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We carried out an electrochemical study of the cobalt electrodeposition onto glassy carbon electrode from an aqueous solution
containing 102> M of CoSO, + 1 M (NH,),SO, at natural pH 4.5. The potentiostatic study indicated a progressive 3D nucleation and
growth during the deposition process. The average diffusion coefficient calculated for this system was 2.65 X 10 cm?s™! while the
AG for the formation of stable nucleus was 6.50 X 10 J/nuclei. The scanning electron microscopy images indicated the formation
of small and homogeneous nucleus onto GCE of approximately 300 nm.
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INTRODUCTION EXPERIMENTAL

Cobalt electrodeposits have attracted a great interest in view
of their potential applications in scientific and technological fields
related with the digital information storage. Most of the studies have
been performed onto glassy carbon electrodes,'!? and some others
onto stainless steel,'>* gold,">"” nickel,'® copper!® and platinum?®
electrodes. Chloride solutions have been the preferred systems for
studying the electrodeposition process of cobalt, 354131719 rather
than sulfate systems'*!1216-182021 or citrate solutions. '

Although, the complexing property of ammonia can be used
to modulate the properties of the deposited cobalt via solution
speciation, the electrodeposition of cobalt from ammoniacal
solutions has not received a greater attention.! In spite of the
advantages showed by ammoniacal baths, it is important to con-
sider that the (NH,)* ions in solution are biased adsorbed on the
negatively charged electrode and on the deposited Co surface,
competing with the H* ions and modifying the Co nucleation
environment.”’ Moreover, the (NH,)* ions may preferentially
adsorb on certain orientations, diminishing the growth rate of Co
nucleus.' The (NH,)* ions in the electrolyte solution are also well
known to form complex species with the metal ions, reducing their
oxidation rate.! On the other hand, although the anion effect is
well known, only few studies have been reported considering the
influence of the SO, anion'*!"116:182021 during the Co electro-
deposition. It has been reported that the sulfate anion induces a
competitive adsorption effect; in addition, the sulfate ion causes
a major change in the shape of a voltammetric curve, producing
new peaks which appear to be caused by an adatom-induced anion
coadsorption.?? Albeit, a detailed electrochemical and AFM study
of Co nucleation mechanisms on glassy carbon from ammonium
sulfate solutions was carried out by Grujicic et al.;' an analysis
of the electrocrystallization kinetic parameters at natural pH 4.5
was not performed by them. Thus, in this work, we carried out
an electrochemical study, to determine these parameters, in order
to understand the Co electrodeposition process from this system.

*e-mail: hhuizar @uaeh.edu.mx

Co electrodepositions onto GCE were carried out from aqueous
solutions containing 10> M of CoSO, + IM (NH,),SO, at pH 4.5
(natural pH). All solutions were prepared by using analytic grade
reagents with ultra pure water (Millipore-Q system) and were deo-
xygenated by bubbling N, for 15 min before each experiment. The
working electrode was a GCE tip provided by BAS™ with 0.071
cm? The exposed surface area was polished to a mirror finish with
different grades of alumina down to 0.05 um and ultrasonically cle-
aned before the 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. The
electrochemical experiments were carried out in a BAS potentiostat
connected to a personal computer running the BAS 100 W software
to allow the control of experiments and data acquisition. In order to
verify the electrochemical behavior of the electrode in the electro-
deposition bath, cyclic voltammetry was performed in the 0.600 to
-1.300 V potential range. The kinetic mechanism of cobalt deposit
onto GCE was studied under potentiostatic conditions by means of the
analysis of the experimental potentiostatic current density transients
obtained with the double potential step technique. The perturbation
of the potential electrode always started at 0.600 V. The first potential
step was imposed at different potentials detailed in this work. The
second step always ended at 0.600 V. The microstructures of elec-
trodeposits were examined by using a scanning electron microscope
(SEM; JEOL6300).

