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a  b  s  t  r  a  c  t

The  copper  electrodeposition  process  was  studied  onto  different  gold  substrates,  single  crystal  (1 1 1)  and
polycrystalline,  using  electrochemical  techniques.  It was found,  from  the  analysis  of  the experimental
current  density  transients,  that  the  potentiostatic  formation  of a full copper  monolayer  onto  the  gold  elec-
trode  under  UPD  conditions  follows  the same  mechanism,  regardless  of  the crystallinity  of the  substrate.
The  mechanism  involved  the  simultaneous  presence  of  an  adsorption  process  and  of  two 2D  nucleation
processes,  progressive  and  instantaneous,  respectively.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two and a half decades, the electrochemical scien-
tific international community has devoted a great deal of attention
to few fundamental aspects of the electrodeposition of metals [1],
namely the mechanism and kinetics associated to the initial stages
of formation of the first metallic nuclei. The main reason underlying
such study preference, is that both aspects involve the significant
occurrence of surface phenomena: for example, ordered adsorp-
tion, nucleation and growth, short-range phase transformations,
cluster formation (including that of nanoparticles), and several
others, which can be studied in depth. In view of the amount of
information, particularly structural, that has been made increas-
ingly available on the subject of underpotential deposition, UPD, it
is only natural to expect the publication of authoritative works cor-
relating the aforementioned with other aspects of UPD phenomena
of the first metal monolayer, over a foreign substrate [2–9]. Con-
sequently, such efforts have contributed to a significant increase
of the fundamental understanding of electrochemical phase for-
mation. However, the influence of the substrate’s structure on the
mechanism and kinetics of the monolayer formation, which entails
formation of a new 2D phase growing on the surface of the sub-
strate, has been relatively less studied [9].  The structure of the
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substrate surface plays an important role in its own right, as it deter-
mines specific features of the growing deposit, particularly during
the first stages of the deposition process. The polycrystalline metal
electrodes [10–15] do display a complex crystallographic character,
bearing quite a large variety of surface orientations, separated by a
network of grain boundaries, also with other emerging structural
faults inherited from the mechano-thermal history of the substrate.
Thus, diverse studies have attempted to relate the formation of
monolayers onto such surfaces, being rather limited, insofar as the
mechanism and the kinetics of formation concerned. The conven-
tional electrochemical methods generally involve one macroscopic
measurement, namely that of the current passing through the sys-
tem, which makes it sufficiently difficult to differentiate among the
diverse contributions to the overall current, likely to arise in asso-
ciation with those of the crystallographic variety. This is, the grain
boundaries and other defects of the polycrystalline system must
be considered an inherent part of the working electrode, because
they may  influence the measurement of relevant parameters like
the density number of nucleating sites. The utilization of single
crystal electrodes has helped us to study in a more systematic
manner the influence of the surface morphology of the substrate
upon the electrocrystallization process [2–9]. The formal study of
interfacial phenomena is particularly well suited when basic data
emerges from the analysis of the temporal response of the current
passing through an electrode which is under potentiostatic con-
trol [16–32].  For this matter, the framework of several theoretical
formalisms associated with metal electrodeposition, allow discern-
ment of the dimensionality of the deposit, the rate limiting step for
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the overall process, as well as the determination of a reduced vari-
ety of kinetic parameters that have physical meaning. In view of
the aforementioned, this research work deals with the application
of chronoamperometry to study the initial stages of the formation
and growth of copper nuclei onto gold electrodes like, Au(1 1 1),
and Au polycrystalline from an aqueous 1 mM CuSO4 solution in
1 M H2SO4.

2. Experimental

All experiments were performed within a typical three-
electrode electrochemical cell, where a nitrogen atmosphere was
circulated over the electrolyte to prevent oxygen dissolution.
The working electrode was a 200 nm gold layer, supported on
a heat-resistant glass substrate (Berlin Glass). The surface of the
vacuum-deposited gold layer is (1 1 1), and could be safely annealed
under a hydrogen flame. Other experiments were performed with
a BAS polycrystalline gold tip of a rotating disc electrode, hav-
ing 0.0707 cm2 exposed working area. Cyclic voltammograms
were obtained at pH 1 under UPD conditions, with the potential
scans starting at 0.8 V vs. Cu2+/Cu toward the negative direc-
tion at 15 mV s−1 scan rate. The gold electrode surface area was
observed with a Scanning Tunneling Microscope, Digital Instru-
ments NanoScope IIIa, in the case of the single crystal Au(1 1 1) and
for the polycrystalline electrode an Olympus PMG3 metallographic
microscope was used.

