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The kinetics of copper underpotential deposition (UPD) on Au(111) previously covered with an iodine adlayer
were investigated by means of cyclic voltammetry (CV) and chronoamperometry (CA) techniques in an aqueous
solution containing 1 mM CuSO4 and 0.05 M H2SO4. Characterization of the deposition process was based
on quantitative analysis of the potentiostatic current-time curves recorded during Cu UPD. It was found that
the deposition behavior can be well described by a model that involves three types of contributions: (i) a
Langmuir-type adsorption process with two different kinds of two-dimensional nucleation mechanisms, (ii)
an instantaneous, and (iii) a progressive contribution, the latter two limited by lattice incorporation of adatoms.
It is shown that the main effect of the iodine adlayer is to slow the kinetics of Cu UPD when compared to
the same process in the absence of an iodine adlayer. Results from CV also reveal a very stable iodine adlayer
even after several Cu deposition/stripping cycles, requiring a high positive potential when surface oxidation
takes place in order remove it from the Au(111).

1. Introduction

Studies of adsorption of atoms and small molecules onto
metal surfaces have played a fundamental role in the under-
standing of adsorbate surface interactions. In particular, under-
potential deposition (UPD) is strongly influenced by both the
nature of the substrate and the composition of the electrolyte.
One of the most intriguing aspects of UPD is the anion
dependence of the observed structures, which derive from
coadsorption or preadsorption of the anion and adatom.1-6

Important progress in this field has been made by using modern
in situ techniques for structural characterization, such as
scanning tunneling microscopy (STM) and surface diffraction.7

For instance, it has been demonstrated that the (x3 × x3)-
R30° structural lattice observed for Cu UPD onto bare Au(111)
surfaces in a sulfate-containing medium is due to coadsorption
of sulfate or bisulfate ions and Cu adatoms.7-17

The adsorption of halogens onto different metallic substrates
has been especially well studied in ultrahigh vacuum (UHV)
and in the more complex electrochemical environment.18-25 Of
the halogens group, iodine exhibits the strongest adsorption for

many metals in electrochemical systems, which has led to its
use as a passivated protection layer for surfaces after flame
annealing. In earlier studies of iodine adsorption on Au(111),
it was shown that the iodine adlayer on Au(111) surface exhibits
a (x3 × x3)R30° atomic structure at low potentials, and a
rectangular c(p× x3)R30° overlayer, which compresses from
p ) 3 to p ) 2.49, and rot-hex structure, as the potential is
raised.21,26-31

To define and characterize the mechanism and kinetics
involved in the deposition process in a quantitative way,
traditional electrochemical techniques such as current transients
measurements can be used. It offers a significant advantage since
the obtained data is easily interpreted with the aid of several
theoretical models developed for this purpose.32-39 In the case
of a clean Au(111) surface, copper electrodeposition and growth
kinetics have been reported, where it was shown that the UPD
process can be described by an adsorption stage, accompanied
by an instantaneous 2D-nucleation process limited by lattice
incorporation of copper adatoms.38-42 Although several studies
have been performed to better understand the influence of
coadsorbed Br- and Cl- anions with Cu in the overpotential
region, iodine has received little attention despite its charac-
teristic strong adsorption. Therefore, the main goal of this paper
is the study of Cu underpotential deposition onto I-modified
Au(111).
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2. Experimental Section

Chronoamperometry (CA), cyclic voltammetry(CV), and
STM were employed for the study of copper electrodeposition
onto clean Au(111) and iodine-modified Au(111) substrates in
an aqueous electrolyte containing 1 mM CuSO4 in 0.05 M H2-
SO4. The electrolyte was carefully deareated for 30 min using
pure N2 gas. All chemicals used were suprapure grade from
Merck. Solutions were prepared with ultrapure water (Millipore
Milli-Q).

