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Abstract In the present work, we analyze the electrodepo-
sition of cobalt by electrochemical techniques onto GCE
(system I) and HOPG (system II) electrodes from sulfate
solutions. Cyclic voltammetry and current transient meas-
urements were used to obtain the nucleation and growth
mechanism. The results clearly showed that electrodeposi-
tion of cobalt is a diffusion-controlled process with a
typical 3D nucleation mechanism in both substrates. The
average ΔG calculated for the stable nucleus formation was
1.97×10−20J nuclei−1 and 3.58×10−20J nuclei−1 for system
I and system II, respectively. The scanning electron
microscope (SEM) images indicated similar nucleation
and growth processes on GCE and HOPG substrates at

same overpotential with a homogeneous disperse cobalt
clusters. X-ray energy-dispersive spectroscopy (EDS) was
performed in order to ensure that the clusters formed are
cobalt. The nuclei’s size obtained was dependent of the
overpotential applied; at lower overpotentials, the growth
rate of the cobalt clusters diminishes when their number
increases due to the strongly reduced concentration of
cobalt ions because of their consumption by a larger
number of growing particles. A theoretical quantum study
employing PM6 method suggests that Na+ adsorbed
deactivate the local surface occasionating the formation of
disperse cobalt clusters on carbon electrodes.
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Introduction

Electrodeposited cobalt and cobalt alloys are widely
employed throughout the computer industry as the record-
ing media in both magnetic drum and magnetic tape
memory systems [1, 2]. Cobalt electrodeposition studies
can be categorized according to the working electrode and
the type of solution system employed [3, 4]. However, most
of the studies have been performed onto glassy carbon
electrodes [5–10]. Chloride solutions have been the
preferred systems for studying the electrochemistry of
cobalt [8–12], rather than sulfate systems [6, 13, 14] or
citrate solutions [4]. In summary, it has been found that
cobalt electrodeposition predominantly initiates through
progressive nucleation, which can change to instantaneous
nucleation mechanisms by enhancing mass transfer, using
ultrasound [6], or increasing cobalt concentration [9].
However, the electrodeposition of cobalt may occur
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through a nucleation process under charge transfer control
too [15].

Sulfate baths have been few used probably due to that
the sulfate anion induces a competitive adsorption effect on
the substrate complicating the electrodeposition process
[16, 17]. On the other hand, Na+ ions do not react
electrochemically at the electrode surface allowing a major
control on the electrodeposition. Recent results on the
growth of cobalt clusters onto HOPG electrodes from
sodium sulfate solutions support these observations [18].
However, a kinetic study of the electrodeposition process of
cobalt onto carbon electrodes from sodium sulfate solutions
is missing. Thus, in order to understand this process, we
study the kinetic of cobalt electrodeposition onto HOPG
and GCE electrodes. We compare the results obtained in
order to analyze the influence of the carbon surface in the
cobalt electrodeposition process.

Methodology

Experimental

Cobalt electrodeposits onto glassy carbon (GCE) and high
oriented pyrolytic graphite (HOPG) electrodes were carried
out from an aqueous solution containing 10−2M of CoSO4

+1 M Na2SO4 at pH=7.1 (natural pH). All solutions were
prepared using analytic grade reagents with ultra pure water
(Millipore-Q system) and were deoxygenated by bubbling
N2 for 15 min before each experiment. The working
electrodes were a GCE tip provided by BAS™, with
0.071 cm2 and freshly cleaved HOPG surfaces. In the case
of GCE, the exposed surface was polished to a mirror finish
with different grades of alumina down to 0.05μm and
ultrasonically cleaned before experiments. A graphite bar
with an exposed area greater than the working electrode
was used as counter electrode. A saturated silver electrode
(Ag/AgCl) was used as the reference electrode, and all
measured potentials are referred to this scale. All experi-
ments were carried out at 25°C. The electrochemical
experiments were carried out in a BAS potentiostat
connected to a personal computer running the BAS100W
software to allow control of experiments and data acquisi-
tion. In order to verify the electrochemical behavior of the
electrode in the electrodeposition bath, cyclic voltammetry
was performed in the 0.600 to −1.200 V potential range.
The kinetic mechanism of cobalt deposit onto GCE was
studied under potentiostatic conditions by means of the
analysis of the experimental current density transients
obtained with the potential step technique. The perturbation
of the potential electrode always started at 0.600 V. The
potential step was imposed at different potentials detailed in
this work. Microstructures of electrodeposits were exam-

ined by using a scanning electron microscope (SEM; JEOL
6300) equipped with an energy-dispersive X-ray spectrom-
eter (EDS).

