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The surface alloying during Pb underpotential deposition (UPD) on Au(111) films was studied using electrochemical techniques.
This UPD system has been known for its unusual stress behavior associated with surface alloying during epitaxial monolayer (ML)
formation. The characteristic cyclic voltammetry of Pb UPD on Au(111) exhibits an anodic peak at the most positive potentials that
does not have a symmetric cathodic counterpart. The peak can be associated with the surface structural changes due to the Pb
dealloying from the top substrate layer. Two electrochemical approaches were used to study the surface transformations: i)
extended polarization (up to 60 min) at high Pb coverage of 0.85 ML, and ii) repeated cycling 1150 times between the potentials
corresponding to 0.25 ML and 1 ML Pb coverages. In both approaches, it was observed that with the increased time of polarization
or number of potential cycles, the prominent UPD peaks gradually reduced in magnitude, became broader and lost their original
double-peaks structure. At the same time, the dealloying (the most anodic) peak shifted positive about 0.1 V and increased in
magnitude. Quantitative analysis of the changes estimated the coverage of Pb alloying with a surface of 0.28–0.30 ML.
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Alloying between two metal components is driven by the
negative enthalpy of mixing and lowering of the surface free energy.
However, when confined to a few top surface layers, this process can
be observed even in systems that do not form bulk alloys (so-called
immiscible systems).1,2 Ultra high vacuum (UHV) studies at
elevated temperatures have found that the formation of surface
alloys is a common phenomenon in immiscible systems with a large
lattice mismatch driven by a surface stress relaxation and an elastic
energy minimization.2

The Pb/Au system is immiscible and has a very large atomic
mismatch of 21%. In the UHV environment, early surface science
studies (in the 1970s) showed spontaneous surface alloying between Pb
and Au for (100), (110) and (111) Au planes.3–6 The Pb deposition on
Au(111) in UHV has been studied with Low-Energy Electron Diffraction
(LEED),5–7 Auger Electron Spectroscopy (AES),5,6 Scanning Tunnelling
Microscopy (STM),7 Angle-Resolved Photoemission Spectroscopy
(ARPES),7 Transmission Electron Microscopy (TEM) and electron
diffraction.4,8 Early studies have shown that deposition of Pb on
reconstructed Au(111) lifted the reconstruction,5,6 and started by forming
an ordered structure at sub-monolayer coverages. This structure was
initially interpreted as p(√3 × √3)R30°,5 and in later studies, it was
observed on densely packed islands,9 followed by p(2 × 2) structure
formation.6 A complete epitaxial Pb ML was found to be compressed by
0.5% with respect to bulk Pb and consisted of two equivalent domains
rotated ±5° with respect to the Au substrate.6,7 The structure was in
agreement with later observations of the Moiré unit cell (5.77 × 5.77)
R21.5° with respect to the Au(111) substrate.7 AES and electron
diffraction studies showed that depending on the thickness and the
temperature, the ML of Pb is followed by intermetallic compounds
formation such AuPb2 or Au2Pb.

4–6,8

In contrast to the UHV studies, surface alloying in the electro-
chemical environment has been reported only for Pb underpotential
deposition (UPD) on Au(111) single crystal face.10,11 The Pb UPD
on Au(111) is one of the most extensively studied UPD
systems.10–32 It has been considered a model system often used to
evaluate the crystal structure and surface area of Au substrates (flat
and porous electrodes)33 and employed in the calibration of many
electrochemical techniques. Even though many early reports studied
the irreversibility of this UPD process,15,19,20,26,27 the possible

surface alloying between Pb and Au has not been considered. The
most positive anodic peak in cyclic voltammetry is an unusual
irreversible feature of this system interpreted by various processes,
such as (i) surface reconstruction leading to more stable adsorbate
states;15 (ii) the removal of Pb atoms from Au(111) terraces;19 (iii)
stripping of the irreversibly deposited Pb from the Au inter-crystal-
line boundary sites;17 or (iv) a change in the Au d-band structure due
to adsorption.34

