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a b s t r a c t

The early stages of the palladium electrodeposition process onto a vitreous carbon (VC) substrate as
well as the deposition of Cu on such Pd/VC modified surface were investigated using classical electro-
chemical techniques, atomic force microscopy (AFM) and scanning electron microscopy (SEM). Within
the potential range considered the kinetics of the Pd electrodeposition from a PdCl2 acid solution can be
described by a model involving progressive nucleation on active sites and diffusion-controlled 3D growth.
The nucleation rate constant, A0, and the number of active sites of the substrate, N0, were determined
from the analysis of potentiostatic current transients on the basis of an existing theoretical model. The
AFM images corroborated the progressive nucleation mechanism showing irregular palladium crystals
randomly distributed over the VC surface, with different sizes and 3D morphological characteristics. The
electrodeposition of Cu was carried out onto the characterized Pd/VC modified surface from a Cu2+ con-
taining solution using a well defined polarization routine. The SEM/EDX images confirmed the formation

of Cu/Pd bimetallic crystals uniformly distributed on the VC surface and the in situ AFM images obtained
during this process corroborated that Cu formed a core–shell structure with the Pd crystals. Nevertheless,
the subsequent anodic stripping produced only a partial dissolution of the Cu deposits, and therefore, the
formation of a Cu/Pd alloy could be inferred.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

The formation of catalytically active metal particles on chemi-
ally inert electrode surfaces is important not only for fundamental
urface science but also for the preparative aspect of nanotechnol-
gy. Electrochemical techniques are considered to be well-suited
ools for the formation of such micro- or nanostructures since
upersaturation and undersaturation can be well adjusted and also
apidly changed via the electrode potential. Usually, practical noble
etal electrodes are prepared with a small amount of these met-

ls highly dispersed on a conductive low-cost solid substrate. This
ractice provides a large surface area on which many reactions
ere reported to proceed at accelerated rates [1]. Since the activ-

ty of the noble metal deposits strongly depends on the surface
tructure, studies on the growth mechanism and the structural

haracterization on an atomic level are essential to develop a better
nderstanding in this field. Therefore, the study of the first stages
f these electrochemical phase formation processes is a topic of
entral importance as they seem to be significant in determining
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the morphology and physicochemical properties of the electrode-
posited particles [2].

The modification of solid surfaces by palladium micro- or
nanocrystals is a special case due to its recognized high catalytic
activity [3,4]. Different studies on electrodeposition of palladium
microparticles have been developed but information on the very
initial eletrodeposition stages is limited [5–8]. In addition, the
system Cu/Pd has been demonstrated as effective electrocatalyst
for different electrochemical reduction reactions, specially, for the
cathodic reduction of nitrate [9–13]. Considering this information,
in the present work the early stages of the palladium electrodeposi-
tion onto a vitreous carbon (VC) substrate from a PdCl2 acid solution
were investigated using classical electrochemical techniques and
atomic force microscopy (AFM) and scanning electron microscopy
(SEM). VC was chosen as foreign substrate because carbonaceous
materials are the preferred supports for Pd electrocatalysts due to
their high overpotential for hydrogen evolution and their proper-
ties as inert and low-cost materials. Additionally, the formation
of Cu/Pd bimetallic particles obtained by electrodeposition of Cu
onto the Pd/VC modified surface was also analysed. The forma-

tion of bimetallic particles by electrochemical deposition can be
considered as an interesting alternative method for the prepara-
tion and subsequent basic characterization of catalysts such those
used in fuel cells [14,15]. Therefore, the preparation methodology

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:dsalinas@uns.edu.ar
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sed in this work can be extended to other bimetallic systems with
echnological interest.

. Experimental details

Palladium particles were electrodeposited onto a VC electrode
rom a 9.5 × 10−4 M PdCl2 + 0.1 M Na2SO4 + 2.4 × 10−2 M HCl solu-
ion (pH 2.6) prepared from supra-pure chemicals (E. Merck,
armstadt) and fourfold quartz-distilled water. The electrodepo-

ition of Cu2+ onto a palladium modified VC surface (Pd/VC) was
roduced from a 1 × 10−3 M CuSO4 + 0.1 M Na2SO4 solution. In the

ast case the solution pH was adjusted to 2.6 with the addition of
2SO4. The electrolytes were deaerated by bubbling highly purified
itrogen prior to each experiment.