3. Results and discussion

3.1. Theoretical considerations

When a metal (Me) is in contact with a solution containing its
ions (Mez+), it can adopt its equilibrium potential Eeq generally
referred to as the reversible Nernst potential given by the following
equation:

Mez+
sol
+ ze−

a−→
b←−

Me  (1)

which is described through the well known Nernst equation below

Eeq = E0 + RT

zF
ln

(Mez+
sol

)

(Me)
(2)

where z is the electron’s number, F is Faraday’s constant and E0 is
the standard potential for reaction (2) and E0 gives the metal ions’
activity. However, in concentration terms of the species involved,
Eeq is described by Eq. (3):

Eeq = E0 + RT

zF
ln

�Mez+
sol

[Mez+
sol

]

�Me[Me]
(3)

As it is somewhat inconvenient to deal numerically with activi-
ties, because the activity coefficients are mostly unknown, thus it is
customary to use the potential known as formal potential E0′ , which
brings in the standard potential and some of activity coefficients,
such that:

E0′ = E0 + RT

zF
ln

�Mez+
sol

�Me
(4)

Then, the definition of E0′ using also Eq. (2),  can be written as:

Eeq = E0′ + RT

zF
ln

[Mez+
sol

]

[Me]
(5)

Eq. (5) allows relating Eeq to the concentrations of the species
involved. However, as the ionic strength influences the activity, the
E0′ for the same reaction will vary from one medium to the next,

even in the case when, due to change in the study medium, there
were no stable complexes formed between the metal ions and any
of the components of the new medium, Yj−

sol
. For the case when dif-

ferent species of the metal ions are formed, [Me(Y)i]
z−(i×j)
sol

, then E0′

will also comprise terms involving the equilibrium constants and
concentrations of some of the species involved during the complex-
ation equilibrium. This is, particularly, the case of complexation
reaction (6),  where the metal ion Mez+ is involved, as follows:

Mez+
sol
+ iYj−

sol

a−→
b←−

[Me(Y)i]
z−(i×j)
sol

(6)

with an equilibrium constant given as:

K(T) = [[Me(Y)i]
z−(i×j)
sol

]]

[Mez+
sol

] × [Yj−
sol

]
i

(7)

Then, Eeq must be estimated to produce Eq. (8) instead of Eq. (1):

[Me(Y)i]
z−(i×j)
sol

+ ze−
a−→
b←−

Me  + iYj−
sol

(8)

This is done using (4), (5) and (7),  which gives (9)

Eeq = E0 + RT

zF
ln

�Mez+
sol

�Me
+ RT

zF
ln

[[Me(Y)i]
z−(i×j)
sol

]

[Me] × K(T) × [Yj−
sol

]
i

(9)

Now, defining E0′ as (10), as follows:

E0′ = E0 + RT

zF
ln

�Mez+
sol

�Me
− RT

zF
ln K(T) − i

RT

zF
ln[Yj−

sol
] (10)

The corresponding Nernst equation is now obtained:

E0 = E0′ + RT

zF
ln

[[Me(Y)i]
z−(i×j)
sol

]

Me
(11)

It follows from the treatment above, that quantitative thermo-
dynamic data on Eeq of the solution studied is necessary.

The application of an electrode potential (E) more positive than
Eeq, brings about the dissolution of the metal (refer to direction b in
Eq. (1)), while for a potential more negative than the Eeq (E < Eeq), the
metal ions will be reduced over the surface of the electrode, until a
new equilibrium is reached. However, when a metal is deposited on
a different metallic substrate, namely Cu on Au, rather than Cu on
Cu, an apparent violation of the Nernst’s Law becomes evident: the
first monolayer is deposited at potentials more positive than the
respective Nernst potential (Eeq). Such behavior has been termed
underpotential deposition, UPD, which contrasts with the deposi-
tion processes taking place at overpotential, OPD. However, it must
be remembered that in spite of the symmetry of the technical terms
UPD and OPD, the physical origin of both effects is quite different.
It becomes apparent that the reason for the OPD is only due to the
kinetics of the deposition process, while that of the UPD is related
to the energetics of the adatom-substrate bond.

The UPD deposit of metals has been extensively described in an
authoritative revision [1,2]. The effect of the deposit at underpo-
tential conditions is more conveniently demonstrated with cyclic
voltammetry experiments, where the current observed is due to
the electrochemical reaction taking place as the potential is con-
tinuously changed, with dE/dt constant within a selected range.
The formation (dissolution) of the first monolayer is easily detected
because pronounced current peaks at E ≥ Eeq become clearly appar-
ent during the cathodic (anodic) potential scan, whereas the
massive deposit (overpotential deposition, opd) or multilayeres
takes place only when E < Eeq. The fact that the first layer forms at
much more positive potentials than those necessary for the massive
deposit, simply means that the metal ad-atoms develop a stronger
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Table 1
Theoretical determination of the equilibrium potential Eeq for the pair Cu(II)/Cu(0)
in  a 1.0 mM Cu(II), 0.1M H2SO4 aqueous dissolution at different pH.

pH I/mol L−1 Cu(II)′′ Theory �Cu(II)′′ Eeq/mV  vs. Cu2+/Cu

1.0 0.1 Cu(H2O)6
2+ DHEa 0.32 35

DHLb 0.22 30
Dc 0.37 37

4.0  0.3 CuSO4 DHE 0.19 −13
DHL 0.07 −25
D  0.29 −8

a Debye-Hückel extended.
b Debye-Hückel limit.
c Davies.

interaction, basically dependent on the energetics of this particular
system, with the nearby substrate of a different nature than their
own, on which they will be bonded, than to a substrate of its own
type.