The in situ surface X-ray Scattering (SXS) studies of a complete
Pb ML on Au(111) at an underpotential of 0.07 V reported an
incommensurate, hexagonal monolayer compressed by 0.7% with
respect to bulk Pb.35 This agreed with the change in Pb-Au distance
over the same potential region observed with the surface X-ray
differential diffraction technique.36 The rotation angle between Pb-
UPD adlayer and Au substrate was measured to be 2.5° at under-
potentials lower than 0.13 V and no rotation was observed at
underpotentials higher than 0.16 V.27 These results are in agreement
with the presence of the Moiré pattern observed by the in situ
STM24,25,37 and in situ Atomic Force Microscopy (AFM).26

The structure of a partial Pb monolayer during UPD on Au(111)
has been proposed to be (√3 × √3)R30°.13 However, in situ STM
studies by Green et al.24,25 showed that this structure did not form
during potential sweep experiments. Moreover, they observed
roughening of the Au substrate following anodic dissolution
(removal) of the Pb UPD monolayer illustrated by the formation
of monolayer high islands and pits. Such morphological changes
have been considered an indirect confirmation of surface alloying
and have been observed in other UPD systems.38–47 Similar findings
were reported in later studies23–25 and in situ STM studies in our
group.11

The early in situ stress measurements during Pb UPD on Au(111)
reported an unusual transition of the stress change, which attracted a
lot of interest.10,11,28,29,31,48,49 One of the earliest interpretations of
the observed tensile-compressive transition (“hump”) in the region
of the main UPD peak was attributed to the strain accommodation of
the incommensurate hcp Pb adlayer by 2.5° rotation.28,48,49

However, a discrepancy of about 0.07 V between the adlayer
rotation and stress relaxation potentials indicated no direct relation-
ship between them. Another explanation of the tensile rise (“hump”)
was the growth of the islands on terraces up to the point of their
coalescence.29 This conclusion was based on the agreement between
the stress relaxation magnitude and the value calculated by a simple
elastic model developed for three-dimensional island coalescence.zE-mail: n.vasiljevic@bristol.ac.uk
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More recent studies implied that the stress relaxation hump at the
transition between sub-monolayer to monolayer resulted from
kinetically controlled surface alloying and dealloying processes.10,11

Surface alloying during the UPD has been reported in many other
systems, such as Pb/Ag(111),50–57 Pb/Cu(100),42,43,58 Ag/Au(111),59,60

Cd/Au,44,45,61–64 Cd/Ag,46,47,64,65 Tl/Au,39,66 Tl/Ag(111),38 Sn/Au(100),40

Sn/Cu(111)41 and Pd/Au.67,68 Surface alloying in these systems has been
observed by in situ STM38–47 and in situ AFM61–63,69 through the
roughening or reconstruction of the substrates; or electrochemically
by observing changes in shape, charge, and position of the UPD
peaks. In the latter case, the changes were examined by applying a
constant polarization potential for an extended time, followed by a
potential sweep in the anodic or cathodic direction. Comparison of
the UPD peaks obtained by such linear sweeps with those obtained
on the initial surface before the polarization can indicate surface
structural and compositional changes associated with surface
alloying. This method has been used in the studies of surface
alloying in many systems, such as Pb/Ag,50–52,54–57 Cd/Au(100),62,63

Cd/Ag,46,47,64,65 Tl/Au,66 Tl/Ag(111),38 Pd/Au,67,68 Pb/Cu(111),70

also including the early studies in Pb/Au(111) system of our
interest.15 Another technique is multiple potential cycling in the
limited potential region, such as the one performed on the Ag/Au
(111) system.59,60

In this paper, we revisited Pb UPD on Au(111) system to
examine the surface alloying and to demonstrate that the most
positive anodic peak can be associated with the surface structural
changes due to the Pb dealloying from the top substrate layer. We
conducted the first in-depth electrochemical studies using two
methods: 1) potential polarization at the constant underpotential of
0.2 V corresponding to 0.85 ML Pb coverage and 2) repeated cycling
between the underpotentials of 0.0 V and 0.5 V corresponding to
1 ML and 0.25 ML Pb coverages respectively. The changes of UPD
voltammetric peaks (shape, position, and charges) in both methods
were consistent with the surface structural transformations due to the
surface alloying. Following peaks evolution with time or the number
of CV cycles, we examined and quantified the extent of surface
changes.