The electrochemical measurements were carried out at a
emperature T = 298 K in a conventional three-electrode electro-
hemical cell. The working electrode was a VC rod sealed into a
eflon holder, with an exposed area of 0.070 cm2. The electrode sur-
ace was mechanically polished with progressively finer diamond
aste up to 1 �m until a mirror-like finished surface was obtained.
hen, it was washed with fourfold quartz-distilled water. A satu-
ated calomel electrode (SCE) mounted inside a Luggin capillary
nd a platinum sheet (1 cm2) were used as reference and counter
lectrode, respectively. All potentials in this paper were referred to
CE.

The cyclic voltammetric measurements and the chronoamper-
metric studies were carried out employing a computer controlled
otentiostat-galvanostat EG&G Princeton Applied Research Model
73A. Cyclic voltammograms were carried out at a sweep rate

dE/dt| = 10 mV s−1.
The initial stages of Pd deposition on VC or Cu onto the Pd/VC

odified surface were studied using a standard Nanoscope III AFM
icroscope (Digitals Instruments, Santa Barbara, USA) operated in

he contact mode. A scanner of 15 �m, and oxide-sharpened silicon
itride probes (Veeco Probes) with a nominal tip-radius between 5
nd 40 nm and spring constant of 0.06 N m−1 were used. Scanning
lectron microscopy (SEM) studies were carried out using a JEOL
5CF microscope, with an accelerating voltage of 15 keV, integrated
ith an energy dispersive X-ray system (EDX) EDAX DX-4.

. Results and discussion

.1. Electrodeposition of Pd particles

.1.1. Voltammetric response
Cyclic voltammetry was utilised to evaluate the palladium

lectrodeposition on VC in a qualitative form. Voltammet-
ic polarization curves were obtained in the potential range
350 mV ≤ E ≤ 900 mV and the scans were initiated at 850 mV. The
oltammetric response (Fig. 1) is typical of a nucleation and growth
rocess and there was no evidence of adsorption peaks in the
nderpotential (upd) range, even at an increased sensitivity of the
urrent scale, which indicates a weak deposit–substrate interaction
2]. During the first scan towards the negative direction the main
eature observed is the cathodic current peak at E ≈ 150 mV which
s associated to the Pd deposition on VC. Other cathodic current
eaks are observed in the potential range −250 mV ≤ E ≤ −150 mV
hich are characteristic of the hydrogen atoms adsorption onto the

d particles [16,17] previous to the onset of H2 evolution recorded
t E ≈ −300 mV.
On the reverse scan and after the anodic peaks related to the
ydrogen oxidation and desorption processes, an anodic current
ensity peak is observed at E ≈ 520 mV, related to the Pd particles
xidation. A current crossover is recorded and the corresponding
rossover potential, Eco ≈ 400 mV, is independent of the negative
Fig. 1. Cyclic voltammograms for the system VC/9.5 × 10−4 M PdCl2 + 0.1 M
Na2SO4 + 2.4 × 10−2 M HCl (pH 2.6), T = 298 K, |dE/dt| = 10 mV s−1.

reverse potential, indicating that under the experimental condi-
tions of this voltammetric study the electrodeposition process was
controlled by charge transfer. According to Fletcher et al. [18]
under this type of control the Eco value should correspond to
the equilibrium potential of the metal redox couple. The residual
anodic current observed at the anodic limit suggests the passi-
vation of these particles. Therefore, a residual metal deposit is
present on the VC at the end of the voltammetric cycle. During the
second voltammetric cycle the deposition initiates at E ≈ 430 mV
which corroborates the presence of a residual metal deposit on
the VC surface. These residual particles act as active sites requir-
ing lower energy for the subsequent discharge of the metallic
ions. Table 1 shows the different soluble palladium species that
would be involved in the electrodeposition process [6]; the cor-
responding stability constants, K [19]; the calculated equilibrium
concentrations, C; the standard electrode potentials at 298 K, E0

[20]; and the calculated equilibrium potentials for the related elec-
trochemical reactions, Eeq. Therefore, the experimental potential
value E ≈ 430 mV is in agreement with the thermodynamic values
shown in Table 1 and also with the experimental Eco value. In addi-
tion, the thermodynamic data indicate that in the potential range
374 mV ≤ E ≤ 430 mV the reduction of PdCl42− is favoured, while
for E < 373 mV all soluble Pd(II) species can be reduced.