Theoretical

In order to investigate the effect of the Na+ ions at initial
stages during the cobalt electrodeposition, we analyze from
theoretical quantum study the redistribution of active sites
on graphite surface occasioned by Na+ adsorption process.
In all calculations, we performed restricted optimizations in
where the adsorption coordinates of Na+ cation atom was
optimized while the coordinates of surface atoms were fixed.
In the present work, we test the ability of the recent reported
PM6 method [19] to predict the adsorption geometries of
Na+ on graphite surface. We employed a cluster Beowulf
with six processors of 2.4 GHz each one, with 1 GB of
RAM for all calculations. These calculations were per-
formed with the Package MOPAC2007 Linux version [20]
and visualized with Spartan02 Linux version [21].

Results and discussion

Voltammetric study

The chemical composition of the deposition bath plays a
very important role during the electrodeposition process.
Thus, a specific chemical species in the deposition bath can
induce changes in the thermodynamic and the kinetic
parameters during the electrodeposition process. In previous
work, it has been established that under the experimental
conditions the predominant chemical species of Co(II) is the
[Co(H2O)6]

2+ complex in where the equilibrium potential
can be calculated as −0.533 V vs. Ag/AgCl(Satd KCl) [22].
Thus, under our experimental conditions, the cobalt
electrodeposition process should follows the next equation:

Co H2Oð Þ6
� �2þþ2e� ! Co0 þ 6H2O ð1Þ

Figure 1 shows the typical voltammetric responses, at
the scan rate of 40 mV s−1, obtained from GCE/10−2M of
CoSO4+1 M Na2SO4 (system I) and HOPG/10−2M of
CoSO4+1 M Na2SO4 (system II) systems. For both
systems, note at direct scan, the formation of peaks A an
A′ at −0.960, −1.020 V, respectively. During the inverse of
the potential scan, it is possible to observe the crossovers,
EC1, EC2 which are typical of the formation of a new phase
involving a nucleation process [23]. In the anodic zone, it is
possible to observe two principal peaks C and C′ at around
−0.240 and −0.200 V, respectively, preceded by a shoulder
(B and B′). Shoulders B and B′ have been associated with
the dissolution of a hydrogen rich cobalt phase [24]. Note
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that the shoulder corresponding to the voltammogram in
system I is smaller than in system II, suggesting a lower
influence of the hydrogen reduction process. It is also
shown that the cobalt electrodeposition process starts at
−0.900 V (EP1) and −0.910 V (EP2) approximately for
systems I and II, respectively. Last results suggest that,
energetically, the energetic cost to perform the cobalt
nucleation process is similar for both systems.

Chronoamperometric study

Formation of new phases generally occurs through nucle-
ation and growth mechanisms and the corresponding
current transients can provide valuable information about
the kinetics of electrodeposition. Figure 2a–b shows a set of
current density transients recorded at different potentials by
potential step technique from systems I and II. These
transients were obtained by applying an initial potential of
0.600 V on the surface of the carbon electrode. At this
potential value, the cobalt deposition had not still begun
(see Fig. 1). After the application of this initial potential, a
step of negative potential (Ec) was varied on the surface of

the electrode for 32 s. All transients obtained exhibited a
falling current at the shorter times. After this falling current,
in each case, the transients showed a typical current
maximum (jm) which is characteristic of a typical three
dimensional nucleation process with hemispherical diffu-
sion control (3D-dc) of the growing crystallites [25, 26].
The decayed current recorded after the current maximum
was analyzed employing the Cottrell’s equation [27]. For
both systems, a good description was obtained and an
average value of 8.6×10−6cm2 s−1 for the diffusion
coefficient was calculated. It is interesting to observe the
strong falling currents at short times, particularly in system
I (Fig. 2a). In order to elucidate the physical nature of these
currents, we have carried out a comparative experiment by
recording current transients under the same experimental
conditions: electrodes (GCE and HOPG), initial potential,
potential step, time, and temperature but in absence of Co2+

