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1. INTRODUCTION

Many electrochemical processes still lack fundamental under-
standing, which is often due to the complexity of the involved
systems and the special challenges for in situ characterization. One
prime example, dealloying, also termed as selective dissolution or
leaching, is a specific corrosion process contributing to perilous
materials deterioration.1�5 About 25% of the huge cost to society
because of corrosion could be saved by better corrosion knowledge
and management.1 However, this process is also of pivotal
technological importance. Historically, dealloying was already
used in ancient societies,6 and in 1928, Raney invented the well-
known dealloyed catalyst Raney nickel.7 A similar methodology is
used today for the most active catalyst particles for the oxygen
reduction in fuel cells8�10 which are prepared by dealloying of a
Cu�Pt nanoparticle precursor. Several further applications from
catalytic materials to sensors11�20 were recently proposed for
nanoporousmetals which are obtained by dealloying of bulk alloys.
Despite the thus fundamental importance of dealloying, key features
are, with first successful steps, not yet predictable and often
unknown. Important issues are the structure, stability, and com-
position of the forming passive-like surface films or the processes
leading to their breakdown at the so-called critical potential (Ec).
While several important approaches have been discussed,21�25

only few atomistic simulations have been performed.26 Also the
critical pit diameter as well as related surface and interface energies
were considered in a purely thermodynamic approach.24,25 How-
ever, also the role of kinetic effects and surface diffusion was often
emphasized in dealloying.27�32 Microscopic atomic-scale observa-
tions, also needed to evaluate any simulation result, are still rare
but will benefit the understanding of stability of structural materials
as well as of catalyst alloy nanoparticles.

The simplest scenario of dealloying occurs, if a binary alloy of
elements with sufficiently different equilibrium potentials is
exposed to an acidic electrolyte in which no stable bulk oxide
is formed. Cu and Au are elements of largely different equilibrium
potential values (Ee). Also they possess a large difference in
respective lattice parameters (13%) which makes the initial
processes of dealloying in this system naturally addressable by
X-ray diffraction. Above Ec, the entire crystal transforms into a
nanoporous network of the nobler element.33 Below Ec, themore
reactive element (here Cu) of a freshly exposed Cu3Au alloy
initially dissolves, but a passive noble metal film is formed.34

With the initial dissolution of Cu above Ee, an epitaxial ultrathin
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Au-rich layer forms35�38 possessing an inverted CBACB stacking
sequence compared to the L12 Cu3Au (111) substrate (ABC...).
The ultimately important potential region closer to and at Ec has
to our knowledge not been probed in detail before. Knowledge of
the developing chemical surface compositions as well as struc-
tural surface investigations were still missing. Here we present a
comprehensive experimental study observing selective dissolu-
tion from a bare Cu3Au (111) surface in pure 0.1 M sulfuric acid,
as well as with a hexadecanethiol-modified28 starting surface in
the entire passive-like region up to Ec. The applied thiol self-
assembled monolayer (SAM) suppresses Au surface diffusion
and allows thus to directly visualize corrosion inhibition and its
atomic-scale effects, opening at the same time a route to achieve
peculiar surface morphologies.

2. EXPERIMENTAL SECTION

The Cu3Au (111) single crystals were obtained from MaTecK,
Germany, and SPL, the Netherlands. The surfaces were prepared by