Experimental

Material and methods.—Electrochemical experiments were done
in a standard three-electrode cell using a BioLogic VSP potentiostat
(Bio-Logic Science Instruments SAS) with built-in EC-Lab software
or CompactStat.h potentiostat (Ivium Technologies) with built-in
IviumSoft software.

A solution of 1 mM Pb(ClO4)2 and 0.1 M HClO4 was prepared
using high-purity chemicals (PbCO3, 99.999%, Alfa Aesar and 70%
HClO4, 99.9985%, Alfa Aesar). Before measurements, the solution
was deaerated with the oxygen-free nitrogen gas (Oxygen Free
Nitrogen, BOC) for at least 30 min. The oxygen-free environment
was preserved during experiments with nitrogen flow above the
solution.

A counter electrode (CE) and a pseudo-reference electrode (RE)
were made of Pt (Pt80/Ir20, Advent Research Materials) and Pb
(99.9%, Advent Research Materials) wires, respectively. The elec-
trodes were sealed in glass rods for easy mounting into the
electrochemical cell using glass stoppers with screw caps. Before
each experiment, the electrodes were cleaned with HNO3 (⩾65%,
Sigma Aldrich) for 10 s, rinsed with Milli-Q water (Millipore/
Merck) and dried with nitrogen. The Pt wire was additionally flame
annealed with a butane torch. All the potentials reported in this paper
are presented with respect to the Pb pseudo-RE (Pb/10−3M Pb2+),
with the potential being equal to −0.215 V vs Standard Hydrogen
Electrode (SHE).

Au(111) substrate surface.—Working electrodes (WE) were ultra-
high vacuum evaporated 250 nm thin films of Au with a 4 nm Ti
adhesion layer on a Schott, Nexterion® Glass B (BOROFLOAT® 33)
slides. The Au films/glass slides were diamond-cut rectangles of

dimensions (10 mm × 25 mm). The Au substrates were prepared first
by cleaning in conc. H2SO4 (95.0%–97.0%, Sigma-Aldrich) for
10 min, rinsed with Milli-Q water and dried with nitrogen. A surface
with dominant (111) orientation was obtained by flame annealing for
2 min using a butane torch, then cooling in air and rinsing with Milli-
Q water. The high quality of annealed Au(111) film surfaces was
confirmed by X-ray diffraction (XRD) and AFM images, as shown in
Figs. S1 and S2.

The Au sample was then mounted on the sample holder (a metal
rod with an alligator clip at the end) and immediately lowered into
the solution. The sample holder was mounted through the Teflon 24/
40 Joint adapter, secured with an O-ring and compression cap
sealing off the electrochemical cell from the environment. The first
step of all electrochemical experiments was to confirm the Au
substrate quality via surface oxidation/reduction, which was also
used to measure the electrochemical active surface area (ECASA).71

The Au surface was examined by cyclic voltammetry in the solution
of 1 mM Pb(ClO4)2 + 0.1 M HClO4 in the potential range from
0.9 V to 1.85 V, as shown in Fig. S3. Starting from the open-circuit
potentials of bare Au surface toward more positive potentials, the
process of electrochemical Au surface oxidation and reduction is
illustrated together with the effect of flame annealing on the dominant
(111) crystal structure. Before flame annealing (blue curve, Fig. S3a),
Au oxidation sharp positive peak can be seen at 1.5 V with a shoulder
at higher potentials, characteristic of a polycrystalline Au substrate.
After the flame annealing (red curve, Fig. S3a), the peak at 1.7 V
indicates the surface dominant Au(111) orientation. The cathodic peak
at 1.3 V is the Au oxide reduction peak. Using a charge of 444 μC
cm−2 for an ideal Au(111),71–73 an integrated charge under the
reduction peak was normalized to calculate the sample’s surface area.

Pb UPD on Au(111).—Figure S3b illustrates differences of Pb
UPD on Au film before flame annealing (blue curve), with peaks
characteristic of a polycrystalline Au substrate,15 and after the flame
annealing (red curve) exhibiting features characteristic for Au(111)
surface.14,19,20 The Pb coverage was measured by integrating the
deposition and dissolution currents normalized by a charge of
302 μC cm−2 corresponding to 1 ML of the perfect (111) surface.
The charge of 1 ML of Pb UPD was also measured by chronoam-
perometry (CA). The integration of the first 0.6 s of the current-time
transients was done for each potential step from 0.9 V (no deposi-
tion, 0 ML) to 0.0 V (full Pb coverage of 1 ML) and then from 0.0 V
to 0.9 V. These charges/coverages were presented as the adsorption
and desorption isotherms, respectively.