3.1.2. Chronoamperometric analysis
The nucleation process of Pd onto VC from the Pd(II) con-

taining solution was analysed using the potential step technique.
Fig. 2 shows a family of potentiostatic current transients obtained
from Estart = 700 mV to different overpotentials, �Pd, defining
�Pd = E − 430 mV, and considering that at E = 430 mV initiates the
electrochemical reduction of Pd(II) species according to the pre-
vious discussion. The transients exhibit the typical shape for a
nucleation process with three-dimensional growth of nuclei lim-
ited by diffusion of the electroactive species [21]. After an initial
current peak, related to the double-layer charging, the current
increases due to the formation and growth of discrete nuclei. At
later stages of the nucleation process the individual diffusion zones
of adjacent nuclei overlap, and the current reaches a maximum

−1/2
and then decays following the usual t dependence according to
the Cottrell equation. The 3D-nucleation model with hemispher-
ical diffusion control to the growing 3D clusters describes the
kinetics of electrolytic phase formation at the early stages, when
diffusion of the depositing species from the bulk of the solution
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Table 1
Electrodeposition of Pd on VC substrate from a 9.5 × 10−4 M PdCl2 + 0.1 M Na2SO4 + 2.4 × 10−2 M HCl solution. Thermodynamic data.

Species Reaction Log K E0 vs. SCE (mV) C (M) Eq vs. SCE (mV)

Cl− 2.29 × 10−2

Pd2+ Pd2+ + 2e�Pd0 710 3.10 × 10−9 458
+ + 0 − −6

t
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PdCl PdCl + 2e�Pd + Cl 4.47
PdCl2 PdCl2 + 2e�Pd0 + 2Cl− 7.74
PdCl3− PdCl3− + 2e�Pd0 + 3Cl− 10.20
PdCl42− PdCl42− + 2e�Pd0 + 4Cl− 11.50

o the electrode/solution interface is the slow step of the pro-
ess, considering the eventual overlap of diffusion zones and the
evelopment of nucleation exclusion zones around already estab-

ished nuclei. Depending on the substrate/electrolyte system, the
ucleation involves two limiting cases. In the extreme case of

nstantaneous nucleation, all nuclei are immediately formed after
t is applied a potentiostatic step. On the other hand, for progres-
ive nucleation, the number of nuclei increases gradually with the
eposition time. Different theoretical models of nucleation [21–26],
ecently reviewed [27], have been developed and tested over the
ast 20 years in order to predict the behaviour of the potentiostatic
urrent transients. Sharifker and Hills [21] have proposed a conve-
ient method to identify the nucleation mechanism. The method is
ased on rendering the curves dimensionless by referencing the
urrent density, i, to the maximum current density, im, and the
ime, t, to the time corresponding to the maximum current den-
ity, tm. The following equations result for instantaneous (Eq. (1))
nd progressive (Eq. (2)) nucleation:

i

im

)2

= 1.9542
{

1 − exp
[
−1.2564

(
t

tm

)]}2( t

tm

)−1
(1)

i

im

)2

= 1.2254

{
1 − exp

[
−2.3367

(
t

tm

)2
]}2(

t

tm

)−1
(2)

herefore, the experimental data may be presented in a non-
imensional plot, (i/im)2 vs. t/tm, in order to be compared with the
heoretical transients obtained from Eqs. (1) and (2). Fig. 3 shows a
on-dimensional plot of the experimental current transients at dif-
erent overpotentials, for the electrodeposition of Pd on VC. In this
ase, the palladium nucleation follows the response predicted for
D-progressive nucleation controlled by diffusion of electroactive
pecies.

ig. 2. Typical family of potentiostatic current transients for the nucleation of
d on VC at different overpotentials, �, from solution 9.5 × 10−4 M PdCl2 + 0.1 M
a2SO4 + 2.4 × 10−2 M HCl (pH 2.6).
529 2.09 × 10 409
396 8.91 × 10−5 373
325 5.88 × 10−4 374
350 2.68 × 10−4 430

In order to extract quantitative information on the kinetic
parameters associated with the crystal nucleation and growth
process, the model proposed by Heerman and Tarallo [26] was
applied. According to this model, which merges the approaches of
Sharifker–Mostany [22] and Sluyter-Rehbach et al. [23], the nucle-
ation rate constant per site, A, and the number density of active
sites over the substrate surface, N0, can be obtained by fitting the
entire experimental current transients to the following expression:

i(t) = zFDc
1

(�Dt)1/2

˚

�
{1 − exp[−˛N0(�Dt)1/2t1/2�]} (3)

where

˚ = 1 − exp(−At)

(At)1/2

∫ (At)1/2

0

exp(�2)d� (4)