The electrochemical experiments were carried out in a
conventional three-electrode cell system, with a platinum wire
used as counter electrode and a copper wire for the Cu/Cu2+

reference electrode. All potentials are quoted against this
reference electrode. For the gold working electrodes, com-
mercially available 200-300 nm thick gold films on high-
temperature glass were used (MHS-GmbH, Germany). To
prepare the Au(111) electrode surface the gold film was first
annealed in a hydrogen flame for 1 min, forming the (111)
facets, and cooled in a nitrogen atmosphere. In the case of the
I-Au(111) electrode, the annealed films were immersed in 1
mM KI aqueous solution for 3 min. All samples were thoroughly
rinsed with pure 0.1 M H2SO4 and quickly transferred to the
electrochemical cell.

A BAS 100B (Bioanalytical Systems) potentiostat and a PAR
273 (EG&G) potentiostat were used for the CV and CA
experiments. A NanoScope III electrochemical STM from
Digital Instruments (Veeco Metrology) was used for in-situ
imaging using polymer-coated tungsten tips.

3. Results and Discussion

3.1. Cyclic Voltammetry. The surface quality of the flame-
annealed Au substrates was checked by performing CV mea-
surements on bare electrodes in a 0.05 M H2SO4 + 1 mM
CuSO4 solution and the results were compared to those reported
in the literature for Cu UPD on well characterized Au-
(111).7,38,43,44 A typical voltammogram for Au thin films
recorded at a scan rate of 10 mV/s (see Figure 1a) displayed
two distinctive deposition peaks (A and B) centered at+0.2
and +0.032 V, respectively, a behavior characteristic of this
system. Because of the great similarity of this voltammogram
with those reported in the literature and obtained with single-
crystal gold electrodes, with this result we confirm that the
flame-annealed gold films have a predominantly (111) orienta-
tion.

Figure 1b shows a voltammogram for Cu UPD on I-covered
Au(111) recorded under the same conditions specified for the
bare Au(111) surface. It resembles the voltammogram for Cu
UPD on bare Au(111) in the sense that Cu deposition takes
place in a two-step process. Two distinct broad reduction peaks
are observed before bulk deposition, but shifted toward more
negative potentials when compared to Cu on clean Au(111).
The first reduction peak is centered around+0.105 V and a
second smaller peak at+0.01 V, with their corresponding
oxidation peaks. It is important to note that for potentials more
positive than+0.2 V before the first UPD peak, the charge-
transfer involved is very low, as demonstrated in Figure 2.

In Figure 2 we show the transferred charge as a function of
applied potential for Cu deposition onto a Au(111) and an
I-modified Au(111) electrode surface. The charge consumed
after the first peak is approximately 205µC/cm2, giving a total
of 425 µC/cm2 at the end of the negative scan for clean Au-
(111). In the case of I-modified Au(111), the measured amount
of charge transferred after the first peak is approximately 330
µC/cm2, with a total charge transfer of approximately 380µC/

cm2. This is lower than the expected value of 440µC/cm2

calculated for the formation of an epitaxial (1× 1) Cu layer on
an ideal defect-free Au(111) surface and a two-electron-transfer
per Cu atom.38 The difference could be attributed to the presence
of surface defects such as grain boundaries not completely
eliminated in the gold film during the annealing process.

The estimated copper coverage is approximatelyθCu ) 0.75
after the first UPD peak and only a small fraction deposited
after the second UPD peak for the I-modified surface. This is
in strong contrast with the case of a bare Au(111) surface, where
2/3 of a monolayer is deposited after first UPD peak and the
remaining 1/3 after the second reduction peak.14 Apparently
sulfate coadsorption is no longer favorable in the presence of
an iodine adlayer in order to stabilize the copper structure as in
the case for the bare Au(111) surface. This latter point was
considered in detail in a recent work from our group.27

For more detailed insight into the kinetics of the deposition
process, a sequence of cyclic voltammograms were recorded at

Figure 1. Typical cyclic voltammograms obtained for Cu UPD onto
(a) Au(111) and (b) I-modified Au(111) in an aqueous solution
containing 1 mM CuSO4 + 0.05 M H2SO4. In both cases, the potential
was scanned from+0.35 V in the negative direction at a rate of 10
mV/s.