Extended polarization experimentswere done at the potential of 0.2 V
(corresponding to 0.85ML) for 15 min and 60 min The potential was
then swept in the anodic direction, followed by a cathodic sweep with
scan rates of 10 mV s−1. The schematic diagram of the experimental
procedure of polarization is shown in Fig. 1a.

Figure 1. Schematic diagrams of the experimental protocols followed
during (a) polarization experiments and (b) dynamic alloying (repeated
cycling).
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The potential cycling experiments were performed between 0.5 V
and 0.0 V, corresponding to 0.25 ML and 1.00 ML Pb coverages. The
potential was cycled up to 1150 times with a scan rate of 10 mV s−1.
After every few hundred cycles, the potential was swept from 0.0 V to
0.9 V, and the linear sweep was recorded for comparison with the
initial CV scan. The schematic diagram of the experimental procedure
for the dynamic alloying is shown in Fig. 1b.

Results and Discussion

Pb UPD on Au.—Figure 2 shows the CVs of Pb UPD on Au
(111). The unusual nature of this UPD system is illustrated on a set
of scans with different potential limits. Figure 2a shows CVs with
varied negative potential limits, and Fig. 2b with varied positive
potential limits.

The gradual increase of the potential range in Fig. 2a allows us to
observe the potentials at which peaks appear (at different stages of
layer formation) and their associated anodic counterparts. The peaks
in Fig. 2a are labelled accordingly in the order of their appearance,
starting from the bare Au surface at the potential of 0.9 V. The first
stage of UPD is the formation of peak C1 with its counterpart A1
(green line in Fig. 2a), which according to the previous studies,
presents the random deposition at the step edges.19 The second peak
labelled C2 and its counterpart A2 are unusual. As shown in Fig. 2a,
peak A2 appears as a counterpart after the potential scan below
0.4 V. The peak C2 is not a clearly defined peak but a potential
plateau in the region between 0.22 V and 0.35 V with a small peak at
the foot of a sharp prominent peak. The peak A2 at a potential of
0.65 V is characteristic of Pb dissolution from Au(111) and is not
observed for other main Au(hkl) orientations.15,20 Our observations
agree with the previous studies reported for Pb UPD on
Au(111).14,15,19,20 Most UPD systems have reversible dynamics,
where the deposition peaks have their dissolution counterparts in
nearly the same potential range. An unusually large potential
difference between C2 and A2 peaks of 0.35 V and the order of
appearance are strong indications of surface dealloying and we will
refer to A2 as “dealloying peak.” Extending the potential limits more
negatively beyond 0.22 V a dominant (sharp) peak C3 can be
observed, attributed to the Pb deposition on the Au(111)
terraces.24 The corresponding dissolution peak A3 in the anodic
scan has a distinctive double-peak (split peak) structure. The double-
peak structure of A3 evolves and becomes more defined as the Pb
coverage increases. A complete ML of Pb is present on the surface
after the C3 is fully formed (between 0.15 V and 0 V). The double-
peak structure, such as A3, is often interpreted as the dissolution
from two energetically different sites/types of regions on the surface,

e.g. terraces and steps. Also, the structure of A3 does not fully
“match” the structure of the C3 peak. Further insight is obtained by
CVs shown in Figs. 2b and 3.

Figure 2b shows CVs starting from a potential of 0.01 V, at
which a complete monolayer of Pb on the surface is formed. Pb is
removed from the surface as the potential limit is increased to more
positive values. The C3 peak and a hump beyond (in the range of
0.15 V–0.22 V) correspond to the fully formed peaks A3 (yellow
line in Fig. 2b). Further scans into the C2 region show no apparent
peaks in the anodic direction. As previously observed, the A1 and
C1 peaks appear at the same potential of 0.45 V (blue line in
Fig. 2b). With the further positive potential limit increase, we can
observe the A2 peak formed in the region 0.65 V–0.7 V (purple line
in Fig. 2b) and its cathodic C2 counterpart at a more negative
potential of 0.25 V, similar to the CV shown in Fig. 2a.