At the copper concentration considered in this work (1.0 mM)
the predominating species were the Cu(H2O)6

2+ ion at pH 1 and
the soluble CuSO4 complex at pH 4. It is worth noting also that the
SO4

2− species will depend on the solution pH, with the bisulphate
anion (HSO4

−) at pH 1 and the (SO4
2−) at pH 4. Considering this,

the ionic strength of the solution changes with pH, from 0.1 at pH
1 to 0.3 at pH 4.

Table 1 gives the values for Eeq that were theoretically esti-
mated using Eq. (3),  as a function of the ionic strength (I) of the
medium, where the activity coefficients were calculated by means
of the extended and limited Debye-Hückel theories, and also by
the Davies theory of the approach used to estimate the value of the
activity coefficient for the Cu(II) ion (�Cu(II)′′ ) for the generalized
reaction (12):

Cu(II)′ + 2e−
a−→
b←−

Cu(0) (12)

As can be noted, in the reaction Cu(II)′ represents the predomi-
nating copper species which is present, according to the chemical
features of the medium considered, namely pH and pSO4.

3.2. Cyclic voltammetry

The results shown in Fig. 1 correspond to the cyclic voltamme-
try study performed in the system: 1.0 mM Cu(II), 0.1 M H2SO4 at
pH 1.0, with two different gold electrodes: Au (1 1 1) single crystal
and polycrystalline Au. For both cases, it can be observed that cop-
per deposition has taken place at potentials more positive than the
equilibrium potential for the Cu(H2O)6

2+/Cu(0) pair; therefore, this
deposit corresponds to copper UPD onto gold. In the particular case
of the Au(1 1 1) single crystal, the formation of two voltammetric
peaks, namely A and B, can be distinguished when the poten-
tial was scanned toward more negative values. It is important to
remark that this voltammogram possesses the same features than
those reported by Hölzle et al. [3] and Wieckowski et al. [33,34], in
the same system. The peaks indicate the presence of at least two
processes energetically different, which are responsible for the cop-
per underpotential electrodeposition onto the Au(1 1 1). However,
when deposition took place onto the polycrystalline electrode, the
first peak (Fig. 1, peak A) appeared frankly inhibited. Instead of two
peaks A and B, there only appears one peak E. Peaks C and D and
peak F correspond to the oxidation of the copper adlayer previously
electrodeposited onto Au(1 1 1) and polycrystalline, respectively.

From Fig. 1 it is possible to see that reversing the potential scan
toward more positive values, two peaks C and D become notice-
able for the single crystal electrode, while just one peak F appeared
for the polycrystalline. These peaks are associated with the dis-
solution of the copper deposited during the direct scan. From the

Fig. 1. Typical cyclic voltammograms obtained for the system Au/1 mM CuSO4,
0.1  M H2SO4 with two different electrodes: single crystal (green) and polycrystalline
(blue). The trace running almost flatly parallel to zero current (red) corresponds to
the  response obtained in the same system in the absence of the Cu(II) ions (blank). In
all cases, the potential scan started at 800 mV vs. Cu2+/Cu in the negative direction,
as  indicated by the arrows, at 15 mV s−1 potential scan rate. Insets show the STM,
40 nm ×40 nm ×10 nm, (up) and micrographic, 70×, (down) images corresponding
to the electrode surface of the Au (1 1 1) and polycrystalline gold, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

literature, the copper deposited under UPD conditions onto the
Au(1 1 1) has been characterized by means of sophisticated surface
techniques such as LEED (low energy electron diffraction), RHEED
(reflection high energy electron diffraction), EELS (electron energy
loss spectroscopy) and XRD (X-ray diffraction), among others. As a
result, Kolb showed [2] the structural changes that the UPD copper
deposit undergoes on Au(1 1 1). Fig. 2 shows the potential variation
as a function of the degree of coverage with copper atoms on the
Au(1 1 1) electrode, and the scheme of the structure attained by the
deposit. It can be observed that for a lower degree of coverage, at a
potential more positive than for peak A of the cyclic voltammetry
plot referred above, the adsorption of copper atoms seems random;
for intermediate coverage, that is at a potential between peaks A
and B, the adsorption observed appeared ordered adopting a struc-
ture

(√
3 ×
√

3
)

R30◦ (honeycomb shape). Lastly, for more negative
potentials as compared to peak B, a (1 × 1) structure describes the
complete monolayer (ML) formed. It is also important to mention
that Wieckowski et al. [33,34],  from a computational and theoret-
ical lattice-gas modeling approach and electrochemical and UHV
experiments, contributed to clarify the situation about the struc-
ture of copper UPD on Au(1 1 1). They found that in the potential
region between the two  sharp CV peaks, the electrode is covered
by a mixed adlayer of