RESULTS AND DISCUSSION
Pourbaix diagrams

The chemical composition of the plating bath plays a very im-
portant role during the electrodeposition process. Specific chemical
species in the deposition bath can induce changes in the thermodyna-
mic and the kinetic parameters during the electrodeposition process,
since it can even modify the electronic structure of the substrate.
Therefore, in order to establish the chemical species in the deposition
bath and the equilibrium potentials under our experimental condi-
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tions, we have carried out a thermodynamic study by employing the
Multicomponent Pourbaix Diagrams.® The equilibrium constants
of the different chemical processes associated to these species were
obtained from literature.?* The speciation of Co in ammonia solution
was examined by constructing the distribution—-pH diagrams. The
results are shown in Figure la. One may observe that under our
experimental conditions the predominant specie is a cobalt sulfate
pentaquo complex [Co(SO,)(H,0),]. Additionally the ratio [Co(SO,)
(H,0).]/[Co(H,0),]** was approximately 99.2% suggesting that the
electrodeposition process is carried out predominantly from [Co(SO,)
(H,0),]. From the Figure, it is possible to note that the equilibrium
potential for the [Co(SO,)(H,0),]/Co° couple is -0.353 V vs NHE.
Thus, it is possible to suggest that in our experimental conditions the
reduction process of Co follow the next two steps:

[Co(SO,)(H,0).]-> [Co(H,0)]** + SO,? 1
[Co(H,0).]** +2e & Co° + 5H,0 (2)

Here, it is very important to mention that Grujicic et al.,! have
analyzed a similar bath 102 M of CoSO, + 1M (NH,),SO, but at pH
6.0. At present work we analyze a solution with the same composition
but at natural pH 4.5. Although this small difference in our solution,
apparently does not bring any innovation, it is very important to
comment that in our experimental conditions the hydrogen con-
centration is 30 times bigger than the considered previously in the
literature." Another important change is observed in the Pourbaix’s
diagrams. Grujicic et al.' indicate that in their experimental condi-
tions the complex [Co(HZO)é]2+ is the predominant specie. In our
experimental conditions, the Pourbaix’s diagrams suggest that in
the pH range 0-7.5, two Co complex species may be obtained. From
our results, [Co(H,0),]** predominates in the pH range 0-0.7 and
[Co(SO,)(H,0),] predominates in the pH range 0.7-7.5. Thus, in our
experimental conditions the electrodeposition process should occur
through [Co(SO)(H,0),] instead of [Co(HZO)6]Z*. The existence of
additional free electrons through the SO, group in [Co(SO,)(H,0),]
might favor the adsorption process of this Co complex species onto
the GCE electrode.
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Figure 1. Pourbaix-type diagrams of the Co(11)/Co’ systems, a) pCo(1l)”=2.0,
pSO,'=0.0 and b) pCo(Il)’’=2.0, pSO,”=0.0, pNH'=-0.3. The black point
in the Figure represents our experimental conditions
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Cyclic voltammetry

Figure 2 shows the voltammetric response, at the scan rate of 5
mVs', obtained from GCE/102 M of CoSO, + 1 M (NH,),SO, sys-
tem. It is possible to note that, at direct scan, there is the formation
of a peak A at -1.165 V. During the inverse of the potential scan, it
is possible to observe two crossovers, E. and CEP. The crossover
E. is typical of the formation of a new phase involving a nucleation
process and it is associated with an electrocatalytic point.> In some
cases, the second crossoverpotential CEP may be associated to the
thermodynamical potential of M"*/M, only when CEP is independent
of the switch potential E , (and only when E , is less negative of the
corresponding peak potential).”* However, this was not the case for
the CEP analyzed in this work. In the anodic zone, it was possible to
observe two principal peaks B and C at around -0.497 and -0.351V,
respectively. Peak B may be associated to the dissolution of hydro-
gen rich cobalt phase.” It is also shown that the Co electrodeposition
process starts at approximately -1.050 V (E,).
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Figure 2. A typical cyclic voltammogram obtained from the GCE/10? M of
CoSO, + IM NH SO, (pH 4.5) system. The potential scan rate was started at

0.600 V toward the negative direction with a potential scan rate of 5 mVs~'

Chronoamperometric study

Formation of new phases generally occurs through nucleation
and growth mechanisms and the corresponding current transients can
provide valuable information about the kinetics of electrodeposition.
Figure 3 shows a set of current density transients recorded at different
potentials by a double pulse potential technique. These transients were
obtained by applying an initial potential of 0.600 V on the surface
of the GCE electrode. At this potential value, the Co deposition had
not still begun. After the application of this initial potential, a step
of negative potential was varied on the surface of the electrode from
-1.10 to -1.20 V, Figure 3. This potential range was obtained from
the cyclic voltammetric study in where the electrodeposition process
starts at -1.050 V approximately. However, the initial potential was
selected as -1.100 V because transients with a current maximum were
clearly detected at this potential value allowing a better analysis of
the kinetic parameters involved. A major influence of the hydrogen
reduction process is expected when the potential applied is more
negative. However a correct separation of the different contributions
employing nucleation models may allow quantifying the influence of
the different processes involved. All transients obtained during the
reduction process, exhibited a falling current at shorter times. After
this falling current, in each case, the transients showed a typical
current maximum (j ), related to the coalescence of diffusion fields
with spherical symmetry. Once the current maximum has been rea-
ched, a decay of the current was obtained, which approaches to the
corresponding planar diffusion. Apparently, the general shape of these
transients is very similar to those reported for a three dimensional
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nucleation process with diffusion control (3D-dc) of growing hemis-
pherical nucleus.?*’ A classification of the nucleation as instantaneous
or progressive from transients showed in Figure 3, is possible by
following the criteria established by Sharifker e al.?® in where the
experimental transients in a nondimensional form by plotting j*/j *vs
t/t_are compared with those theoretically generated from Equations
3 and 4 for instantaneous and progressive nucleation, respectively.
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Figure 3. A set of transients obtained from GCE/10? M of CoSO, + IM
NH SO, (pH 4.5) system by means of the double potential step technique for
different potential step values (mV) indicated in the figure. In all the cases
the initial potential was 0.600 V