From the results shown in Fig. 2, we can make two observations:
(a) C2-A2 peaks irreversibility can be associated with the surface
alloying-dealloying at low Pb coverage, and (b) the asymmetry and
differences of peaks C3 and A3 can be associated with the
dealloying–alloying processes at higher Pb coverage. The CVs

Figure 2. CVs of Pb UPD on Au(111) in 1 mM Pb(ClO4)2 and 0.1 M HClO4 solution with (a) constant positive and varying negative potential limits and (b)
constant negative and varying positive potential limits. Scan rate 50 mV s−1.

Figure 3. Pb UPD CVs on Au (111) in 1 mM Pb(ClO4)2 and 0.1 M HClO4

solution at different scan rates. The current has been normalized to the
surface area and the scan rate.

Journal of The Electrochemical Society, 2022 169 112509



with different scan rates shown in Fig. 3 further support these
hypotheses.

In Fig. 3, the potential was cycled with different scan rates
(Δ /ΔE t) from 10 mV s−1 to 100 mV s−1 between potentials 0.90 V
and 0.0 V. For easier comparison, current density was normalized to
the scan rate. If the processes are reversible, the positions of peaks
do not change with the scan rate. The peak positions change with the
scan rate for the irreversible processes (often due to the kinetics
effects).

In this system, the positions, and shapes of several peaks, such as
C3/A3 and C2/A2, change with scan rates. This suggests a
kinetically controlled formation and stripping of Pb on the (111)-
oriented features. A more detailed analysis of the main features of
the CVs changing with the scan rates includes:

(1) The peak A2 position changes to more positive potentials with
the increase of the scan rate. The corresponding cathodic peak
C2, at around 0.30 V–0.25 V, changes from a wave (no peak) at
low scan rates to a well-defined peak at higher scan rates.

(2) The double (split) peaks of A3 have the same potential
separation for all scan rates. However, the splitting of the
counterpart peak C3 is observed only at slower scan rates.

(3) The ratio of the two A3 peaks changes and the peak at the more
positive potential becomes higher at higher scan rates. Similar
peak separations during UPD processes are usually interpreted
as the processes on energetically different surface sites, such as
steps (at the more positive potentials) and terraces (at the more
negative potentials). The changes observed in this system could
be understood similarly but cannot be explained entirely by this
interpretation. The comparison with A2 and C2 peak behavior
suggests that the significant irreversibility could be attributed to
the processes with different energetics, such as surface alloying,
which could be a pathway dependent.

We analyzed the charge (coverage in percentages) corresponding
to the characteristic Pb UPD peaks obtained by integrating CVs with
different scan rates shown in Fig. 3. The results are presented in
Table I. The total charge density of the cathodic part is consistently
higher than the anodic by 2%–15%, as reported before.14 The charge
difference between cathodic and anodic scans is also scan rate
sensitive with the largest difference observed at the slowest scan
rate. The reason for this is the electrocatalytic effect of Pb UPD on the
oxygen reduction reaction (background reaction) in this system
previously shown by K. Juttner74 and Chen et al.26 The theoretical
charge corresponding to the flat Pb monolayer deposited on Au(111)
single crystal is 302 μC cm−2. Higher values measured than the
theoretical one are due to the surface structure (roughness factor
<1.1)11,15 as well as the mentioned background reaction contribution.

Charges under cathodic peaks C1 and their anodic counterparts A1
indicate similar coverage (13%–15%) for all scan rates, as shown in
Table I. However, the coverages of peaks C2 and A2 are higher for the
low scan rate which is consistent with the assumption that these peaks
are associated with the removal of the “trapped” Pb in the top surface
(surface alloy). Slower scans allow more time for the slower processes
to take place and be better observed. On the contrary, the total
coverages of C3 and A3 peaks decrease with the decreasing scan rate.

The potential-dependent charge and coverage (in fractions of
ML) of the Pb UPD have been measured by chronoamperometry
(CA). The integration of the current-time transients obtained by
potential steps from 0.90 V (bare Au, 0 ML) to selected potentials in
steps of 0.02 V up to 0.0 V (full Pb coverage, 1 ML) and back from
0.0 V to 0.90 V, are presented in Fig. 4 as the adsorption and
desorption isotherms respectively.