sputtering and annealing cycles in UHV. Cu3Au possesses an ordered
structure (fcc-like L12) at room temperature. We note that our experi-
ments are not sensitive to the influence of the ordering state of the
Cu3Au substrate as we did not attempt to obtain a well-ordered
superstructure with large domains which would require a very accurate
control of annealing temperature over many hours.35 To recover a
moderately corroded surface, typically a few sputter/annealing cycles
were applied. More deeply dealloyed surfaces had to be repolished. The
hexadecanethiol-modified surface was obtained by immersing a well-
prepared Cu3Au (111) crystal in a hexadecane- thiol containing ethanol
solution for several hours. The in situ X-ray measurements were
performed at the 6-circle diffractometer of the beamline ID32 at the
European Synchrotron Radiation Facility (ESRF), using an X-ray energy
of 18.2 keV (λ = 147 pm). The beamwas focused to a vertical spot size at
the sample of 40 μm by a set of compound refractive lenses (CRL) at a
focal distance of 15 m from the sample. An incident angle of 0.3� toward
the surface plane was chosen. For indexing the reciprocal space we used a
coordinate system HKL that was adapted to a hexagonal surface
primitive cell such that the reciprocal L-coordinate was oriented along
the surface normal.37 The reciprocal positions are indicated in relative
reciprocal units (rlu) with respect to Cu3Au substrate coordinates. For
experiments, the samples were mounted on a thin-film in situ X-ray
diffraction cell that was described previously.39 For the ex-situ AFM
images a Dimension 3100 from Molecular Imaging Corporation
(Tempe, AZ, USA) was used. The in situ electrochemical STM-study
was carried out with a commercial instrument, PicoSPM fromMolecular
Imaging with a Nanoscope electronic controller. All images were taken
in constant current mode with IT = 1 nA. The STM tips used for the
experiments were made of Pt/Ir wire, etched in a 3.5 M NaCN solution
and isolated by an electrochemical coating (ZQ 84-3225, BASF,
Munster, Germany).40 A Pt wire was used as a counter electrode and
a microreference electrode was used as reference electrode. Auger
electron maps were recorded by using a JAMP-9500F scanning Auger
microprobe (JEOL, Japan) with an electrostatic hemispherical analyzer.
Depending on the signal-to-noise ratio an electron beam of 25 kV and
10 nA or 15 nA at an angle of incidence of 30� was applied. These
acquisition conditions lead to high spatial resolution with probe
diameters of about 10 nm. More experimental details are available as
Supporting Information.

3. RESULTS

3.1. Detailed Surface Analysis at Lower Overpotentials.
After contact with electrolyte initial selective Cu dissolution takes
place and proceeds until a Au-rich passive-like film covers the
surface. Surface-sensitive X-ray diffraction (SXRD) results37

showed the formation of a Au-rich layer at these lower over-
potentials, but so far no direct information of the chemical
composition and especially the homogeneity and local surface
evolution along the surface was available.
The chemical composition variations along the surface have

now been probed by ex-situ scanning Auger electron microscopy
(SAEM) with a lateral resolution of about 10 nm (Figure.1). The
scanning electron microscopy (SEM) image in Figure.1a repre-
sents the exact area in which the Au Auger line (Figure.1b) and
Cu Auger line (Figure.1c) was recorded. The insets show the
respective additional high-resolution parts of the Auger signal.
The signals at different positions on the surface show a laterally
homogeneous Au enrichment at that early stage (200 mV, 1 h).
The map reflects the statistical fluctuations of the measurement
and a quantitative line analysis of separately recorded high-
resolution spectra (cp. Supporting Information Figure S1) is
consistent with one atomic layer of pure Au. At more elevated