(√
3 ×
√

3
)

R30◦ symmetry, consisting of 2/3
ML Cu and 1/3 ML  sulfate. This ordered-phase region is limited
on the positive-potential side by a first-order phase transition to a
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Fig. 2. Variation of the coverage degree (�) of copper atoms onto Au(1 1 1) as a
function of the applied potential under UPD conditions, from a 1.0 mM CuSO4, 0.1 M
H2SO4 aqueous solution at pH 1.0. The structural schemes refer to the structures
adopted by the copper layer deposited, as determined by LEED and RHEED from
Kolb’s work [2].

disordered low-coverage phase, followed at still higher potentials
by transitions to pure sulfate phases. On the negative-potential side
the mixed phase terminates at a second-order phase transition to
a full monolayer of Cu. Moreover, they pointed out the necessity to
investigate the kinetics of the deposit’s formation.

Fig. 3 shows the charge density variation (q) as a function of
the potential applied to the electrode during the voltammetry cop-
per deposition process at underpotential conditions onto the two
kinds of gold electrodes, single crystal and polycrystal, as obtained
by integrating the cathodic branch of the corresponding voltammo-
grams presented in Fig. 1. In spite of the different forms in which q
varies with E for each of the electrodes, it is important to note that
upon applying a potential near the equilibrium potential, namely
ca. 0 V vs. Cu2+/Cu, a q value nearing 420 �C cm−2 was obtained for
both types of electrodes. This value falls quite near the theoreti-
cal value corresponding to the formation of a copper isomorphous
layer on gold, which is 440 �C cm−2, corresponding to a copper
monolayer. Clearly, the result indicates that at values near the equi-
librium potential whether on a gold single crystal or polycrystal,
a copper monolayer is formed, even though its formation kinet-
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Fig. 3. Charge density variation as a function of the applied potential during the
copper UPD, from a 1 mM CuSO4, 0.1 M H2SO4 aqueous solution, onto two types of
gold electrodes: single crystal Au(1 1 1) (green dots) and polycrystalline gold (blue
broken line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

ics (see the graph trajectory) may  be different, depending on the
crystallinity of the substrate.

3.3. Potentiostatic current transients

It should be stated that as a background to the studies under-
taken in this part of the work, Hölzle et al. [3],  studied the
copper underpotential deposition onto Au(1 1 1) using potentio-
static current transients. Their relevant contribution concerns the
mechanism proposed that described the experimental potentio-
static current transients, involving the simultaneous presence of
the double layer charge transfer process involving a Langmuir-type
adsorption–desorption equilibrium [3,24,26] (refer to Eq. (13)), and
a 2D instantaneous nucleation process (refer to Eq. (14)).

jad = K1 exp(−K2t) (13)

where t is the perturbation time, K1 = E/Rs, K2 = 1/RsC

j2Di−LI(t) = P1t exp(−P2t2) (14)

with P1 = 2�zFMhN0K2
g /� and P2 = �M2N0K2

g /�2

For all the equations, unless otherwise stated, E represents the
applied potential throughout the perturbations, Rs is the solution’s
resistance, C the double layer capacitance, Kg represents the nuclei
growth rate constant (mol cm−2 s−1), M and � are the molecular
mass and the density of the deposit, respectively, h is the height of
the layer formed and N0 is the overall number density of active sites
available for the nucleation process on the surface of the substrate.

This model was particularly adequate to describe the copper
underpotential deposition process onto a Au(1 1 1) substrate [3],
when the potential pulse (Ear) initiated at an intermediate poten-
tial value∼=100 mV  vs. Cu2+/Cu between peaks A and B, see Fig. 1 and
finished at various other different potentials (E), around the equilib-
rium potential. It should be noted though, that under the conditions
stated by Hölzle et al. [3],  the potentiostatic pulse studies do begin
with a Au(1 1 1) surface which already has approximately 70% of
the atomic coverage required to form a copper monolayer, as can
be appreciated from Fig. 2.