Figure 2. Charge density as a function of applied potential for Cu
UPD onto a clean (dotted line) and I-modified (dashed line) Au(111)
surface, estimated by integrating the CV curves in Figure 1.
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different scan rates (ν) and the current maxima (Imax) of the
reduction and oxidation peaks measured. Previous studies on
the kinetics of Cu UPD onto clean Au(111) have shown this
system to be a good example of an instantaneous nucleation
and growth process.32,38To compare the effect an iodine adlayer
has on the deposition mechanism, we first show in Figure 3
the peaks maxima (Imax) dependence on the square root of the
scan rate. A linear relationship is clearly observed for a wide
range of scan rates indicating a diffusion-limited deposition, a
result similar to that of Cu UPD on clean Au(111).38

Iodine adlayer stability was investigated by performing a
series of consecutives CV scans, beginning each one at a higher
positive potential. Figure 4 shows cyclic voltammograms taken
at four different starting potentials (Eo). ForEo below the gold’s
oxidation potential the voltammogram in the UPD region
resembles that of Cu deposition onto an I-modified Au(111)
surface (Figures 4a and 4b). ForEo above the oxidation potential
(>1.0 V), partial (Figure 4c) and almost complete removal
(Figure 4d) of the iodine adlayer is observed in the UPD region,
revealing the characteristic features observed for Cu deposition
onto I-free Au surface.

3.2. In-Situ Electrochemical STM.Electrochemical scanning
tunneling microscopy (ECSTM) was used to examine the surface
morphology of the I-modified Au(111) to ascertain the quality
of the substrate and preparation procedure. Immersion of the
I-modified Au(111) substrate into the ECSTM cell was done
under potential control at+0.35 V, above the first Cu UPD
peak. After allowing for thermal drift to settle to an acceptable
level, images such as the ones shown in Figure 5 were acquired
in large areas of the sample, revealing atomically flat terraces

separated by monatomic steps. After careful measurement of
the interatomic distances the expected c(p× x3R-30°) structure
was assigned to the image in Figure 5b). A detailed study on
the different surface structures observed during Cu UPD on
I-modified Au(111) was reported in previous work27 and will
not be addressed here.

3.3. Chronoamperometry.Figure 6 shows a set of current-
time curves obtained as a result of stepping the potential to final
values within the Cu UPD region, after initially fixing a rest
potential of+0.35 V for 20 s. All of these current transients
exhibit an initial decay associated with Cu adsorption,38 followed
by a current maximum that shifts to shorter times when the
potential step becomes more negative. The general shape of the
transients is independent of the final potential as would be
expected for a nucleation and growth process. The curves in
Figure 6a corresponding to final potential values within the first
UPD peak show a well-defined maximum that is less defined
for transients with final potential values within the second UPD
peak, sometimes masked by the adsorption process (Figure 6b).

To determine the mechanism of nucleation and growth of
the Cu UPD process, we analyzed the experimental data by usual
procedures.38 Linearization of the measured transientsI(t) for
Cu UPD on I-modified Au(111), by either the Cotrell equation

Figure 3. Peaks maxima as a function of the square root of scan rate,
for the first deposition (reduction) peak and its corresponding stripping
(oxidation) peak, labeled as A and A′, respectively, in Figure 1, for Cu
UPD on I-modified Au(111).

Figure 4. Cyclic voltammograms obtained for Cu UPD onto I-modified
Au(111) in an aqueous solution containing 1 mM CuSO4 and 0.05 M
H2SO4 for different starting potentialsEo: (a) 0.6 V, (b) 0.9 V, (c) 1.2
V, and (d) 1.4 V at a scan rate of 10 mV/s. All scans were initiated in
the negative scan direction.

Figure 5. (a) An unfiltered 12 nm× 12 nm ECSTM image of
I-modified Au(111) acquired at+0.35 V, with a monatomic step
running across the image; (b) an atomically resolved 6 nm× 6 nm
image of the iodine adlayer before Cu UPD acquired at the same
potential.