Figure 1. Ex-situ elemental analysis by scanning Auger-electron micro-
scopy of selectively dissolved Cu3Au (111) surfaces in 0.1 M H2SO4.
Color code is from minimum to maximum signal at each map and
potential. The specimens were polarized 1 h at lower potentials (a�c)
200 mV and (d�f) 300 mV. The SEM images and respective elemental
maps of the same area of Au and Cu along with corresponding spectra
(insets) are shown. The colored arrows in the SEM images indicate the
positions for the respective inset Auger spectra. Potentials are referenced
to a Ag/AgCl electrode.
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potentials (300 mV) the situation changed considerably as
indicated from Figures 1d�f. The known island formation visible
in the SEM image corresponds very well to the Au and Cu Auger
signals revealing a nearly pure Au signal from the formed islands
and to the signal from also largely Au-enriched valleys between
the islands. The visible islands correspond well to nearly pure
25 nmwide and 3 nm thick Au islands, and the deeper parts are in
line with a relatively thin (1 nm) film. Figure 2 shows an overlay
of the respective Cu and Au Auger maps. The color range of the
images is from theminimum to themaximum signal values on the
respective samples with the maximum Cu signal being much
lower at 300 mV (Compare the inset spectra shown in Figure.1).
The Cu signal clearly vanishes with increasing time and potential,
but with a different rate at different locations. While in electrolyte
the surface-atom mobility of Au41 is high, we can safely assume
the surface structures to be sufficiently static on the time-scale of
the Auger microprobe measurements in vacuum. Together with
our earlier X-ray results (showing no intermediate intensity
between the respective reflections) it therefore becomes imme-
diately clear that a metallic passive-like Au-rich film is finally
covering the entire surface. This observation reminds of earlier
simulation results for a case below Ec for the Ag�Au system.27

In situ STMmeasurements were performed in the same lower-
potential regime to address the changes in local morphology of
the Cu3Au (111) surface during Cu dissolution. Figure 3 shows a
selection of the obtained potential-dependent STM images of the
alloy surface. Supporting Information Figure S2 shows an
extended sequence. With UHV preparation, the alloy surface
consists of flat monatomic terraces. After immersion of the
sample in electrolyte, the terraces and step edges show initiation
of the selective dissolution (due to dissolution of surface oxides
formed during the short transfer in air), leading to small pits of
monolayer depth on the surface. With the increase in potential,
the terraces become smoother again, reflecting the high Au
surface diffusion in electrolyte (Figure 3a and b). The relative
compactness of areas of the second atomic layer was clearly
visible after partial dissolution of the topmost surface layer
above. The associated relative stability (enrichment in Au atoms)
of the lower terrace points directly to an exchange of Cu and
Au atoms within the top and second layer during dissolution
of the top layer (interlayer exchange). At slightly elevated
potentials (Figure 3c and d) the surface showed substantial
roughening with an evident increase in depth of the nanometer-
scale pits, that is, the dissolution process reached deeper into the
material. The increasing roughness hindered further in situ STM
imaging. This is also the potential regime where the formation of
Au islands was observed37 by surface-sensitive X-ray diffraction.

These islands inherited the reversed stacking behavior of the
ultrathin film. Noteworthy is that the deduced rms roughness of
the island-covered surfaces of 1.7 nm is below the observed film
thickness (2�3 nm). The detailed Auger microprobe data comple-
ment the morphological information from the in situ STM and the
earlier (laterally averaging) X-ray data in an unprecedented way:
Even on the nanoscopic scale a laterally continuous nearly pure Au
layer is formed on the surface already at low overpotentials.
3.2. Medium Overpotentials and Critical Potential. Pro-

nounced dealloying irreversibly alters and destroys the elabo-
rately prepared single crystalline surface. Also eventually increas-
ing surface roughness interferes with many high-resolution
(in situ) methods e.g. with scanning probe techniques. Therefore
higher overpotentials close to or above Ec had not been applied
before, although especially the structural changes around the
critical potential aremost interesting. X-ray diffraction offers here
clear advantages and addresses the topmost surface as well as
buried structures below eventual surface layers. Additionally for
Cu3Au (111), the stacking-reversed initial layers offer to track the
surface structures and their growth behavior in a very unique way.
The respective Bragg peaks are well separated from substrate
intensity and are therefore clearly to detect.
In Figure 4a reciprocal space KLmaps around the (0, 2, 1) and

(0, 2, 2) substrate positions at different potentials are shown. The
reciprocal space is sketched in Figure 4b for comparison. A low-
intensity streak decreasing with higher L-values in the left map
(�100 mV) at K = 1.92 rlu is already visible after immersion into
electrolyte at �100 mV. Such monotonically decreasing X-ray
intensity (showing no oscillation of Bragg peak) perpendicular to
the respective surface is the direct signature of a single-monolayer
(ML) film. Together with relative high background intensity
originating from an incomplete, rough surface this directly points
to the presence of some patches of 1 ML-thick Au-rich islands
and corresponds very well to the described STM images. With a

Figure 2. Overlay of the respective Cu and Au scanning auger maps of
Figure 1 after 1 h at 200 mV (a) and 300 mV (b).