However, when Hölzle et al. [3], studied the copper deposition
under peak A, starting the potential pulse at a value Ear = 400 mV,
where the Au(1 1 1) surface was copper-free (see Figs. 2 and 3),
and finishing at different potential values belonging to peak A,
so that approximately a half of the monolayer would have been
effectively deposited, it was found that the shape of the tran-
sient obtained did not show evidence of a nucleation process. It
means they did not studied the full formation of the monolayer,
starting out with a copper-free Au(1 1 1) surface. Contrary, here in
our work we investigate full formation of the copper monolayer
(UPD) starting from a copper-free Au(1 1 1) surface, for which the
following results will attempt to reveal new insights on the fun-
damentals of this process. It is relevant to mention that attempts
to describe electrochemical phase formation processes have been
made using Kinetic Monte Carlo simulations of current transients,
see for instance the work of Scharifker et al. [18], for silver and
mercury electrodeposition onto a vitreous carbon electrode and
that of Brown et al. [35], for copper UPD on Au(1 1 1) in sulfate
media. In particular Brown et al. [35], using numerical (dynamic
Monte Carlo simulations) studies of lattice-gas models that treat
copper and sulfate as interacting particles that compete for the
same adsorption sites where the energy barriers were assumed to
vary according to the Butler-Volmer approximation, found a very
good agreement between their simulations and the experiments
of Hölzle et al. [3],  in both positive-going and negative-going steps.
Notwithstanding, neither Hölzle et al. [3],  nor Brown et al. [35], con-
sidered for their respective studies, the full formation of the copper
monolayer (UPD) starting from a copper-free Au(1 1 1) surface in a
single potential step experiment.
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Fig. 4. Typical potentiostatic current transients obtained during copper underpo-
tential deposition onto Au(1 1 1) (circles) and polycrystalline gold (line) from a
1.0  mM CuSO4 in 0.1 M H2SO4 aqueous solution at pH 1.0. The potential step started
at  Ear = 600 mV and ended at 5 mV in both cases.

Fig. 4 shows two potentiostatic current transients obtained dur-
ing copper UPD onto Au(1 1 1) and onto the polycrystal surface, both
free from copper ad-atoms (Ear = 600 mV). The values of the applied
potentials (E) correspond to values close to the equilibrium poten-
tial. In both cases the overall charge density involved, calculated by
integrating the −j vs. t plot, appeared very close to the theoretical
value found for a Cu pseudomorphic monolayer (1 × 1) on Au(1 1 1)
[22].

3.3.1. Electrochemical formation of the copper monolayer on
Au(1 1 1)

The shape of the potentiostatic current transients for times
longer than 0.4 s appeared similar to that predicted for the nucle-
ation and growth of 2D centres limited by the incorporation of
ad-atoms. The maximum indicates that the centres have grown to
an extent that coalescence prevailed. For times shorter than 0.4 s,
the transients displayed a shape which could not be described by
any of the nucleation models, unless the contribution of an adsorp-
tion process is taken into consideration in the expression for the
overall current density (see Eq. (13)). Therefore, the shape of the
transients obtained can apparently be explained by the process
described by Hölzle et al. [3], whereby the overall current den-
sity (j) comprises the linear addition of an adsorption process (jad)
plus a 2D nucleation (j2D-LI) process limited by the incorporation of
ad-atoms, as indicated in Eq. (15).

j = jad + j2D−LI (15)

where jad is described by Eq. (13) and j2D-LI by Eq. (14) for instanta-
neous or (16) for progressive nucleation mechanism [1,24–26].

j2Dp−LI(t) = P3t2 exp(−P4t3) (16)

where P3 = �zFMhAN0K2
g /� and P4 = �M2AN0K2

g /3�2

In these equations, A represents the nucleation rate constant.
To discern which of Eq. (14) or (16) represent best the 2D nucle-

ation process, it becomes necessary to classify the experimental
nucleation mechanism; in order to do this we followed the method
described elsewhere [25].

Fig. 5 shows a comparison of a selected region of the transients
corresponding to the Au(1 1 1) electrode, shown in Fig. 4, which
have been normalised through the co-ordinates of their respec-
tive maximum, with the theoretical dimensionless plots that are
associated to instantaneous and progressive nucleation [3].  Gener-
ally speaking, it can be observed to begin with, that the results for
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1

32.521.510.50
t / tm

j /
 j m

Fig. 5. Comparison between the predicted theoretical plots for a 2D nucleation
process limited by the incorporation of ad-atoms: instantaneous (broken line) and
progressive (solid line) and the experimental transient (circles) shown in Fig. 4 for
the  Au(1 1 1) electrode, normalized through their respective co-ordinates for the
current maximum.

the experimental nucleation support that, when t/tm ≤ 1.5, this fol-
lows relatively closely the progressive nucleation; while for values
greater than those given by the relation, the experimental nucle-
ation appears located between the instantaneous and progressive
mechanisms.

The comparison shown in Fig. 5, suggests that in this case the
nucleation cannot be easily classified as instantaneous or pro-
gressive within the whole time period considered, this being in
principle a problem that requires to be solved. Hence, as the doubt
persists: which of Eq. (14) or (16), instantaneous or progressive,
respectively, would be more convenient to use in Eq. (15) to repre-
sent the 2D nucleation process? Therefore, non-linear fitting of Eq.
(15) was performed to the experimental transients, and each of the
two possibilities considered separately. First, if the instantaneous
mechanism is considered for the 2D nucleation, Eq. (15) becomes
Eq. (17) as follows:

j  = jad + j2Di−LI (17)

where the j2Di-LI is represented by means of Eq. (14). Fig. 6 shows
the comparison between the experimental transient obtained using
the Au(1 1 1) electrode, see Fig. 4, and the transient obtained by
means of non-linear fitting of Eq. (17) to the experimental data.
The result of the fitting is considered satisfactory for the initial part
of the experimental transient. However, the description of the data
points from about t = 0.35 s up to the maximum is rather poor.