The shape of the isotherms agrees with those previously reported
in the literature.11,15 The isotherms show a linear coverage increase
in the range 0.90 V (0 ML)–0.50 V (0.1 ML), followed by a steeper
nonlinear deposition from 0.50 V to 0.25 V, followed by an almost
vertical increase to 1 ML deposition. The distinct, almost step-wise,
increase (resembling a first-order phase transition) was modelled by
K. Engelsmann et al.15 with Frumkin isotherm, suggesting a strong
lateral attraction between Pb atoms. The maximum deposition
charge was measured as 315 ± 20 μC cm−2, which agrees with
the results obtained by CV integration shown in Table I.

Table I. The charge density and the fraction of 1 ML coverage (in %) of Pb for each characteristic UPD peak. The data are compared for 10, 20, 50
and 100 mV s−1 for CVs shown in Fig. 3. Total cathodic charge (labelled C) and anodic charge (labelled A) are also included for comparison.

Deposition Peaks Stripping Peaks

μ(± ) −q 5 C cm 2 μ(± ) −q 5 C cm 2

θ (± )2 % θ (± )2 %

Scan rate (mV s−1) C C1 C2 C3 A A1 A2 A3

10 336 48 67 161 282 37 52 145
14% 20% 48% 13% 19% 51%

20 326 47 58 170 301 40 52 157
15% 18% 52% 13% 17% 52%

50 318 45 49 177 305 39 50 164
14% 15% 56% 13% 16% 54%

100 315 46 45 182 309 42 47 171
15% 14% 58% 14% 15% 56%

Figure 4. Adsorption and desorption isotherms of Pb UPD on Au (111) in
1 mM Pb(ClO4)2 and 0.1 M HClO4 solution.
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Selected current-time transients of Pb deposition during potential
steps from 0.9 V (0 ML) up to 0.001 V (1 ML) are shown in Fig. 5.
A clear difference between the transients indicates the potential
dependence on various competing processes, such as homogenous
nucleation and growth or surface alloying. Another interesting
observation is that the nucleation time is not proportional to the
polarization potential.

The analysis of the cathodic current-time transients shown in
Fig. 5 (and those in Fig. S4) can be summarized as follows:

i) the fastest deposition occurs at low coverages, stepping to
potentials from 0.6 V up to 0.25 V (from 0 to 0.5 ML). The
current reaches zero in less than 0.1 s, and the deposition time
increases with the increase of the deposited charge.

ii) at the potential of 0.2 V corresponding to ∼0.85 ML (i.e. in the
range of 0.2 V < E < 0.25 V), the deposition transient flattens

up, and the current level decays almost ten times slower and
reaches zero current after ∼1 s (details shown in Fig. S4b).

iii) between 0.19 V and 0.15 V (0.9 ML –0.94 ML, light green and
red curves in Fig. 5), the current transients reach zero after 0.4 s
and 0.2 s, respectively. The deposition time decreases with
increasing deposited charge.

iv) for the potentials from 0.10 V to 0.001 V (0.96ML –1ML, pink
and black curves in Fig. 5), the current reaches zero after 0.2 s,
and the deposition time increases with increasing deposited
charge.

To better understand the occurring phenomena at different
potentials, we have studied the changes after extended polarization
at 0.2 V (0.85 ML, green curve in Fig. 5).

Extended polarization.—Extended polarization has been com-
monly used to demonstrate and study surface alloying between the
substrate and the adsorbate. One of the most thoroughly studied
systems was Pb/Ag(111),50–52,54–57 for which extensive polariza-
tions were performed at both low and high coverages of Pb. In
contrast to that, there is only one previous study reporting polariza-
tion at low and high coverages during Pb UPD on Au(111),15 where
the potential was held at 0.1 V (0.95 ML) and 0.47 V (0.28 ML) for
600 s and 300 s respectively.

Our polarization experiments were conducted at high coverage of
Pb (0.85 ML), and the changes are shown in Fig. 6. The potential
was held at 0.2 V for 15 min and 60 min, after which the potential
was swept to 0.9 V (0 ML) with a scan rate of 10 mV s−1. Figure 6a
shows CVs over the Pb UPD range before and after extended
polarization. The A3 double-peak changes are shown in more detail
in Fig. 6b. The peaks changed their shape. The more negative peak
decreased in height while the positive one increased with the time of
polarization. The overall charge measured under the peaks decreased
with polarization time by about 20 μC cm−2, as shown in Table II.