in the electrolyte solution, i.e., in 1 M Na2SO4. The results
are shown in Fig. 3 as, bs. The comparison with the
transients obtained in a bath containing cobalt (Fig. 3 a, b)
indicates that the falling currents are due to the supporting
electrolyte and they cannot be associated with any cobalt
reduction process. The same behavior was obtained for all
experiments analyzed in this work. A similar procedure has
been applied in order to analyze the electrodeposition of
platinum on metallic and non-metallic substrates [28].
Although, usually the falling currents associated with the
double-layer charging take tenths of milliseconds or less, it
has recently been showed that a non-uniform accessibility
for the surface by ions from solution may occasion that the
electrode charges anomalously in response to a potential
step, modifying the rate of double-layer charging [29, 30].
Thus, under our experimental conditions, it is probably
because the charges trapped in the double-layer of system II
may move faster than in system I interface due to that the
HOPG exhibits a more uniform accessibility to the ions
from solution.

A classification of the nucleation as instantaneous or
progressive from transients showed in Fig. 2 is possible
following the criteria established by Sharifker et al. (SM)

Fig. 1 A comparison of two cyclic voltammetric curves obtained in
the GCE (solid line) and HOPG (broken line) from an aqueous
solution 10−2M of CoSO4+1 M Na2SO4 (pH 7.1). The potential scan
rate was started at 0.600 V toward the negative direction with a
potential scan rate of 40 mV s−1

Fig. 2 A set of current transi-
ents obtained from aqueous so-
lution 10−2M of CoSO4+1 M
Na2SO4 (pH 7.1) on a GCE and
b HOPG electrodes by means of
the potential step technique for
different potential step values
(mV) indicated in the figure. In
all the cases, the initial potential
was 0.600 V
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[25] wherein the experimental transients in a non-
dimensional form by plotting j2/jm

2 vs. t/tm are compared
with those theoretical generated from Eqs. (2) and (3) for
instantaneous and progressive nucleation, respectively.

j2

j2m
¼ 1:9254

t

tm

� ��1

1� exp �1:2564
t

tm

� �� �� �2

ð2Þ

j2

j2m
¼ 1:2254

t

tm

� ��1

1� exp �2:3367
t

tm

� �2
" #( )2

ð3Þ

In order to identify the kind of nucleation processes
involved in the present work, we perform the comparison of
the theoretical dimensionless transients, generated by Eqs.
(2) and (3) with the corrected experimental dimensionless
current transients obtained from system I and system II. The
corrected transients were obtained by subtracting, from the
original transients, the current associated to the supporting
electrolyte (see Fig. 3 a′–b′). Figure 4 shows this compar-
ison; observe that for both systems, it is clear that, at initial

stages, all experimental data fall within the range of validity
of the theory proposed by SM [25]. However, at lower
overpotentials, a deviation after the maximum was ob-
served. It is important to mention that, from these plots, it
was not possible to classify the nucleation process as
instantaneous or progressive. Here, it must be reminded
that the theoretical curves generated by Eqs. (2) and (3)
correspond to two extreme cases of the nucleation process
and in some cases a classification is not possible.
Moreover, these kinds of plots have been strongly criticized
by Hermann and Tarallo (HT) suggesting that such
representations must be discouraged; because their utility
to get qualitative conclusions is not definitive in all cases
[31]. However, an additional efficacy of these plots is that
if the experimental data fall within the range of validity of
the theory proposed the full equation can be used to predict
the overall behavior. Hermann et al. have proposed a
correction to the model initially proposed by SM, wherein
the deviations observed in Fig. 4 can be considered by
using the following equation [32]:

j3D�dc HTð Þ tð Þ ¼ zFDC
1

pDtð Þ1=2
� f

q

� 1� exp �aSN0 pDtð Þ1=2t1=2q
	 
h i

ð4Þ

with

q ¼ 1� 1� exp �Atð Þð Þ
At

ð5Þ

f ¼ 1� e�At

Atð Þ1=2
R Atð Þ1=2
0 el

2
dl ¼

¼ 1� 1
Atð Þ1=2

0:051314213þ0:47910725 Atð Þ1=2
1�1:2068142 Atð Þ1=2þ1:185724 Atð Þ

	 
 ð6Þ

where j(t) is the current density, z is the number of
exchanged electrons, F is the Faraday constant, αS=2
[2VmDC]

1/2, Vm is the molar volume of the deposit, A is the
nucleation rate, and N0 is the number density of active sites
and all other parameters have their conventional meanings.