Figure 3. Selection of in situ STM images (500 nm �500 nm) of
selective dissolution of a Cu3Au (111) surface in 0.1MH2SO4. (a) +270
mV, t = 174 min, (b) 330 mV, t = 183 min, (c) 470 mV t = 211 min, (d)
510 mV, t = 263 min. All potentials are referenced to a Ag/AgCl
electrode.
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reciprocal position atK = 1.92 the Au-rich monolayer assumes an
in-plane lattice parameter nearly identical to the values observed
for the slightly thicker 2�3 ML CBA films37 with K being about
1.90 rlu. For comparison, the (2, 2, 0) planes of pure Au have a
distance of 144 pm, which corresponds to K = 1.84 rlu. The
deviation for the ultrathin layers have been attributed partially to
a residual Cu content of up to 30% as well as to strain caused by
the lattice mismatch at the interface with the substrate and to
surface stress. At 450 mV the surface is mainly covered with thin
stacking-inverted Au-rich islands (CBA-stacking) resulting in the
strong broad peak at L = 0.8 rlu. In the final map of Figure 4a at
600mV the dominant peak is at L= 1.84, corresponding to nearly
pure epitaxial, ABC-stacked Au structures. The relative sharp
peak is close to the substrate peak at L = 2 (substrate
orientation). We thus monitored a change in respective crystal-
lite orientation from CBA to ABC. The corresponding Bragg-
peaks are well separated and no interdiffusion zone21 is found.
Intermediate intensity between Bragg peaks would be typical for
further intermediate Cu�Au compositions. Figure 4c represents
a sketch of the evolving surface morphology. The respective ABC
Bragg peaks are sharper in L-direction than the CBA island peaks
and are finally approaching the width of the corresponding in-
plane scans and becoming isotropic in shape. The corresponding

ABC islands (or “substrate-oriented ligaments”) are thus thicker
than the initial, inverted Au CBA islands. Such an isotropic peak
width is in line with the formation of ligaments of a porous Au
structure as it is observed above the critical potential.33,42 This
final growth stage proceeds close to the critical potential. A direct
potential step to a higher potential of 550mV, applied to a freshly
prepared surface, results in the same structures than in the case of
a gradual, stepwise increase (Supporting Information Figures S3
and S4). Our experiments therefore reveal that also for direct
potential steps the same sequence in structures occurs and that
the formation is mostly dependent on the applied potential and
less on time. The respective structures form successively, that is,
with increasing thickness of the surface layers. Voltammograms
are reported to overestimate the value of Ec by about 150 mV

43,
and we can expect the true Ec to be around 650�700 mV.
The described change in crystallite orientation at higher

potentials can be associated with an increasing importance of
an interlayer exchange process (as it was observed in the in situ
STM at lower potentials above) in addition to the dominating
surface diffusion. An interlayer exchange process can preserve the
orientation of the substrate for the new Au phases. The substrate-
oriented ABCAu structures only emerge after a complete layer of
stacking-reversed CBA Au islands has formed on top of the
substrate surface. The initial CBA layer quickly vanishes at higher
potentials close to Ec.
3.3. Dealloying Behavior of Thiol-Modified Surfaces.Thiol

self-assembled monolayers (SAMs) can be considered as well-
defined model corrosion-inhibition systems and allow here for
directly probing the effect of (suppressed) surface diffusion28,41

on the forming surface structures.
In the first cycle of the voltammogram for a hexadecanethiol-

modified surface (Figure.5) the “critical” potential with a value of
about 1 V is shifted anodic by about 100 mV compared to the
behavior in pure sulfuric acid24,28,44 where the critical potential
was at about 800�900 mV. In the second cycle, the critical
potential in pure sulfuric acid is reproduced and the current rises
steeply after reaching 900 mV. The inset of Figure.5 shows an
SEM image of the surface after the potential cycles. The surface is
covered by defects or microcracks with a nanoporous interior,
instead of usually obtained homogeneous porosity. Nanoporous
Au occupies a smaller volume than the initial alloy33 and cracking
accordingly reveals the formation of large strain created close to