Before polarization, the peak A2 shown in Fig. 6c was a single
peak at around 0.6 V. Following the polarization, this peak
decreased in height, and a new peak at more positive potentials
(of ∼0.1 V) appeared of increasing height with the polarization time.
Overall charge under the peak A2 after 60 min increased by almost
30 μC cm−2, as shown in Table II. This result agrees with the charge

Figure 5. Selected cathodic current-time transients after stepping from
0.9 V to different potentials in the Pb UPD on Au(111) region marked in
the legend.

Figure 6. CVs of Pb UPD on Au(111) film before and after different times of polarization at 0.2 V (marked by a dashed red line). (a) The view of the whole CV
scans. (b), (c), (d) enlarged regions of A3, A2, and C3 peaks, respectively; (e) changes of the Pb ML coverage under the UPD peaks with the time of polarization.
Scan rate 10 mV s−1.
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increase and peak splitting reported in the earlier study by K.
Engelsmann et al., where the system was polarised at 0.1 V for
600 s.15 The charge density of A2 reaches a value of 79 μC cm−2

after 60 min of polarization, which is equivalent to the coverage of
about 0.28 ML, suggesting 28% of an ML alloyed with the top Au
surface. Figure 6d shows the change in the C3 peak following the
polarization and anodic scan. The peak decreases significantly in
height due to significant broadening, but the overall charge is only
slightly increased. The overall changes in the charge density
(fraction of 1 ML of Pb) for all main UPD peaks are given in
Table II and graphically presented in Fig. 6e.

Similarly to what was shown for the Pb/Ag system, the charges
under peak A3 decreased with the polarization time.50–52,54–57 While
this observation indicates surface alloying, there is also an unusual
behavior of peak A2. The charge not only increased, but the peak
shifted and split. The initially present peak reduced in height, and a
new peak formed ∼0.1 V at more positive potentials. The same A2
peak splitting and the charge increase after extended polarization
was observed in the early study by K. Engelsmann et al.,15 which
was interpreted as a result of a very stable “surface
reconstruction”.15 However, the observed potential shift was not as
significant as in our case, possibly due to shorter polarization time
and the polarization potential that was 0.1 V more negative than
ours.

Following the extended polarization, the surface of the substrate
was studied by CVs in the whole range of the Pb UPD, as shown in
Fig. S5. It can be observed that the peaks characteristic for Pb UPD
on Au(111) were less pronounced and some were even absent. The

lack of recovery of the Au substrate indicates that the introduced
changes due to polarization were significant (permanent). This result
confirms extensive surface alloying between Pb and Au due to
polarization at 0.2 V.

Dynamic alloying.—We used another technique called “dynamic
alloying,” which presents successive potential cycling to explore
surface alloying further. A similar type of dynamic alloying was
used to show alloying in the Ag/Au(111) system,59,60 where the
potential cycling was done either between potentials corresponding
to 0 ML and 1 ML coverages59 or between partial and complete ML
coverages.60 During the dynamic alloying, the changes of UPD
peaks shape and magnitude indicated site blocking due to surface
alloying.59,60

Our approach was similar to the one used by Snyder et al.60 The
potential was cycled between 0.5 V and 0.0 V, corresponding to
0.25 ML and 1 ML Pb coverage, respectively. The potential range
was chosen to be below A2, the “dealloying” peak. Our interest was
in observing the changes in the magnitude and position of specific
UPD peaks resulting from successive deposition and dissolution
cycles of Pb within the potential region where the alloying and the
dealloying occur.