Trying now the 2D progressive nucleation mechanism, Eq. (15)
now becomes Eq. (18):

j = jad + j2Dp−LI (18)

where the contribution due to j2Dp-LI is represented by Eq. (16).
Fig. 7 shows the results obtained using the aforementioned

mechanistic considerations; now the description of the overall
transient is still less precise than the previous one, except of course,
for the initial part, which would appears to be well fitted.

In view of the comparative results concerning the experimental
potentiostatic current transients, see Figs. 6 and 7, and the dimen-
sionless plots for the instantaneous and progressive nucleation,
Fig. 5, it would appear to be feasible that the following mechanism,
depicted by Eq. (19), should describe appropriately the under-
potential deposition of copper onto Au(1 1 1) involving complete
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Fig. 6. Comparison between the experimental potentiostatic current transient
(green circles) obtained during formation of a copper monolayer onto Au(1 1 1),
under the conditions stated in Fig. 4, and a theoretical transient (line) obtained
through non-linear fitting of Eq. (17) to the experimental data. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of the article.)

formation of a monolayer of the metal, where the surface was  ini-
tially free from copper ad-atoms.

j = jad + j2Dp−LI + j2Di−LI (19)

Eq. (19) brings about the possibility to deconvolute the overall
current of the experimental transients into three individual con-
tributions corresponding to three different processes, which take
place during the copper UPD onto Au(1 1 1) under the conditions
stated before; namely, an adsorption process and two  nucleation
processes. Fig. 8 presents a comparison of the non-linear fitting of
Eq. (19) to the experimental transient. It becomes noticeable that
the fitting process is indeed adequate to describe the overall current
transient. The figure also shows the plots of the individual contri-
butions to the overall current, noting that the nucleation processes
are fully overlapping and that the overall current at the end of the
transient is mainly due to the 2Di-Ll nucleation process.
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Fig. 7. Comparison between the experimental potentiostatic current transient
(green circles) obtained during formation of a copper monolayer onto Au(1 1 1),
under the conditions stated in Fig. 4, and a theoretical transient (line) obtained
through non-linear fitting of Eq. (18) to the experimental data. (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 8. Comparison between the experimental potentiostatic current transient
(green) obtained during formation of a copper monolayer onto Au(1 1 1), under the
conditions stated in Fig. 4, and a theoretical transient (red) obtained through non-
linear fitting of Eq. (19) to the experimental data. The individual contributions to the
overall current have also been plotted that are due to an adsorption process (jad),
a  progressive 2D nucleation process limited by ad-atom incorporation (j2Dp-LI) and
an  instantaneous 2D nucleation process, limited also by incorporation of ad-atoms
(j2Di-LI). (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)

3.3.2. Influence of the applied potential on Cu UPD onto Au(1 1 1)
Fig. 9 shows a family of potentiostatic current transients

obtained during copper UPD deposition on a copper ad-atoms-free
Au(1 1 1) surface at (Ear = 600 mV). The values of the applied poten-
tial pulses (E) correspond to the more negative potential zone of
the voltammogram shown in Fig. 1.

Fig. 10 shows the results from the fitting procedure of all the
other transients through Eq. (19). It can be observed that as the
applied potential becomes more cathodic the instantaneous nucle-
ation becomes more important, whereas the opposite is true with
the progressive nucleation. The best fitting parameters are shown
in Table 2, which includes K1 and K2 that correspond to the adsorp-
tion process (refer to Eq. (13)), parameters P1 and P2 belong to
the 2D instantaneous nucleation process (refer to Eq. (14)) and the
parameters P3 and P4 are associated to 2D progressive nucleation
process (refer to Eq. (16)).
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Fig. 9. Family of potentiostatic current transients obtained during copper UPD on a
copper ad-atoms-free Au(1 1 1) surface from a 1.0 mM CuSO4,  0.1 M H2SO4 aqueous
solution at pH 1.0. The applied potentials, mV,  are duly indicated in the figure. The
Ear was  for all cases 600 mV.
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Fig. 10. Comparison between the experimental potentiostatic current transients (green) obtained with (a) 0 mV, (b) −5 mV,  (c) −10 mV  and (d) −15 mV, under the conditions
stated  in Fig. 9 and their respective theoretical transients (red) obtained through non-linear fitting of Eq. (19) to the experimental data. The individual contributions to
the  overall current have also been plotted that are due to an adsorption process (jad), a progressive 2D nucleation process limited by ad-atom incorporation (j2Dp-LI) and
an  instantaneous 2D nucleation process, limited also by incorporation of ad-atoms (j2Di-LI). (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)

Table 2
Current maxima coordinates and best fitting parameters obtained through non-linear fitting of Eq. (19) to the experimental transients shown in Fig. 10.