Figure 5. Cyclic voltammograms obtained for hexadecanethiol-
modified Cu3Au (111) single crystals in 0.1 M H2SO4. The scan rate
was 10mVs�1. All potentials are referenced to a Ag/AgCl electrode. The
inset shows an SEM image of the Cu3Au (111) single crystal surface after
recording the cyclic voltammograms. More details on thiol-modified
surfaces are given in Figure.6.

Figure 4. In situ X-ray diffraction results. (a) Out-of-plane reciprocal
space maps showing the initial crystalline structure of Cu3Au (111)
at �100 mV, the formation of thicker Au islands at 450 mV (CBA-Au
peak) and substrate-oriented peak at 600 mV (ABC Au). The growth of
the substrate-oriented ligaments above 450 mV (ABC-Au peak) pro-
ceeds at the expense of the initial CBA-Au islands. (b) Sketch of
reciprocal space of Au/Cu3Au (111). (c) Sketch of the growth of surface
structures as a function of time and potential.
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the actual dissolution sites. Clearly, the SAMs tremendously
stabilize the surface as no island formation, nanometer-scale pit
formation or porosity is observed on the thiol-covered, defect-
free surface even after applying these high potentials. The
dissolution is concentrated to a few crack sites, which are formed
every few micrometers. The respective current�potential cycles
for the thiol-modified surfaces and the apparent “critical” poten-
tial reflect thus an entirely new mechanism and also a unique
surface morphology compared to the usual creation of homo-
geneous nanoporosity in this system. Atomic scale information
on a thiol-modified Cu3Au (111) starting surface could be
obtained by ex-situ STM, and during dealloying for the entire
passive potential range by in situ SXRD. The ex situ STM image
in Figure 6a shows a thiol-induced superstructure, that is, a self-
assembled monolayer basically in a

√
3�√

3 structure, but very
small domains and poor order. The alloy surface show mona-
tomic islands but is densely covered with thiol molecules.
Structural information is revealed by the out-of-plane in situ
SXRD scans in Figure 6b. The first scan after immersion at low

potential indicates already an initial ultrathin Au-rich film which
is likely induced by Au segregation due to a preference of the
thiol�Au (sulfur�Au) bond over the Cu�S bond during the
thiol SAM chemisorption. The ultrathin layer in real space is
evidenced by the broad peak (ΔL≈ 1) in reciprocal space.With a
first increase of the applied potential, further growth of the signal
from the CBA layer could be observed together with a gentle
narrowing of the peak width. The low intensity close to L = 2 rlu
stems from the background of the large Cu3Au substrate peak at
(0, 2, 2). The first signal from substrate-oriented ABC Au
ligaments is emerging only at a well-elevated potential of 750mV.
The peak width is immediately much sharper for the Au
ligaments. The transformation potential on a hexadecanethiol-
modified surface is about 300 mV higher than that of the
corresponding bare Cu3Au (111) surface. Furthermore, the
initial nearly pure Au layer is still stable at this high potential
and consists of several atomic monolayers. Thicker Au islands are
not formed. The analysis of the diffraction peaks reveals a
thickness of 5�7 ML of a nearly pure Au layer, in contrast to
the thiol-free surfaces with 3 ML (ultrathin Au-rich layer) or the
subsequent Au islands of about 12�15 ML thickness. In addi-
tion, the intensity from the inverted initial CBA Au film (inverted
stacking) is not decreasing with the formation of porosity at
potentials as high as 900 mV. The surface film structure is
stabilized in a way that the initial CBA film is present even above
the apparent Ec. Thiols are known to suppress the surface
diffusion28,45 and a ripening process is thus strongly decreased.
Figure 6c sketches this mechanistic sequence for the thiol-
modified surface. Figure 6d and e show the cracks and their
nanoporous core after dealloying. The nature of the initial defects
at the sites of crack formation is here not completely clear, but
their average distance is far larger than the typical domain size of
the SAMs (Figure.6a) and thus not associated to typical struc-
tural defects such as domain boundaries of the SAMs. Compared
with the otherwise homogeneous formation of nanoporosity, the
dealloying mechanism is clearly altered for the thiol-modified
surfaces. As a consequence such thiol inhibition layers might be
applied to structure surfaces and create nanoporous regions only
at desired locations.