Figure 6. Representative experimental potentiostatic current-time
transients recorded during Cu UPD onto I-modified Au(111) from an
aqueous solution containing 1 mM CuSO4 and 0.05 M H2SO4 for
different final potentials. In all cases, the potential was first kept at
+0.35 V for 20 s, followed by a step to the final values indicated in
the figures, i.e., within the potential interval corresponding to (a) the
first Cu UPD peak A (see Figure 1b), and (b) the second Cu UPD
peak, B.
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[I(t) ∝ t-1/2] or by means of an exponential law [I(t) ∝ exp(-
kt)], yielded nonlinear relationships, indicating the overall
process is not diffusion-controlled.

These were then analyzed using the Bewick, Fleischmann,
and Thrisk (BFT) theory which was developed to describe 2D
growth determined by lattice incorporation of adatoms to the
periphery of a growing nucleus and taking into account the
overlap of nuclei.33-35 Within this framework the instantaneous
and progressive nucleation are described by

and

respectively. The last contribution to the current transient is due
to Cu adsorption (Iad), which may be expressed in terms of a
Langmui-type adsorption-desorption equilibrium,38,47 i.e.,

Here, ki are constants which depend on several physical
parameters determined by fitting the experimental data to the
model.38,47On this basis the total experimental current transients
can be described as the sum of individual contributions, i.e.,

The nonlinear fitting of eq 4 performed on the current-time
curves is shown in Figure 7, with good agreement between our
experimental results and the proposed model (for a detailed
explanation of the procedure see ref 40). It is seen that current
maxima can be associated to an instantaneous 2D nucleation
process limited by lattice incorporation of copper adatoms, with
small contributions from progressive 2D-nucleation. It is also
observed that for all cases Cu UPD is governed by an adsorption
process (Iad), followed by a strong instantaneous nucleation
2Di(I2Di-Li) and a smaller contribution from progressive nucle-
ation 2Dp(I2Dp-Li), with the timetm where the current maxima
occurs shifting toward shorter values as the step potential
becomes more negative. Table 1 shows the magnitude of each
of the fitting parameterski which resulted in the best curve fit.

From the contributions of the adsorption and nucleation
curves current integration was performed in order to obtain
charge density corresponding to each fitted current transient
curve. Table 2 shows the charge densities of the three processes
contributing to Cu UPD on I-modified Au(111) for each
potential step. An increase in the total chargeqtotal can be noted
as a function of the potential stepE, together with a rapid
increase ofqad while there is a slower decrease ofqDi-Li and
qDp-Li for more negative step potentials. The porcentage of
charge contributed by the adsorption and nucleation processes
to the total charge is plotted in Figure 8 as a function of potential
step, where the nucleation charge increases at the expense of
the adsorption charge. This situation is in contrast with the case

of adsorption and nucleation for Cu UPD on clean Au(111)
reported by Ho¨lzle et al.,38 where the ratio betweenqad and
qnucleationwas found to remain nearly constant for different step
potentials. We attribute this difference in behavior to the effect
of the iodine adlayer on the deposition process of Cu on
Au(111).

Figure 9 shows plots of log(Im) and log(tm) as a function of
potential step. A linear fit to the data yielded slope magnitudes
of -5.6 and 7.2, respectively. According to the model used, (δ
log Im)/δE) ≈ -(δ log tm/δE) was expected.47 The difference
between both values falls within a reasonable difference.

TABLE 1: Parameter Values of Theoretical Transients Used To Fit the Experimental Current Transients Presented in Figure 7
for Cu UPD on I-Modified Au(111)

E
(V)

tm
(s)

Im

(µA cm-2)
k1

(µA cm-2)
k2

(s-1)
k3

(µA cm-2)
k4

(s-2)
k5

(µA cm-2)
103k6

(s-3)

0.098 3.25 18.9 30.2 1.3 8.0 0.04 0.04 0.28
0.080 2.52 26.7 44.2 1.4 15.2 0.08 0.30 2.78
0.060 1.57 35.6 69.2 1.6 25.4 0.13 0.34 2.78
0.040 1.17 44.7 119.2 2.1 38.1 0.21 0.65 5.08
0.020 0.95 51.4 119.2 2.3 32.5 0.21 0.53 6.68