The results of repeated cycling in the Pb UPD potential region
are shown in Fig. 7. The potential was cycled up to 1150 times with
a rate of 10 mV s−1. Figure 7a shows the changes in peak shapes
after numerous cycles in the whole range of Pb UPD. The peaks
C1/A1, corresponding to deposition/dissolution at the step edges,
were gradually diminishing with the number of cycles, possibly due
to the loss or damage of well-defined edges and terraces of Au(111).
The A3 peak shown in Fig. 7b decreased in height, changed shape
(double-peak structure transformed to one broad peak) and shifted
∼0.01 V to more positive potentials. Figure 7c shows the changes in
the A2 peak after the multiple scans. The A2 peak decreased in
height, and a new peak formed ∼0.1 V at a more positive potential,
similar to what was observed after extended polarization shown in
Fig. 6c. The peak C3 changes shown in Fig. 7d were similar to the
changes of peak A3. It decreased in magnitude and transformed into
one broad peak that shifted negative by ∼0.005 V. The overall
changes in the coverage of the main UPD peaks are shown in
Fig. 7e. The integrated charge densities (normalized to ECASA of

Table II. The changes in the charge density of the main UPD peaks
with the polarization time at 0.2 V.

q (±5) μC cm−2

Polarization time (min) A3 A2 C3

0 137 50 144
15 134 53 146
60 118 79 150

Figure 7. CVs of Pb UPD on Au(111) before and after repeated potential cycles between 0.0 V and 0.5 V. (a) The view of the whole CV scan. (b), (c), (d)
enlarged regions of A3, A2, and C3 peaks, respectively; (e) changes of the Pb ML coverage under the UPD peaks with the number of cycles. Scan rate
10 mV s−1.
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the initial surface) of the characteristic peaks after the different
number of potential cycles are shown in Table III.

The charge density of C3 increased by about 53 μC cm−2 after
1150 cycles. One possible explanation is the surface roughening due
to alloying, which increased the surface area. On the other hand, the
charge density of A3 decreased by about 28 μC cm−2 after 1150
cycles. However, an interesting observation is that the total charge
density of two anodic peaks (A3 + A2) generally was constant
(∼200 μC cm−2).

The charge density of A2 increased with the number of cycles. It
reached a value of 83 μC cm−2 after 1150 cycles, equivalent to
∼0.3 ML coverage (30%) of Pb alloyed with the Au top surface. The
alloying studies on a similar system Pb/Ag(111) showed that ∼10%
of the alloyed Pb ML can block the Ag surface altogether.52

After “dynamic alloying,” the surface of the Au substrate was
studied by CVs in the whole range of the Pb UPD, as shown in Fig.
S6. It was observed that the peaks characteristic for Pb UPD on Au
(111) were changed (such as C3/A3) or even absent (such as peaks
C1/A1 and A2). The lack of recovery of the Au substrate indicated
that the surface changes created by repeated potential cycling are
permanent, which agrees with the surface alloying of Pb and Au.

Conclusions

In this work, we revisited the well-known system of Pb UPD on
Au(111), focusing on the processes of surface alloying, demon-
strated by the irreversibility of the deposition and dissolution peaks,
which have been a subject of various interpretations in the past. We
presented the electrochemical investigations during constant poten-
tial polarization and numerous potential cycles in the region of high
Pb coverage. The following conclusions are drawn from the study:

(1) Surface alloying in this system is manifested by “dealloying
peak” A2. On the freshly prepared Au surface, A2 is a single
peak whose position and charge depend on the scan rate. The
corresponding charge/coverage is equivalent to ∼0.15–0.2 ML
(measured for scan rates 10 mV s−1

– 100 mV s−1).
(2) After the potential polarization at 0.85 ML of Pb (at 0.2 V) for

15 min, changes in A2 peak shape were observed, with only
a slight change of the charge under the peak (change from
50 μC cm−2

– 58 μC cm−2). However, after 60 min of polariza-
tion, the charge under the A2 peak increased to 79 μC cm−2,
equivalent to the coverage of ∼0.28ML of Pb alloyed with the Au
surface. Prolonged polarization also resulted in a more negative
peak potential shift of ∼0.1 V.

(3) After 1150 potential cycles between 0.5 V and 0.0 V (between
0.25 ML and 1 ML Pb), the charge under the A2 peak
increased from 57 μC cm−2 to 83 μC cm−2, equivalent to the
coverage of about 0.30 ML Pb coverage.

The results showed similar voltammetric changes and magnitude
of surface alloying following numerous potential cycles and constant
potential polarization. The two experimental approaches resulted in
unrecoverable, i.e. irreversible, changes on the Au(111) surface.

Further work using the in situ STM will determine the surface
structure evolution and understanding of the mechanism of the
Pb/Au surface alloying during potentiostatic and potentiodynamic
alloying.
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