Figure 4 shows the comparison of the theoretical dimensionless
transients, generated by Equations 3 and 4 with experimental di-
mensionless current transients reported in Figure 3. It is interesting
to observe that at (¢ /7 < 1) all transients showed a similar behavior
to a progressive nucleation. At (¢/¢_>1) there is a deviation from the
predicted by Equations 3 and 4. This behavior may be indicative of
the presence of other contributions to the overall current during the
Co deposition process additional to the 3D nucleation contribution.?
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Figure 4. Comparison of different experimental transients normalized through

the coordinates of its respective local maximum (t , j ), with the theoretical
non-dimensional curves corresponding to 3D instantaneous nucleation
(Equation 3) and 3D progressive nucleation (Equation 4)

Analysis of the transients from CoSO, + (NH,),SO, system

From the voltammetric study it was evidenced that the proton
reduction process is present due to the existence of a hydrogen rich
Co phase. Palomar-Pardavé et al.* have proposed that when the proton
reduction occurs simultaneously with the diffusion-limited 3D growth
of Co centers, the overall current density is given by:
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where z,.F is the molar charge transferred during the proton
reduction process, k,, the rate constant of the proton reduction
reaction, @ =1-(1—exp(-As)) Ar, ¢ =1-e " /(4r)” . and all
others parameters have their conventional meanings. Figure 5
shows a typical comparison of the reduction experimental current
transients, with the theoretically generated by non-linear fitting
of experimental data to Equation 5. It can be observed, that the
model expressed by this equation adequately accounted for the
behavior of experimental transient. The physical parameters obtai-
ned from the adjustments of Equation 5 were obtained (Table 1).
The average diffusion coefficient calculated from the fittings was
2.65X10° cm?s!. On the other hand, it is seen (Table 1) that an
increment of the k., A and N is obtained when the overpotential
applied is increased. It is interesting to observe that an increase in
k,, values indicates that the reduction proton process is favored,
suggesting a competition for the active sites on the surface by H*
ions with the Co cations.

Figure 5. Comparison between an experimental current density transient
( __/) recorded during Co electrodeposition onto a GCE electrode when a
potential value of -1.100 V was applied with the theoretical transient (O )
generated by non-linear fitting of Eq. (5) to the experimental data. In this
figure are depicted the different individual contributions

Analysis of the kinetic parameters

From the nucleation rate values reported (Table 1), it is possible
to calculate the Gibbs free energy of nucleation employing the next
equation: ¥

A=k;exp - AG =k; exp _I% (10)
K,T n

where AG is the Gibbs free energy of nucleation, J/nuclei; K, is the
Boltzmann constant (1.38066 X 10 J mol™') and , is a product of
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Table 1. Potential dependence for the nucleation parameters during
Co electrodeposition onto a GCE electrode from aqueous solution
containing 10> M of CoSO, + 1 M (NH,),SO,. at pH 4.5. The values
were obtained from best-fit parameters found through the fitting