I2Di-Li
(t) ) k3t exp(-k4t

2) (1)

I2Dp-Li
(t) ) k5t

2 exp(-k6t
3) (2)

Iad ) k1 exp(-k2t) (3)

Itotal(t) ) Iad(t) + I2Di-Li
(t) + I2Dp-Li

(t) (4) Figure 7. Theoretical nonlinear fits based on eq 4 to the experimental
current transients data recorded during Cu UPD on I-modified Au-
(111) following a potential step from+0.35 V to different end potentials
(a) 0.098 V, (b) 0.080 V, and (c) 0.060 V. Shown in the figure are the
individual contributions due to adsorption (dashed line), 2D instanta-
neous (dotted line) and 2D progressive (dash-dot line) nucleation. The
theoretical curve is almost undistinguishable from the experimental
curve.

TABLE 2: Charge Densities for Each of the Processes
Contributing to Cu UPD on I-Modified Au(111) for the
Different Step Potentials Used

E
(V)

qtotal

(µC cm-2)
qDL

(µC cm-2)
q2Di-Li

(µC cm-2)
q2Dp-Li

(µC cm-2)
qnucleation

(µC cm-2)

0.098 179.7 23.3 105.2 51.2 156.4
0.080 161.7 30.7 95.4 35.6 131.0
0.060 180.7 42.7 97.6 40.4 138.0
0.040 192.0 56.8 92.8 42.4 135.3
0.020 196.8 73.6 75.5 47.7 123.2
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Figure 10a shows a linear fit to a plot of logk2 versus E ,
with a slope of-3.49 and a crossing point value of 0.44 at the
vertical axis. To explain this result, we use the Butler-Volmer
formalism46 where the adsorption of metallic ions associated
with a charge transfer can be described byk2 ) ka° exp[-(1 -
â)zFE/RT], which expressed in logarithms takes the form log
k2 ) log ka° - [(1 - â)zF/2.303RT]E. This equation represents
a straight line in the logarithmic scale with a slopeδ logk2/δ-
(-E) ) (1 - â)zF/2.303RT and an intercept of logka°. Using
the above estimated slope, a transfer coefficientâ of 0.9 was

calculated at a temperature of 298 K. Its closeness to unity
suggests an asymmetrical activation barrier and a predominantly
reduced species, as hinted by the large potential difference
between peak B and B′(see Figure 1b). Aâ value close to 0.5
is characteristic for metallic deposits on metals. The difference
is clearly attributable to the presence of the iodine adlayer on
Au(111). The obtained value forka° was 2.8 s-1. Figure 10b
shows the linear relationship of logk4 vs potential. The linear
fit gives a slope of-12.4. According to the proposed model,
the relationship (δ log tm/δE) ≈ -1/2(δ log k4/δE) should be
satisfied, so this relationship also confirms the validity of the
proposed model with regards to the 2D instantaneous nucleation.
Finally, Figure 10c shows the relatioship of the kinetic constant
log k6 (related to 2D progressive nucleation) as a function of
E. A linear fit gives a slope of-20.5. Again, the model used
establishes the relationship (δ log tm/δE) ≈ -1/3(δ log k6/δE).
This relationship also supports the use of the model for 2D
progressive nucleation on our data.

4. Conclusions

Cyclic voltammetry (CV) and chronoamperometry (CA)
techniques were used to characterized the kinetic mechanism
of Cu UPD on I-modified Au(111) in sulfuric acid solution.

From the experimental current transient curves and using the
BFT model for nucleation and growth, Cu UPD can be described
by an adsorption process followed by two-dimensional instan-
taneous (2Di-Li)and progressive (2Dp-Li) nucleation and growth
processes limited by lattice incorporation of adatoms, in good
agreement with recent works for similar systems. It was also
found that the potential dependence of adsorption and growth
rates follow a Butler-Volmer relation. When compared to
previously reported results the kinetics of Cu UPD on I-modified
Au(111) are slower than for Cu UPD on clean Au(111). CV
results show a highly stable iodine adlayer during the UPD
process.
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