{[(n - 2)Au(111)][Au(OH)][Au(O)]}+ 2H+(aq) + 2e-

(11)
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corrugation is in the range 0.035 nm like the theoretical
corrugation profile of the oxygen atom on Pd(111).87 Accord-
ingly, on increasing either Eas or tag, a relatively large fraction
of O-containing electroadsorbates on Au(111) would be pref-
erentially located on hole position.88 This is consistent with both
the multiplicity of current peaks in the electroreduction voltam-
mograms and the number of O-containing species on anodized
Au(111) at different Eas resulting from the deconvolution of
the O1s XPS signal. It appears that at more positive Eas and
larger tag, most of the OH/O-species are located on hole
position.88 Accordingly, the sequence of voltammetric electro-
reduction peak potentials for the various O-containing adsorbates
increases negatively in the order OH(on top) < OH/O(on hole)
< O(oxo-hydroxide) species.

It should be noted that the rate constant of the electron-transfer
step coupled to the replacement-turnover process is in the order
of 103 s-1,37-39 whereas the rate constant of the global relaxation
process involving surface gold atoms and adsorbate species is
estimated as 10-3 s-1, a figure that would depend on the solution
composition and characteristics of the potential routine. Relax-
ation processes at the anodic layer occur spontaneously under
open circuit as well as under applied potential conditions.37-39

4.4.2. The Electroreduction Stage. The electroreduction stage
can be globally represented by the reverse of reactions 1-4,
although definitely the initial topography of the substrate is not
recovered. Processes following the fast initial electroreduction
of the oxygen-containing layer involve the displacement of gold

atoms driven by chemical potential gradients at the gold surface
consisting of a redistribution of steps, terraces, and other intrinsic
defects, such as corners and kinks, and extrinsic defects
(impurities).

The first electroreduction step would involve the 2D nucle-
ation of gold adatoms from oxygen-containing gold clusters.
This process is often found in the electrocrystallization of metals
such as gold, platinum, and palladium,89,90 and can be followed
through the current transients run at different constant potentials.
However, the change in potential produced by routine II from
at Eas to E ) 0.50 V involves gold atom clustering, a local
accumulation of OH- at the reaction interface, and a change in
gold-sulfate ion interactions leading to a disordered adsorbate
layer. Then, the effect produced by routine II would be
comparable to a rapid jump of the system from a quasi-
equilibrium situation at Eas to a new one far from equilibrium.
This effect is reflected in the spinodal structure that can be seen
in the corresponding STM images (Figure 8). Then, the system
at Ei would evolve to a new equilibrium by successive steps
such as nucleous growth followed by the attachement of gold
adatoms to growing nuclei, island-island and hole-hole
coalescence phenomena, and Ostwald ripening, i.e., hole filling
by particle attachment to edges.91 The common feature among
these stages is the key role played by the surface diffusion of
gold adatoms and clusters. It is known that the rate of surface
diffusion of gold atoms on gold terraces and step edges is higher
than for inter-terrace jumping because of the existence of an
Erlich-Schwebel activation energy barrier,92 although the ratio
among the rate of these processes depends on the atom
displacement anisotropy.

Generally, a specific time scale is related to each successive
step leading to equilibrium, and when the discrimination of these
steps becomes possible, their kinetics can be studied independ-
ently. Usually, their corresponding rate equation is of the form
rate ≈ tn, with a specific exponent n usually ranging from 0.25
to 0.50.84,91,93 For convoluted phenomena these steps can be
separated as limiting cases after the knowledge of contributing
process by independent measurements becomes possible. For
this particular case, the evaluation of the distribution function
of islands and holes provides relevant information about the
time scale related to the different phenomena.

4.4.2.1. The Gold Cluster Distribution Function. The distribu-
tion function, f(r), of hemispherical gold clusters of radius r on
graphite has been evaluated by scanning transmission electron
microscopy94 and correctly interpreted with a 3D model based
on the following equation

where b is directly related to 〈r〉, the average cluster radius,
and N is a normalization factor. Then, it appeared reasonable
to attempt to extend eq 12 to the 2D clusters resulting from the
first stages of Au(111) faceting. For this purpose, let us express
f(r) as a distribution function, F(n), of the number of particles,
n, in the cluster, such as n ) Cr3, C being a proportionality
constant. Then, the expression for F(n) is

where N′ is a new normalization factor and â ) 1/b2C2/3. We
proposed that eq 13 describes the distribution of both 3D and
2D clusters. Thus, to obtain the distribution of radii of 2D
clusters, n ) Kr2, eq 13 should be written in terms of r. The