E/mV tm/s jm/mA  cm−2 K1/mA  cm−2 K2/s−1 104P1/C cm−2 s−3 P2/s−3 104P3/C cm−2 s−3 P4/s−3

−15 0.57 0.367 1.85 10.93 6.77 1.61 6.84 3.15
−10  0.63 0.339 1.61 10.04 4.93 1.33 6.70 2.59
−5  0.68 0.310 1.47 9.32 3.46 1.07 6.34 2.0

0  0.76 0.279 1.40 8.89 2.74 0.88 4.69 1.48
5  0.85 0.238 1.18 8.00 1.88 0.64 3.4 1.06

The K2 potential dependence can be, in agreement with Noël and
Vasu [36] modeled by means of a Butler–Volmer-type expression.
The adsorption of metal ions associated to the charge transfer is
described by the following expression (20):

K2 = K0
a exp

(
−(1 − ˇ)

zFE

RT

)
(20)

Taking logarithms on each member of (20) the following relation
is obtained (21)

log K2 = log K0
a −

(1 − ˇ)zF

2.303RT
E (21)

Eq. (21) indicates that the log(K2) variation with the applied
potential (−E), should give a straight line with slope (m) equal to
(22)

m = ∂ log K2

∂(−E)
= (1 − ˇ)zF

2.303RT
(22)
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Fig. 11. Potential variation of K2. The line corresponds to the data’s linear regression.
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Fig. 12. Potential dependence of (a) log tm , (b) log −jm , (c) log P2 and (d) log P4. The lines correspond to the data’s linear regression.

and the intercept being equal to log(K0
a ). Fig. 11,  shows a plot of the

variation of K2 (see Table 2) as a function of the applied potential.
The linear regression analysis shows that the correlation coefficient
was 0.98, with a slope m = 0.0065 and an intercept of 0.94. Substi-
tuting the m value in Eq. (22) it is found that the energy transfer
coefficient (ˇ) for this process was 0.99 at 25 ◦C. Further, from the
value of the intercept a value of 8.709 s−1 was obtained for K0

a .
Fig. 12 shows the potential dependence of both the current

time’s maximas (tm) and the current’s maxima (jm) of the transients
shown in Fig. 9, plus the parameters P2 (instantaneous nucleation)
and P4 (progressive nucleation). In all cases the observed behavior
was linear. The magnitude of the slope was 0.0086 (for the varia-
tion of log(tm) with E), −0.009 (for the straight line log(−jm) vs. E),
−0.0197 (for the P2 variation) and −0.0238 (in the case of P4).

It should be noted that (∂log − jm/∂E)∼=− (∂log tm/∂E)
describes the 2D nucleation model, either for the instan-
taneous or the progressive nucleation [28]. Furthermore, it
can be expected that for the case of instantaneous nucleation

(∂log tm/∂E)∼=− (1/2)(∂log P2/∂E) and for the case of the progres-
sive nucleation (∂log tm/∂E)∼=− (1/3)(∂log P4/∂E). The experimental
results fulfill these two  requisites adequately. Thus, a good support
is given to each of the contributions so that the model proposed
(refer to Eq. (19)) as well as the results of the fitting method to the
experimental data, explain the UPD copper deposit in this system
under the conditions stated.

Table 3 shows the values of the charge involved as a function
of the potential in each of the processes comprising the transient
of Eq. (19). It can be observed that as the potential becomes more
cathodic, the charge involved in the 2D progressive nucleation pro-
cess (q2Dp-LI), decreases while the opposite is true for the charge
associated to the 2D instantaneous nucleation process (q2Di-LI).
In spite of this, the overall charge due to the nucleation process
(qnucleation) is practically independent of the applied potential. The
same can be said of the charge due to the adsorption process (qad). It
is worthwhile noting that the overall charge (qnucleation + qad) corre-
sponds quite well to that reported for the formation of a monolayer,

Table 3
Variation of the charge involved in each of the processes participating in the formation of a copper monolayer deposited, under UPD conditions on the Au(1 1 1) electrode,
as  a function of the applied potential.

E/mV  −q2Di-LI/�C cm−2

(a)
−q2Dp-LI/�C cm−2

(b)
−qnucleation/�C cm−2

(c)
−qad/�C cm−2

(d)
−qtotal/�C cm−2

(e)
%qnucleation %qadsorption

−15 210.5 72.24 282.7 169.0 451.7 62.60 37.40
−10  185.9 90.14 276.1 160.1 436.16 63.30 36.71
−5  162.26 105.77 268.0 157.6 425.7 62.96 37.03

0  156.6 105.91 262.5 157.9 420.5 62.43 37.56
5  146.4 106.74 253.1 147.0 400.16 63.25 36.75

(a) q2Di-LI = P1/2P2.
(b) q2Dp-LI = P3/3P4.
(c) qnucleation = q2Di-LI + q2Dp-LI .
(d) qad = k1/k2.
(e) qtotal = qnucleation + qad .
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Fig. 13. Charge density variation as a function of the potential, observed during
UPD copper deposit on Au(1 1 1) electrode from a 1.0 mM CuSO4, 0.1 M H2SO4 aque-
ous  solution at pH 1. The charge density at each potential was  estimated through
integration of the voltammetric plot (direct scan) shown in Fig. 1. The arrows mark
approximately the charge associated to each of the processes participating in the
formation of the copper monolayer.

particularly at −10 mV  potential; also, it is can be remarked that in
all cases the overall process occurred with only 60% of the charge
due to nucleation and the remnant 40% was due to adsorption.