� = 1 − (1 − e−At)
At

(5)

with ˛ = 2�(2MDc/�)1/2, zF: molar charge transferred during elec-
trodeposition, c: metal ion bulk concentration, M: molar mass of
the deposit, D: diffusion coefficient. The function ˚ is directly
related to the Dawson’s integral and reflects the retardation of the
current by slow nucleation, and � reflects the retardation of the
growth of the coverage as a result of slow nucleation. Fig. 4 shows,
as examples, a comparison between the experimental transients
obtained at three overpotentials and the corresponding theoretical
transients obtained by fitting the Eq. (4) to the experimental data
using A, N0 and D as fitting parameters. As it is shown, the Heerman

and Tarallo theory could be applied with sufficient accuracy in the
potential range studied and the best-fit of these variables are listed
in Table 2. From the results obtained it is possible to conclude that
N0 increased as the potential was changed to more negative values.
This behaviour indicates the existence of a site energies distribu-

Fig. 3. Comparison of theoretical non-dimensional plots for instantaneous nucle-
ation from Eq. (1) and progressive nucleation from Eq. (2), to the experimental
current transients of Fig. 2.
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Fig. 4. Comparison between three experimental current transients recorded during
Pd electrodeposition onto VC, and the corresponding theoretical current transients
generated by non-linear fitting of Eq. (3) to the experimental data. The inset shows
the overpotential dependence of the nucleation rate constant, A.

Table 2
Kinetic parameters extracted from the current transients for Pd nucleation on VC.

� (mV) A (s−1) N0 (×10−6 cm−2) D (×106 cm s−1)

−200 0.3 2.8 9.3
−210 0.29 4.2 8.9
−225 0.37 4.4 8.8
−235 0.50 4.7 8.8
−245 0.65 5.0 9.0
−265 1.0 8.7 9.0

t
a

s

A

w
n
t

Pd particles increases with time and the overpotential, consistent
with the progressive nucleation mechanism. The deposits possess

F
P

−275 1.2 10.3 9.0
−285 2.0 16.0 8.8

ion on the surface with a larger fraction of sites becoming active
s the cathodic overpotential is increased [24].

Considering the atomistic theory of nucleation [28,29], it is pos-
ible to express the nucleation rate constant A as:

= k+ exp
[−�(nk)

kT

]
exp

[
(nk − ˇ)ze�

kT

]
(6)
here ˇ is the transition coefficient, � (nk) account for the
ucleus–substrate interaction, k+ is the frequency factor and nk
he number of atoms in the critical nucleus. Therefore, nk can be

ig. 5. AFM images of Pd deposits formed on the VC surface from the 9.5 × 10−4 M PdCl2
olarization time, tp = 10 s.
Fig. 6. AFM image of a Pd dendritic structure formed on the VC surface at
� = −285 mV, tp = 20 s.

obtained using:

nk =
(

2.3023RT

zF

)(
d log A

d�

)
(7)

From the slope of the straight line in Fig. 4 and using Eq. (7) a
value of nk ≈ 0 was obtained, and in terms of the atomistic theory of
nucleation this means that a simple atom adsorbed on the surface
forms a stable cluster that can grow irreversibly.

3.1.3. Morphological studies
Structural information of the palladium deposits formed on VC

was obtained from ex situ atomic force microscopy (AFM) stud-
ies. At relatively low magnifications the VC surface appears smooth
showing typical polishing lines, and nodule-like features, charac-
teristics of this substrate [30], are observed at high magnifications.
Fig. 5 shows ex situ AFM images of palladium crystals deposited on
VC after stepping the potential from E = 700 mV to two different
overpotential values. Both images of these Pd/VC modified sur-
faces show a distribution of palladium crystals sizes. The size of the
clear 3D characteristics with hemispherical morphology, appear-
ing either randomly distributed or decorating the polishing lines
or other surface defects indicating that these defects act as active

+ 0.1 M Na2SO4 + 2.4 × 10−2 M HCl solution at (a) � = −200 mV and (b) � = −285 mV.