4. DISCUSSION

A detailed knowledge of the surface structure and composition
is key to the understanding of the operational parameters of
dealloying. Residual reactive elements as well as surface strain will
alter the reactivity and functionality.9,17,46 With its peculiar
sequence of initial structures, Cu3Au (111) represents a unique
model case for addressing the mechanisms of dealloying in an
unprecedented way. During the first steps of dealloying the
surface evolves by stripping of the more reactive atoms (here
Cu) from the topmost layer.26,47 Subsequently, an initial ultra-
thin Au-rich film develops and covers the surface. The Au surface
atoms of the formed ultrathin Au-rich surface layer are highly
mobile in electrolyte,41 and the resulting fluctuations in thickness
gradually expose also deeper Cu atoms. At slightly elevated
potentials the formation of thicker Au islands occurs which
inherit the stacking-reversal behavior of the initial layer. As long
as the applied potential is below the critical potential, the system
shows a passive-like behavior, i.e. the dissolution current falls to
very small values. Recent work24�27,35�38 on dealloying clearly
favors surface diffusion as the main reaction path for the
formation of the passive-like layer (and beyond). The clear

Figure 6. (a) Ex-situ STM of a thiol-modified Cu3Au (111) surface. A
short-range ordering is visible. (b) Out-of-plane L-scans recorded as a
function of applied potentials on the hexadecanethiol modified Cu3Au
(111) surface in 0.1 MH2SO4. The broad peak corresponds to inversely
stacked (CBA) ultrathin Au rich layer. At 750 mV the peak correspond-
ing to substrate oriented Au crystallites (ABC Au) appears and grows.
(c) Schematic representation of the inhibition effect of thiols. (d) SEM
images (cracks slightly colored for clarity, see also Supporting Informa-
tion Figure S5) of the surfaces after recording the cyclic voltammograms.
(e) Enlargment of a microcrack.
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change in surface morphology by the application of the thiol
SAM directly corroborates this assumption.37,38