Fig. 13 shows the experimental estimate of the charge den-
sity variation with the potential, during UPD copper deposition
onto Au(1 1 1), carried out through integration of the voltammetric
plot (in the cathodic direction) shown in Fig. 1. The arrows mark
approximately the transitions observed for theoretical average val-
ues that (see Table 3) correspond to various charge densities of

the processes involved in the mechanism proposed to explain the
transients shown in Fig. 9.

It is important to note that, for instance, the average value
of the charge density due to the adsorption process (qad) corre-
sponds to a potential value related to the first transition of the
copper deposit’s structure: from random to

(√
3 ×
√

3
)

R30◦ (see
Fig. 2). Also, the value of the sum of the charge density for adsorp-
tion and the charge density due to the 2D progressive nucleation
process (q2Dp-LI), corresponds to a potential in the second transi-
tion zone: from

(√
3 ×
√

3
)

R30◦ to (1 × 1). The sum of the charge
density of the two processes, that of nucleation and that of adsorp-
tion (qad + q2Dp-LI + q2Di-LI) corresponds to a potential value related
with the structure (1 × 1). The different contributions comprised
in the transient in Eq. (19) could be related to the structural
changes observed during the copper underpotential deposition
onto Au(1 1 1). The current jad relates with the random adsorption
of copper atoms, the j2Dp-LI with the ordered honeycombe structure
and, lastly, the j2Di-LI with the (1 ×1) structure. The use of gold single
crystal surfaces to study the copper electrodeposition at UPD, made
it possible to associate each of the individual contributions from
which the overall current of the experimental potentiostatic cur-
rent transients has been deconvoluted. It is important to mention
that Baré and Buess-Herman [37] have successfully used Höl-
zle et al., model [3] to describe experimental current transients
recorded during the formation of two-dimensional uracil ordered
phases at the gold single crystal electrode where three-stage pro-
cess were involved.

3.3.3. Electrochemical formation of a copper monolayer onto Au
polycrystalline

From the previous analysis, it becomes clear that regardless of
the crystalline nature of the Au electrode during the copper UPD
processes taking place, a metal monolayer was formed (see Fig. 3),
though based on the apparent large difference of the corresponding
transients (see Fig. 4), the formation of the said monolayer should
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Fig. 14. Potentiostatic current transients obtained during copper underpotential deposition onto polycrystalline gold from a 1.0 mM CuSO4, 0.1 M de H2SO4 aqueous solution
at  pH 1. The potential step started at Ear = 600 mV and ended at 5 mV.  The inset shows a zoom of the current in the 0.025–0.045 mA  cm−2 range.
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Fig. 15. Comparison between the experimental potentiostatic current transient
(blue circles) obtained during formation of a copper monolayer onto polycrystalline
gold electrode, under the conditions stated in Fig. 14,  and a theoretical transient
(red) obtained through non-linear fitting of Eq. (19) to the experimental data. The
individual contributions to the overall current have also been plotted that are due to
an  adsorption process (jad), a progressive 2D nucleation process limited by ad-atom
incorporation (j2Dp-LI) and an instantaneous 2D nucleation process, limited also by
incorporation of ad-atoms (j2Di-LI). (For interpretation of the references to color in
this figure legend, the reader is referred to the web  version of the article.)

involve quite different mechanisms. However, when observing
carefully (refer to inset in Fig. 14),  the corresponding transient
for polycrystalline gold shows that there exists a significant like-
ness between both transients. From the similitude we propose to
use also Eq. (19) to describe the formation process of the copper
monolayer onto polycrystalline gold. Fig. 15 shows the comparison
between the plot of the experimental potential transient data and
the theoretical one generated through non linear fitting of Eq. (19)
to the said data; as is customary, the figure also shows the indi-
vidual contributions to the overall current. Thus, the mechanism
proposed does indeed look appropriate to describe the formation
process of the copper monolayer onto the polycrystalline gold sub-
strate. However, the kinetics for the process appears different and,
for the present case, the nucleation process is mainly due to the
2Di-LI process.

4. Conclusions

The potentiostatic formation of a full copper monolayer onto the
gold electrode under UPD conditions follows the same mechanism,
regardless of the crystallinity of the substrate (single crystal or
polycrystalline). The mechanism involved the simultaneous pres-
ence of an adsorption process and of two 2D nucleation processes,
progressive and instantaneous, respectively.

The use of gold (1 1 1) surface to study the UPD made it possible
to associate each of the individual contributions from which the

overall current of the experimental potentiostatic current transient
has been deconvoluted.
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