3718 A.E. Alvarez, D.R. Salinas / Electrochimica Acta 55 (2010) 3714–3720

F
t
N
f

s
o
t
o
d
P

F
r
9

ig. 7. Cyclic voltammogram obtained in 1 × 10−3 M CuSO4 + 0.1 M Na2SO4 solu-
ion for a Pd/VC modified surface (Pd/VC obtained in 9.5 × 10−4 M PdCl2 + 0.1 M
a2SO4 + 2.4 × 10−2 M HCl solution, � = −285 mV, tp = 10 s). A cyclic voltammogram

or bare VC surface in the same solution is also included for comparison purpose.

ites for the deposition. In some cases the palladium crystals grow

n top of other previously deposited Pd particles forming dimers,
rimers and chains of islands, and in some images the initial stages
f dendritic growth are also observed (Fig. 6). The formation of den-
ritic structures was also informed during the electrodeposition of
d onto highly oriented pyrolitic graphite (HOPG) [6].

ig. 9. Sequence of in situ AFM images obtained after the formation and subsequent diss
outine shown in Fig. 8. (a) Pd crystals formed on VC; (b) formation of Cu/Pd core–she
.5 × 10−4 M PdCl2 + 0.1 M Na2SO4 + 2.4 × 10−2 M HCl; (b)–(d) 1 × 10−3 M CuSO4 + 0.1 M Na
Fig. 8. Polarization routine applied to obtain Cu/Pd bimetallic crystals on vitreous
carbon. The letters corresponds qualitatively to the potentials where the images of
Fig. 9 were obtained.

3.2. Formation of Cu/Pd crystals

The formation of Cu/Pd bimetallic particles could be pro-
duced by sequential electrodeposition of both metals from
9.5 × 10−4 M PdCl + 0.1 M Na SO + 2.4 × 10−2 M HCl and
2 2 4
1 × 10−3 M CuSO4 + 0.1 M Na2SO4 solutions, respectively. A
similar method based on the “avalanche nucleation” phenomenon
described by Deutscher and Fletcher [31] was applied by Penner et
al. [32] to produce Ag/Cu core–shell bimetallic particles on HOPG.

olution of the Cu/Pd bimetallic crystals formed on VC according to the polarization
ll structures; (c) and (d) anodic stripping of the Cu/Pd structures. Solutions: (a)
2SO4.
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Fig. 10. (a) SEM image obtained on the Cu/Pd/VC modified surface showing the
presence of microcrystallites; (b) the corresponding EDX analysis performed on one
of the crystallites indicating the selective electrodeposition of Cu on Pd.
A.E. Alvarez, D.R. Salinas / Electr

herefore, and according to the experiments presented in previous
aragraphs, the first step corresponds to the electrodeposition of
d crystals on the VC surface from the Pd(II) containing solution.
fterwards, this Pd/VC modified surface would be polarized in the
lectrolyte containing only Cu2+ ions. Cu/Pd bimetallic particles
ould be formed if a selective electrodeposition of Cu onto the Pd
rystallites takes place from this solution.

Fig. 7 shows the voltammetric behaviour of VC and a Pd/VC
odified surface in the solution containing Cu2+ ions. It is clearly

bserved that the deposition of Cu on the Pd/VC modified surface
nitiates at potentials values more positive than that recorded with
he clean VC surface. This effect could be related to the under-
otential deposition (upd) process of Cu onto the Pd crystallites.
he upd process is well know in this system [33] and, therefore,
t is expected a high interaction energy between both metals that

ill enhance the selectivity for the deposition of Cu onto the Pd
articles.

Considering the voltammetric curves shown in Figs. 1 and 7, the
olarization routine used to prepare Cu/Pd bimetallic particles is
chematized in Fig. 8. This polarization routine was applied directly
n the AFM cell in order to follow the morphological changes dur-
ng the experiment. Initially, Pd particles were deposited onto the
C surface from the Pd(II) containing solution, applying a poten-

ial step from Estart = 700 mV to Edep,Pd = 115 mV (�Pd = −285 mV)
uring t = 10 s. Afterwards, the potential was fixed at E = 350 mV
�Pd = −50 mV) in order to obtain the initial AFM image of the
d particles, shown in Fig. 9a. Subsequently, the imaging pro-
ess was stopped and the electrolyte of the AFM fluid cell was
ently removed and changed, initially by fourfold quartz-distilled
ater, and then by 1 × 10−3 M CuSO4 + 0.1 M Na2SO4 (pH 2.6) solu-

ion. All these operations required great care so as to not change
he surface location imaged by the AFM tip. After the introduc-
ion of the Cu2+ electrolyte the potential was immediately fixed at
start,Cu = 350 mV and the surface imaged again verifying that the
lace and the Pd crystals were not changed during the operations
escribed above. Afterwards, the electrode potential was changed
o Edep,Cu = −50 mV producing the Cu deposition. As it is shown in
ig. 9b, the Cu deposition occurs selectively forming a core–shell
tructure with a thin layer of Cu covering the Pd crystals. Finally, this
u/Pd/VC modified surface was polarized at more positive poten-
ials (Fig. 9c) in order to produce the anodic stripping of the Cu
eposit. It is interesting to note that very positive potentials rel-
tive to the Cu2+/Cu0 equilibrium potential (Eeq,Cu2+/Cu0 = 10 mV)
ere necessary to produce the total stripping of the Cu (Fig. 9d). This