Here, the peak width analysis of our diffraction data provides a
thickness of 3�4ML of the initial ultrathin layer in the case of the
clean Cu3Au (111). The subsequent Au islands are about 3 nm,
or 12�15 ML, thick and about 10�12 nm wide, which is in
reasonable agreement with the SEM and STM results. We
observed the first nanometer-scale pitting in our in situ STM
images in the same range of potential than the island formation
registered by in situ SXRD; both observations represent the same
process. This structural transition from a rather flat ultrathin Au-
rich layer to slightly thicker nearly pure Au islands occurs
completely within the passive-like regime well below Ec. The
associated change in surface morphology was confirmed by
several techniques (In situ STM, SXRD, AFM, and SEM) and
is thus well established on Cu3Au (111). Thermodynamically
stable nanometer-scale pits are possible at higher overpotentials,
which are necessary for allowing for the related extra surface
energy. This fact has been discussed24,25 related to the critical
potential itself. On the other side, the transition from the initial
ultrathin film to the thicker islands is also a transition from a Au-
rich film (max 30%Cu) to nearly pure Au, and from an eventually
strained film to relaxed islands. The resulting strain-free pure Au
islands show a remarkable homogeneous size distribution and
close-packed (hexagonally ordered) arrangement.37 Therefore,
the island formation process can also be seen as a spinodal-like
dewetting (without thermodynamic barrier) relaxation step of
the growing layer within the clean Cu�Au system. In contrast to
the processes on the clean surfaces, application of the thiol SAM
layer suppresses the formation of Au islands and the initial Au
layer grows to 5�7ML, i.e. almost double in thickness compared
to the clean surface. Furthermore, Ec shifted positive and massive
dealloying above the apparent Ec occurred only at a limited
number of larger cracks, producing a very different surface
morphology. Because of similarities to pitting processes occur-
ring on passive oxide-covered metals the “critical” potential
might here be called a “pitting” potential. First, we remark that
in case we hypothetically could switch off the crack formation Ec
should be even higher. Second, the suppression of dealloying by
thiol layers offers the possibility to produce microscale patterns
of nanoporous structures. Microstructured thiol layers can be for
example applied by microcontact printing48 (μ-CP).

The observed structural transformations, first to Au islands
and later to substrate-oriented ABC ligaments, raise additional
questions. Mobile Au ad-atoms on the existing initial CBA
islands, or after reaching them, will nucleate and continue to
grow following the existing inverted, CBA lattice. This is what we
observed for the first transition of the ultrathin layer toward the
Au islands. Below the critical potential the dissolution rate finally
slows down because Cu atoms are hardly exposed directly to the
electrolyte after the relatively thick Au islands completely cover
the surface. Our SAEM images (Figure.1) reveal a completely
Au-covered surface at elevated potentials, with the island mor-
phology clearly developed. Also, Monte Carlo simulations pre-
dicted a continuous Au layer on Ag�Au.27 In addition, we found
in our STM study dissolution from terrace sites and the forma-
tion of deeper nanometer-scale pits well below Ec. The evidenced
complete coverage of the surface by several atomicmonolayers of
the nobler species thus rules out earlier explanations of the
critical potential being due to direct dissolution from intact
original terrace sites.47 Unexpectedly, at higher applied potentials
and after the surface is fully covered by the initial islands,

substrate-oriented structures emerge, which are unambiguously
evidenced in our X-ray diffraction data presented in Figure.4.
One of the unique strengths of in situ SXRD is to detect
structural crystallographic changes within the surface and the
buried subsurface region. This is here especially important for
monitoring the surface evolution at higher potentials. The
change of the stacking-sequence at this point of higher applied
potentials appears difficult to understand by surface diffusion
alone as the surface is fully covered by islands of the other
orientation as mentioned above. Overcoming a few atomic layers
by an interlayer-exchange process, might well be possible at room
temperature considering the expected high defect density created
by the dissolution process. Our STM images evidence interlayer
exchange between the topmost atomic layers; and also in electro-
deposition of dissimilar metals it is well-known that interface
alloying occurs at room temperature. In addition, adsorbate in-
duced surface segregation is a known phenomenon affecting more
than the topmost layer also at room temperature, for example, on
electrocatalysts.49 Such an interlayer-exchange process may explain
the observation of the stable, several atomic layers thick passive
noble metal film with the applied thiol inhibition-layer. Its max-
imum thickness of 5�7MLwould be a direct measure for its depth
of influence. Clearly, this is very different from an extended “bulk”
diffusion process as discussed, for example, by Pickering and
Wagner.21 Created vacancies at the solid-electrolyte interface
would be transmitted toward the heterophase film�substrate inter-
face in a (limited) vertical diffusion process. The substrate vacancies
will eventually be filled by neighboring Au atoms to form Au
crystalliteswhichwill naturally inherit the crystal structure (stacking
sequence) from the initial substrate. Once the creation and further
growth of substrate-oriented Au clusters or ligaments started to
proceed into the bulk, the initial CBA islands will vanish in a
ripening process because of the still high surface diffusion. The
observed interlayer exchange mechanism should be active also in
other noble metal alloys, like Cu�Pd or Co�Pt.