Figure 12. STM images (100 × 100 nm2) showing the change in
roughness of gold samples in 1 M aqueous sulfuric acid resulting from
the application of routine I. (a) Blank (rough surface). (b) Image
obtained after the application of routine I up to Eas ) 1.40 V. (c) Blank
smooth Au(111) surface. (d) Image resulting from the same routine up
to Eas ) 1.80 V.

f(r) ) Nr3 exp[-(r/b)2] (12)

F(n) ) f[r(n)] (dr/dn) ) N′n1/3 exp(-ân2/3) (13)
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resulting normalized single parameter equation is

The parameter R can be expressed as a function of rM, the value
of r that leads to the maximum of F(r) value, i.e.,

To compare experimental data to eq 14, F(r) was discretized
to obtain histograms with a number of counts per site appropriate
for a reasonable statistics. For this purpose, the value of 〈r〉 of
gold clusters measured from the STM images was taken to be
equal to the value of 〈r〉 derived from the theory. Then, the
relationship between 〈r〉 and R is

and from eq 15, it follows that

Thus, taking Γ(11/4) ) 1.608, the relationship between 〈r〉 and
rM results in

Accordingly, for the long time range, rM ) 1.23 nm; for the
short time range, rM ) 1.09 nm. Experimental data are

satisfactorily compared to the prediction of eq 14 as shown in
Figure 13. For this purpose statistical methods adequate for the
number of observations were considered.95

The evolution of the size distribution of clusters at constant
E indicates a decrease in the number of smaller clusters and an
increase of larger ones in going from t ) 31 s to t ) 1320 s.
Considering a selected range of 〈r〉, one can estimate a likely
value of the kinetic exponent n for the relaxation processes
occurring in the long time range. For this purpose, the
experimental and theoretical ratios N(r2)/N(r1)(exp) and N(r2)/
N(r1)(theo), respectively, and the ratio (t2/t1)n were evaluated
to obtain the most likely value of n. Results are assembled in
Table 3. They confirm that for the long-term relaxation processes
n is close to 1/4, as expected for a kinetics dominated by an
unidirectional displacement of reacting species on the substrate
along terrace steps,96,97 a process that for hexagonal substrates
such as Au(111) should be constrained by anisotropic corner
diffusion.92 The latter should play a key role in determining
the evolution of clusters to islands with a defined geometric
shape. Therefore, all these phenomena cooperate in the origin
of electrochemical faceting of the Au(111) surface.

In conclusion, the initiation of the electrochemical faceting
of Au(111) is to some extent comparable to the nucleation of
oxygen-induced surface reconstruction that has been investigated
for the Au(111) surface exposed to oxygen under pressure at
high temperature.98 As in electrochemical faceting, the oxygen-
induced restructuring of Au(111) leads to a periodic long-range
hexagonal superstructure with a length of approximately 10 nm

Figure 13. Size distribution function of gold clusters at constant
potential (E ) 0.50 V) for t ) 31 s and t ) 1320 s. Dotted lines
correspond to the theoretical distribution functions for the short (a)
and long time range (b), calculated for 〈r〉 ) 1.48 nm and 〈r〉 ) 1.68
nm, respectively. Full traces correspond to experimental data. Arrows
show the decreasing and the increasing number of small and large
clusters, respectively, that occur from 31 to 1320 s.

F(r) ) (4/3)R2r 5/3 exp(-Rr4/3) (14)

R ) (5/4)rM
-4/3 (15)

〈r〉 ) R-3/4 Γ(11/4) (16)

rM ) (5/4)3/4 〈r〉/Γ(11/4) (17)

rM ) 0.735 〈r〉 (18)

TABLE 3: Kinetic Relationships Derived from the Cluster
Size Distribution Functions Shown in Figure 14, for
Different Values of 〈r〉 at t1 ) 31 s and t2 ) 1320 s
〈r〉/
nm (t2/t1)1/3 (t2/t1)1/4 (r2) N(r1)

N(r2)/
N(r1)(exp)

N(r2)/
N(r1)(theo)

0.75 3.49 2.55 17.5 8.0 2.2 ( 0.5 2.7
3.50 3.49 2.55 3.0 1.2 2.5 ( 0.5 2.7
rM 3.49 2.55 25 13 1.9 2.7

Figure 14. Scheme of the gold phase formation stages involved in
the electroreduction of the oxygen-containing layers on Au(111) adapted
from ref 91.
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and a corrugation of 0.05 nm, these figures being close to those
reported in our work. This coincidence supports the initial
occurrence of a cooperative nucleation and growth process that
at longer times involves the participation of surface relaxation
phenomena as summarized in Figure 14. In electrochemical
faceting, at room temperature, kinetic data related to long-term
relaxation phenomena are consistent with those data earlier
derived from roughness relaxation of gold substrates.93,99,100
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