Fig. 3 Current transients obtained at −0.860 V from aqueous solution
10−2M of CoSO4+1 M Na2SO4 on a GCE and b HOPG substrates
and current transients obtained at −0.860 V from aqueous solution
1 M Na2SO4 on GCE (as) and HOPG substrates (bs). Current
transients labeled as a′ and b′ result from the subtraction of transient
as from transient a and bs from transient b, respectively

Fig. 4 Comparison of experimental transients normalized through the coordinates of its respective local maximum (tm, jm), with the theoretical
non-dimensional curves corresponding to a system I and b system II
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Thus, by using a non-linear fitting to the corrected
experimental transients to the selected model, the nucle-
ation rate, diffusion coefficient, and the number of active
nucleation sites can be obtained. Figure 5 shows a typical
comparison of the corrected experimental current transients
for systems I and II with the theoretical one generated by
non-linear fitting of experimental data to Eq. (4). It could be
observed that the model expressed by Eq. (4) adequately
accounted for the behavior of all experimental transients.
The physical parameters obtained from the adjustments to
Eq. (4) are summarized in Table 1. It was seen that an
increment of the nucleation rate and the number density of
active sites values was obtained when the overpotential
applied was increased.

From the nucleation rates values reported in Table 1, it is
possible to calculate the Gibbs free energy of nucleation as
[33–35]

A ¼ k3 exp � ΔG

KBT

� �
¼ k3 exp

k4
h2

� �
ð7Þ

where ΔG is the Gibbs free energy of nucleation, J
nuclei−1; KB is the Boltzmann constant (1.38066×10−23

J mol−1), k3 ¼ N0wnþcΓ where wnþc is the frequency of
attachment of single atoms to the critical nucleus and Γ is
the non-equilibrium Zeldovich factor and depends expo-
nentially on the overpotential [36]. On the other hand,
k4 ¼ � 16pg3M 2f qð Þ�3r2z2F2kT

� 
, where γ is the interfa-

cial tension of nucleus with its mother phase, 7 (θ) is a
function of the contact angle (θ) between the nucleus and
the substrate, and k ¼ 8pC0M=rð Þ1=2 [36] and all other
parameters have their conventional meanings. In order to
calculate the value of Gibbs free energy of nucleation from
experimental transients, an ln A vs. η−2 plot can be

constructed according to Eq. (7), and then from the slope
k4 of the observed linear relationship, ΔG could be
calculated at each particular overpotential by using Eq. (8):

� ΔG

KBT

� �
¼ k4

h2
ð8Þ

where T is the absolute temperature, K. Figure 6 shows a
linear tendency between ln A vs. η−2 giving a slope of −8.5
and −4.3 for systems I and II. The average ΔG calculated
with these slopes were 1.97×10−20J nuclei−1 and 3.58×
10−20J nuclei−1 for system I and system II, respectively.
The ΔG values obtained are of the same order of
magnitude as the value obtained for the electrocrystalliza-
tion of Ni on carbon microelectrodes [37] and copper
sulfide on copper [38]. These energies correspond to the
ΔG value requirements for the stable nucleus formation
[29, 30]. It is clear that cobalt electrodeposition process is

Fig. 5 Comparison between an experimental corrected current density
transient (—) recorded during cobalt electrodeposition onto GCE (a)
and HOPG (b) electrodes when a potential value of −0.940 V was
applied with a theoretical transient (O, GCE ) and ( ∆,HOPG )
generated by non-linear fitting of Eq. (4)

Table 1 Potential dependence for the nucleation parameters during
cobalt electrodeposition on carbon electrodes

−E
(V)

GCE HOPG

A (s−1

cm−2)
D 105

(cm2 s−1)
N0 10

−6

(cm2)
A (s−1

cm−2)
D 105

(cm2 s−1)
N0 10

−6

(cm2)