Kinetic study of the cobalt electrodeposition 2385

Table 2. Potential dependence of the N_from aqueous solution con-
taining 10> M of CoSO, + 1 M (NH,),SO, at pH 4.5 calculated from
physical constants reported in this work (Table 1) and Equation 12

process of the experimental j-f plots by using Equation 5 E/V NX10°cm™ NJ/N,
E/V k X10°/cm?*s' A /s'cm? N, X10°/cm? -1.100 0.035 0.045
-1.100 0.571 0.018 0.785 -1.110 0.041 0.036
-1.110 0.575 0.018 1.141 -1.120 0.055 0.033
-1.120 0.591 0.021 1.647 -1.130 0.107 0.038
-1.130 0.597 0.047 2.849 -1.140 0.119 0.036
-1.140 0.599 0.051 3.284 -1.150 0.122 0.037
-1.150 0.631 0.053 3.307 -1.160 0.119 0.046
-1.160 0.634 0.064 2.619 -1.170 0.142 0.046
-1.170 0.662 0.077 3.077 -1.180 0.193 0.057
-1.180 0.672 0.129 3.387 -1.190 0.266 0.073
-1.190 0.696 0.229 3.654 -1.200 0.308 0.074
-1.200 0.721 0.270 4.149

the frequency of attachment of single atoms to the critical nucleus
and the non-equilibrium Zeldovich factor and depends exponentially
on the overpotential,®® and k , 18 a constant. In order to calculate the
value of Gibbs free energy of nucleation from experimental tran-
sients, a In A vs. 2 plot can be constructed according to Equation
10, and then from the slope k, of the observed linear relationship,
AG could be calculated at each particular overpotential by using
the next equation:

[_ AG ]:kisz (11)

K;T ) n

where 7'is the absolute temperature, K. The plot In A vs 1 plot, showed
a linear relationship giving a slope of -20.8; the AG calculated for this
system was 6.50 X 10" J/nuclei. This energy corresponds to the AG
value requirements for the formation of stable nucleus.’'*> The AG value
obtained is slightly bigger than the value obtained for the electrocrys-
tallization of Co on GCE and HOPG from sodium sulfate solutions.?

Through the physical constants reported (Table 1), it was also
possible to calculate the saturation number of nuclei (V). This esti-
mation was made employing Equation 12:3*

AN 1/2
N, = 0 12
s (2k‘Dj 12)
where
1/2
k,:(8nCuM ] (13)
p

The results obtained for N, are reported (Table 2). Observe that
the N_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, N_ will
be always lower than N, values at the same applied potential, and
both grow in accordance with a more negative potential. The N/N,
ratio which can be defined as the efficiency of use of the surface
available nucleation sites is reported (Table 2). Observe that the N/
N, ratio is potential dependent and its value is relatively low. This
result may be due to the occupation of active sites by (NH,)* ions
adsorbed on the surface.®

In the framework of the atomistic theory of electrolytic nuclea-
tion, it is possible to estimate the critical size of the Co nucleus (n )
from the potential dependence of A through the following Equation:*

" =(’<BTIdlnA )_% (14)
ze, dn

where o, is the transfer coefficient for Co reduction. The plot In A
vs 1 showed a linear tendency with a d(In A)/d(E)= 27.5. Thus, the
critical clusters size (n ) calculated employing eq(14) was n =0 sug-
gesting that each active site is a critical nucleus on the GCE surface.
Similar results have been obtained for the Co electrodeposition from
sodium sulfate solutions onto GCE and HOPG electrodes.?

Morphological analysis

The morphology of the electrodeposits was studied by scanning
electron microscopy (SEM). SEM micrographs of an electrodeposit
formed potentiostatically at -1.100 V, at different magnifications, are
shown in Figure 6a-c. From these images, a homogeneous Co distri-
bution is observed onto the GCE. Also observe that the Co clusters
are small and with similar size of approximately 300 nm. In a recent
work carried out by our group, the apparition of small clusters with
similar size has been explained considering the influence of the (NH,)*

a) b)

Figure 6. SEM images of Co electrodeposited under potentiostatic conditions
at-1.110V from GCE/10° M of CoSO, + IM (NH,),SO, (pH 4.5). a) 1000X,
b) 7000X and c) 10000X
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adsorption process on carbon surface.* In that work, it has showed
that the (NH,)* cations are adsorbed on the electrode surface; they
stop the diffusion of Co adatoms towards the growing cluster, which
in turn, will induce the growth of smaller clusters between them.

CONCLUSIONS

We have studied Co electrodeposition onto glassy carbon elec-
trode (GCE) from 10°M CoSO,, 1 M (NH,),SO, aqueous solution
by using the cyclic voltammetric and potentiostatic techniques. From
the thermodynamic study, it was possible to suggest that under our
experimental conditions, the predominant chemical species was the
[Co(SO,)(H,0).] complex and the equilibrium potential was -0.353
V vs NHE. Nucleation parameters such as nucleation rate, density
of active nucleation sites and saturation nucleus were determined
from potentiostatic studies. The morphological analysis indicated
the formation of small Co clusters with similar size, approximately
300 nm, on the carbon surface.
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