The presented detailed experimental insight into the atomic
processes at the different stages of dealloying offer to gain further
understanding by advanced simulations. Our own efforts target
currently the stability of the CBA ultrathin Au film on Cu3Au
(111) as well as the structure of the heterophase interface
(Supporting Information Figure S6).50 The role of vacancies in
diffusion processes is recognized since Kirkendall51 but bulk
diffusion is too slow at room temperature to play a significant
role. Explanations using enhanced double-vacancy diffusion21

were not widely accepted.52 Nevertheless, because of significant
structural changes close to the surface, interlayer-exchange
processes are likely to be facilitated close to ultrathin layers
and the often incoherent heterophase interfaces. Beyond the
creation of surface vacancies by the Cu dissolution also structural
defects such as misfit dislocations at the buried heterophase
film�substrate interface are involved and should influence the ver-
tical transport across the surface region. A clearer picture should
emerge from more detailed simulations of this elaborate surface
film structure, but the problems to tackle are challenging. First, a
precise description54 of solid�liquid and solid-electrolyte inter-
faces is just at the beginning, but important for addressing the
surface diffusion, solubility, or dissolution rates. Second, the unit
cell to describe heterophase interfaces for ab initio calculations is
large. With the 5% lattice mismatch of the Au-rich film and the
substrate (peaks atH =K = 1.9 rlu and 2 rlu, respectively) a super
cell describing the structural configuration needs to include 20�
20 atoms per atomic layer, amounting to at least 2000 Cu and Au
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atoms. Large-scale molecular dynamics simulations, on the other
hand, often depend critically on the chosen atomic potentials.
Despite the challenge, modern computing systems should be-
come increasingly powerful in the near future to address even
more complicated structures. Our study directly shows that
interlayer exchange processes are active on the topmost surface.
This additional aspect will be important to consider in modeling
and simulation, especially in systems developing lattice strain
during dealloying. The growth of the initial layer especially calls
for refined simulations as both, interlayer exchange and surface
diffusion contribute. Detailed values of the respective diffusion
coefficients, e.g. along interfaces, are still widely unknown. An
important part of our work has been to directly address the
surface diffusion by the application of a surface SAM. Thiol films
were predicted to stabilize surface vacancies on Au substrates53

and local strain and interface dislocations50 might increase the
diffusion across the layer in the Cu�Au system. Our detailed
findings on structure and composition during the initial stages of
dealloying offer a benchmark scenario for future advanced
materials simulations.

5. CONCLUSION

We have presented a detailed atomic-scale picture of the initial
steps of potential-induced selective dissolution of Cu from clean
and hexadecanethiol-modified Cu3Au (111) in 0.1MH2SO4. Our
X-ray experiments were fully spanning potentials within the entire
regime of passivation up to Ec. We observed the known first
stacking-inverted (CBA) metallic passivation layer to cover the
entire surface and to transform close to Ec into solely substrate-
oriented (ABC) Au crystallites. This finding points to an interlayer
exchange process in parallel to surface diffusion, what is supported
by an STM study.We have studied the effect of a hexadecanethiol-
modified surface which stabilized the initial ultrathin Au layer
(opening a route to structured nanoporous surfaces e.g. for
membranes). Studies on the mechanisms of corrosion inhibition,
especially with atomic-scale detail, are rare. With our hexadeca-
nethiol-modified surface we applied a model inhibitor film to
suppress surface diffusion during the first steps of dealloying. The
formation of islands in the passive region was completely sup-
pressed with the applied thiol-film, and substrate-oriented Au
ligaments were observed only within crack-pits at very high
potentials, about 350mVmore positive than in pure 0.1M sulfuric
acid. At the same time the critical potential was shifted about
100 mV more anodic in the respective current�potential curves.
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