0.840 0.25 0.73 0.78 0.21 1.47 0.06

0.860 0.45 0.73 0.78 0.32 0.87 0.21

0.880 0.76 0.78 0.82 0.38 0.83 0.31

0.900 1.13 0.68 2.93 0.48 0.89 0.66

0.920 1.49 0.68 3.66 0.61 0.91 1.49

0.940 2.59 0.63 7.87 0.74 1.00 2.33

0.960 4.46 0.58 18.71 0.90 0.99 3.56

0.980 5.98 0.58 22.86 1.00 1.00 4.69

1.000 8.50 0.59 37.07 1.30 0.99 7.21

1.100 36.60 0.53 149.37 2.51 1.00 11.29

1.200 120.23 0.59 928.20 4.48 1.01 12.06

The values were obtained from best-fit parameters found through the
fitting process of the experimental j–t plots using Eq. (4)

Fig. 6 ln A vs. η−2 plot, used to calculate the Gibbs energy of
nucleation according to Eq. (7). The broken straight line corresponds
to the linear fit of the experimental data
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slightly more favored on the GCE substrate, probably
because there are more structural defects that favor the
nucleation process. However, if one employs these
averages ΔG to calculate the critical cobalt nucleus (nc)
according to the classical formula nc=2ΔG /ze0η at
−0.880 V for example, the results obtained are 0.139 and
0.254 atoms, which cannot be possible. Thus, it is better to
estimate the critical size of the cobalt nucleus in the
framework of the atomistic theory of electrolytic nucleation
through the following equation [39]:

nc ¼ kBT

ze0

� �
d lnA

dh

� �
� aCo ð9Þ

where αCo is the transfer coefficient for cobalt reduction.
The plots ln A vs. η showed a linear tendency as depicted in
Fig. 7. The values of d(ln A)/d(E) were 16.5 and 8.6 for
systems I and II, respectively; thus, in both substrates, the
critical cluster’s size calculated was nc=0. This value
means that each active site is a critical nucleus.

Through the physical constants reported in Table 1, it
was also possible to calculate the saturation number of
nuclei (Ns). This estimation was made using Eq. (10) [25]:

Ns ¼ AN0

2kD

� �1=2

ð10Þ

For systems I and II, the results obtained for Ns,
employing the data shown in Table 1, are summarized in
Table 2. Observe that the Ns values increased with the
applied potential. It is important to mention that, due to the
exclusion zones of the deposit, caused by the hemispherical
diffusional gradients of 3D nucleus, the Ns will be always
lower than the N0 values in the same applied potential, and
both grow in accordance with a more negative potential.
Analyzing the Ns/N0 ratio, this value was small (lower than
0.2 in most of the cases) for both systems. This result
suggested that the cobalt electrodeposition was not favored
in all initially available sites. The reason for this behavior

could be the conversion of sites into growing nuclei, and
because nucleation was confined to those active centers that
have not been included within an exclusion zone, enhanced
by the concentration depletion around centers growing under
mass-transfer control in the vicinity of each nucleus [24].

Morphological analysis

The morphology of the electrodeposits was studied by
scanning electron microscopy (SEM). SEM micrographs of
the electrodeposit formed potentiostatically, at −0.940 V,
are shown in Fig. 8. The deposit consisted of dispersed
particles with spherical microstructure in both systems. It is
possible to observe that on GCE, Fig. 8a–b, a major amount
of nuclei was obtained with respect to HOPG substrate (see
Fig. 8c–d); however, the same nuclei’s size (∼1μm) was
obtained in both cases. At −1.100 V, Fig. 9, the deposits
were more compact with a finer grain size. The increase in
the nuclei number at −1.100 V probably is due to the
increase of the active nucleation sites with the potential
applied. Also, observe that at −1.100 V the nuclei’s size
was similar in both substrates. These facts suggest that, at
same overpotential, the nuclei size is independent of the
carbon substrate employed and the kind of carbon substrate
affects only their number. If one compares the nuclei’s size
at the two overpotentials, it is possible to note at −1.100 V
that the growth rate of the cobalt clusters diminishes when
their number increases, probably due to the strongly
reduced concentration of cobalt ions when they are
consumed by a larger number of growing particles. If one
counts the number of nuclei in Fig. 8, there are 65 nuclei
for GCE and 18 for HOPG, the ratio is 3.6 which is very
close to 3.4 which was obtained from Table 2 as N0,GCE/N0,

HOPG at −0.940 V. Last results indicate a good concordance
between the microscopic study and the one predicted by

Fig. 7 ln A vs. η plot, used to calculate the critical nuclei’s size
according to Eq. (9). The broken straight line corresponds to the linear
fit of the experimental data

Table 2 Potential dependence of Ns from system I and system II
calculated from physical constants showed in Table 1 and Eq. (10)