ehaviour could be explained considering the formation of a Cu–Pd
lloy by mutual interdiffusion to the Pd and Cu atoms. This alloying
rocess would stabilize the bimetallic crystallites and, therefore,
relatively high overpotential is required to produce its dissolu-

ion. A similar behaviour was also observed during the stripping
f Ag–Cd surface alloys phases [34,35]. The reproducibility of the
revious experiment was studied polarizing the VC electrode in
onventional electrochemical cells following the polarization rou-
ine previously described. After that, scanning electron microscopy
SEM) images and the corresponding EDX analysis obtained on
ifferent places of the VC surface, also evidenced the selective elec-
rodeposition of Cu onto the Pd crystallites (Fig. 10), leading the
ormation of Cu/Pd bimetallic structures.

Finally, Fig. 11 shows the anodic stripping curve (a) of the
u/Pd/VC modified surface performed in 0.1 M Na2SO4 (pH 2.6)
olution using a conventional electrochemical cell. This mod-
fied surface was prepared polarizing the Pd/VC surface at

dep,Cu = −50 mV in the Cu2+ containing solution during a polarizing
ime tp = 500 s. The anodic stripping produces the peak A1 related to
he dissolution of Cu followed by another one, A2, related to the oxi-
ation of the Pd particles. Fig. 11 also shows the anodic polarization
urve (b) of a VC surface, free of Pd deposits, previously polarized

Fig. 11. Anodic polarization curves obtained in 0.1 M Na2SO4 (pH 2.6) solution for
(a) Pd/VC surface ( ) and (b) VC substrate ( ), both previously
polarized at E = −50 mV during tp = 500 s in the Cu2+ solution; (c) Pd/VC modified
substrate without any pretreatment ( ). |dE/dt| = 10 mV s−1. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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t E = −50 mV in the Cu2+ containing solution also during tp = 500 s.
n this case no anodic peak related to the Cu dissolution is observed

hich prove that, at the potential considered, the copper deposi-
ion is favoured by the presence of Pd onto the substrate surface. In
ddition, in Fig. 11 was also included the anodic polarization curve
c) corresponding to the Pd/VC surface in order to verify that the
nodic peak A2 is associated with the oxidation of the Pd particles.
t is important to mention that the Cu stripping charge recorded
rom the Cu/Pd/VC substrate was quite lower than that related to
he Cu deposition charge recorded during tp. This fact is further evi-
ence for the formation of a Cu–Pd alloy and is in agreement with
he AFM images.

. Conclusions

In this work the very initial stages of the palladium electrodepo-
ition process on vitreous carbon from a 9.5 × 10−4 M PdCl2 + 0.1 M
a2SO4 + 2.4 × 10−2 M HCl solution were analysed. Within the
otential range considered the kinetics of the Pd electrodeposi-
ion can be described by a model involving progressive nucleation
n active sites and diffusion-controlled 3D growth. The nucleation
ate constant, A0, and the number of active sites of the substrate, N0,
ere determined from the analysis of potentiostatic current tran-

ients on the basis of the Hermann and Tarallo theoretical model.
he AFM images corroborated the progressive nucleation mech-
nism showing irregular palladium crystals randomly distributed
ver the VC surface, with different sizes and 3D morphological char-
cteristics. The electrodeposition of Cu was carried out onto the
haracterized Pd/VC modified surface from a Cu2+ containing solu-
ion using a well defined polarization routine. The SEM/EDX images
onfirmed the formation of Cu/Pd bimetallic crystals uniformly dis-
ributed on the VC surface and the in situ AFM images obtained
uring this process corroborated that Cu formed a core–shell struc-
ure with the Pd crystals. Nevertheless, the subsequent anodic
tripping produced only a partial dissolution of the Cu deposits,
nd therefore, the formation of a Cu–Pd alloy could be inferred. The
lectrochemical method described to obtain the Cu/Pd bimetallic
ystem is an extension of that described by Penner et al. [32] and
ould be considered as an alternative to prepare other bimetallic
ystems on VC such as those used as catalyst in fuel cells and other
echnological systems.
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