−E (V) GCE HOPG
Ns 10

−6 (cm2) Ns 10
−6 (cm2)

0.840 0.102 0.018

0.860 0.136 0.054

0.880 0.177 0.073

0.900 0.435 0.118

0.920 0.559 0.196

0.940 1.122 0.258

0.960 2.352 0.355

0.980 3.013 0.426

1.000 4.543 0.607

1.100 19.935 1.049

1.200 85.319 1.438
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Eq. (4). In order to verify that the nuclei showed in Figs. 8
and 9 correspond to cobalt element, we carried out an EDS
analysis of these grains. Figure 10 shows the general EDS
spectrum obtained in all cases, confirming the cobalt
presence.

Theoretical quantum study

It has been reported that Na+ ions do not react electro-
chemically at the electrode surface allowing a major control
on the electrodeposition [18]. However, it is well known
that an adsorption process can modify the electronic
structure of the substrate in its reactivity. In order to
analyze the influence of Na+ adsorption process on carbon
surface reactivity; we performed a theoretical quantum

study to determine this effect. A good parameter to analyze
the reactivity is to determine the number and distribution of
active sites on a surface, wherein these can be calculated
from conceptual density functional theory (DFT). In this
context, Parr and Yang showed that sites in chemical
species with the largest values of Fukui’s Function (f(r)) are
those with higher reactivity, where the Fukui’s function is
defined as [40]:

f rð Þ ¼ @r rð Þ
@N

� �
n

; ð11Þ

where ρ is the electronic density, N is the number of
electrons, and v is the external potential exerted by the
nucleus. Fukui’s function can be evaluated through the
frontier orbital within the frozen core approximation. This

Fig. 8 SEM images of the
deposits obtained at −0.940 V
on a GCE and b HOPG, from an
aqueous solution 10−2M of
CoSO4+1 M Na2SO4 (pH 7.1).
2,000× and 4,000× magnifica-
tion were used

Fig. 9 SEM images of the
deposits obtained at −1.100 V
on a GCE and b HOPG, from an
aqueous solution 10−2M of
CoSO4+1 M Na2SO4 (pH 7.1).
4,000× magnification was used

J Solid State Electrochem (2010) 14:659–668 665



approximation considers that when there is a variation on
the number of electrons, the respective frontier orbital is
only affected, thus when N increases to N+dN [40]:

f � rð Þ ffi f*H rð ÞfH rð Þ ¼ rH rð Þ; ð12Þ
Where ρH(r) is the electron density of the highest

occupied molecular orbital (HOMO). f � rð Þ gives us the
more feasible sites (at the reference molecule) to an
electrophilic attack.

On the other hand, the study of the electronic properties
of the some surfaces still is difficult. Additionally, if one
studies the nucleation process from an electronic point of
view by employing quantum theories, one must consider
that this process occurs preferentially on those active sites
that have the highest surface energy. However, at electronic
level, to analyze the structural defects on a surface requires
a big surface model, which become prohibitive in common
workstations. Thus, a common skill to analyze the surface
phenomena is to consider that this kind of processes are
occurring at local level; under this consideration, it is
possible to analyze the effect only in a small region, since
the results will be valid only at closer sites where the
process is studied. Therefore, new methods and skills are
required in order to handle main-group elements as well as

solids. Recently, the semi-empirical method PM6 devel-
oped by Stewart’s group offers new possibilities to model
reactions at solid state at common workstations [19]. For
the case of graphite, it has been reported that a PM6
calculation predicts that the structure would be essentially
the same as that given by DFT methods [41]. Additionally,
our experimental results suggest that the nucleation process
is similar on GCE and HOPG by this reason; at present
work, we use these capabilities of PM6 method to
determine the reactivity changes on HOPG surface. Only
Na+ effect was studied because, during reduction process, a
negative polarization is expected on electrode surface.
Thus, cation adsorption should be increased with respect
to the anion adsorption. Thus, if one considers that the
concentration of Na+ in the solution is 1.0 M with respect to
the 0.01 M of cobalt, then at initial stages the Na+

adsorption process should be favored.

Distribution of the electrophilic active sites on HOPG
surface

HOPG surface was modeled as a finite graphite layer
(Fig. 11a) while the adsorption process of Na+ on graphite
is modeled as shown in Fig. 11b. It is important to mention
that, in a finite cluster size, the frontier effects can produce
an artificial reactivity on the borders. There are two
possible ways to take into account the border effects into
the calculations; one way consists in increasing the cluster
size until the electronic properties do not change in the
center of the cluster. A second way consists in saturating
the valences on the borders of the cluster considering, in an
artificial way, the effect of the other atoms in the limits of
the system. We decided to analyze it by employing the
second way. To study the adsorption process of Na+, in a
first step, we need to identify the electrophilic sites on
HOPG surface where their distribution can be derived from
Eq. (12). In order to determine this distribution, we analyze

Fig. 10 The EDS analysis reveals the presence of Co in the
aggregates

Fig. 11 Clusters models. a
HOPG surface (158 atoms), b
Na+ adsorbed on HOPG surface
(159 atoms)
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the sites where the HOMO frontier orbital attains its larger
absolute value on the surface for each one of the studied
clusters. The ground state HOMO (absolute value) for the
cluster shown in Fig. 11a, with charge=0, is mapped onto a
density isosurface (with a value equal to 0.002 e a.u.−3;
Fig. 12a). The color code indicates the HOMO’s values
along this surface. So the darker zones (blue zones) indicate
sites amenable for easier attack by charge acceptors while the
lighter regions (red zones) indicate predominant attack by
charge donors. Also, note that there are nodal zones where
the charge donors might attack. These nodal zones suggest a
possible path of movement of the charge donor, which might
describe species that undergo diffusion on the surface
because there are similar energetic situations [42]. From
Fig. 12a, it is possible to observe a periodical distribution of
the electrophilic active sites in the center of the cluster
located at hollow positions. This distribution suggests that a
charge acceptor might be adsorbed on hollow positions; it is
the center of the ring. If one applies a potential on electrode
surface, a charge redistribution is expected where such
redistribution modifies the electronic structure changing the
surface reactivity. We analyze this effect modifying the
charge on the model. In Fig. 12b–d is depicted the behavior
obtained for graphite surface at different charge values. It is
interesting to note that the number and position of active
sites increases with the cluster’s charge; however, from −2,
the distribution of active sites is constant, which indicates
that this behavior should be kept at lower overpotentials.

HOMO mapped onto a density isosurface of the
optimized structures with the Na+ cation on HOPG at
different charges are shown in Fig. 12e–h. Observe that the

Na+ adsorbed modify the distribution of the electrophilic
actives sites. It is possible to note that Na+ adsorbed
diminish the reactivity of the surface in closer sites and the
last effect is increased when the negative charge is lower in
the cluster. Thus, it is possible to suggest that, if Na+

adsorption process occurs, Co2+ cation must be adsorbed
out of the influence zone of the Na+; occasionating a
disperse cobalt nucleation process on HOPG surface.
Indeed, these results agree with the observed from SEM
images on GCE and HOPG electrodes.

Conclusions

We have studied the cobalt electrodeposition from 10−2M
CoSO4, 1 M Na2SO4 aqueous solutions on GCE and HOPG
electrodes. The result showed that electrodeposition of
cobalt is a diffusion-controlled process with a typical 3D
nucleation mechanism in both substrates. The average ΔG
calculated for the stable nucleus formation were 1.97×
10−20J nuclei−1 and 3.58×10−20J nuclei−1 for system I and
system II, respectively. The morphological analysis indi-
cated, at same overpotential, similar nucleation and growth
processes on carbon substrates. The nuclei’s size obtained
was dependent of the overpotential applied; at lower
overpotentials, the growth rate of the cobalt clusters
diminishes when their number increases probably due to
the strongly reduced concentration of cobalt ions when they
are consumed by a larger number of growing particles,
allowing the formation of smaller nuclei than those
obtained at higher overpotentials. The semi-empirical study

Fig. 12 Mapping of the HOMO of structures optimized at PM6 level
onto a density isosurface (value ρ=0.002 e a.u.−3). Lighter zones (red
zones) have the lower value of HOMO, and darker zones (blue zones)

have the higher one. The charge used were a 0, b −1, c −2, d −3, e 0, f
−1, g −2, and h −3
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showed that Na+ adsorbed on HOPG surface inhibits the
reactivity of the HOPG in closer sites to the adsorption site
favoring the formation of disperse cobalt clusters on carbon
electrodes.
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