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Neste trabalho foram feitos experimentos usando técnicas de voltametria ciclica e pulso de
potencial para o estudo do mecanismo de deposigao do cobalto em meio de sulfato. A voltametria
ciclica mostrou dois picos de dissolug@o, o que foi atribuido 2 dissolu¢do de uma fase rica em
hidrogénio e outra do metal quase puro. A andlise cinética das curvas I-E na varredura reversa
mostraram que, para uma solugdo com 0,37 M Co(II) e pH 6, o potencial de equilibrio do par
Co/Co(II) € -0,58 V vs. SCE e a corrente de troca, Io = 4,8 x 10%A cm™ 0s experimentos de pulso
de potencial mostraram que o depdsito de cobalto sobre o eletrodo de carbono vitreo apresenta
nucleagdo progressiva seguido de crescimento tridimensional. Ambas as técnicas confirmaram que
a deposigdo do cobalto acontece em duas etapas, com a transferéncia de um elétron cada.

Experiments of cobalt deposition on a vitreous carbon electrode were carried out using cyclic
voltammetry and potential steps techniques, in a sulfate medium. Cyclic voltammetry showed two
stripping peaks that were attributed to the dissolution of two phases: a hydrogen rich cobalt phase
and a bulk cobalt phase. Kinetic analysis of I-E response on the reverse scan for a 0.37 M of Co(Il),
pH 6, presented a value of -0.58 V vs. SCE for the equilibrium potential of the Co/Co(ll) couple.
The exchange current density was estimated as Ip = 4.8 x 10°% A cm™ in this solution. Poteatial step
experiments showed that the cobalt deposit on vitreous carbon is formed by a mechanism of
progressive nucleation followed by 3-D growth. Both techniques confirmed that cobalt deposition
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takes place in two single electron steps.

Kevwords: cobalt deposition, nucleation of electrodeposits, cyclic voltammetry

Introduction

Electrodeposited cobalt and cobalt based alloys are
widely employed as hard protective coatings and as record-
ing media in the computer industry. Cobalt has been depos-
ited mainly from sulfate electrolytes, although studies in
CoClz and Co(NH4)2(SO4)2 based electrolytes can be found
in the literature'*,

Mechanical properties and perpendicular magnetic an-
isotropy of cobalt films appear to be a function of the
structure of the deposits, which depends on the pH of the
solution and the conditions selected for depositing, such as
temperature and current density’”’. However, the mecha-
nism of cobalt reduction and the nucleation/growth process
has received little attention, and it appears to be the key for

a better understanding of the deposition process and for
producing films with the required properties.

In this paper, cyclic voltammetry, hydrodynamic vol-
tammetry and potential step techniques are used in order to
identify the mechanism of cobalt reduction in a sulfate
medium.

Experimental

The experiments were carried out in a three compart-
ment cell. The working electrode and the Pt gauze counter
electrode were separated by a g]ass frit, and a saturated
calomel reference electrode (SCE) was mounted within a
Luggin capillary. The working electrode was a vitreous
carbon disc (A = 0.125 cm?) which entered the cell from
the top, so that the surface of the disc was horizontal. In the
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hydrodynamic experiments it was rotated in the range from
400 to 2500 rpm.

The electrolytic solutions were prepared from tridis-
tilled and deionized water and analytical grade reagents.
All experiments were carried out using 0.5 M sodium
sulfate and 0.5 M boric acid as a supporting electrolyte.
Cobalt was added as CoSO4.7H20 (Merck) at the required
concentration for each experiment. Sulfuric acid or sodium
hydroxide was used for adjusting the pH.

The electrochemical experiments were controlled in a
273A Potentiostat coupled with a 616 Rotating Disc Elec-
trode, both controlled by a 270 Research Electrochemical
Software, all from EG&G PARC. All experiments were
performed at room temperature, and the electrolytes were
thoroughly purged with nitrogen.

Results and Discussion

Cyclic voltammetry

Figure 1 shows voltammograms recorded for a 0.37 M
Co(II), pH 4.4 solution on a vitreous carbon electrode. The
potential was scanned from 0.0 V vs. SCE to more negative
values of -0.98, -1.00, -1.02 and -1.04 V, at a scan rate of
20 mV s, Then, the direction of scanning was reverted to
the initial value of the potential.

On the forward scan almost no current was observed
until the potential reached -0.95 V. Thereafter, the cathodic

5 mA cni?

-0.6 -0.4 -0.2
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Figure 1. Voltammograms recorded at 20 mV s'fora 037 M Co(II)
solution, pH 4.4, on a vitreous carbon electrode.
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current increased rapidly once the nucleation process be-
gan. When the direction of the potential scan was reverted
acurrent maxima was observed due to the rise of the surface
area in the early stages of the nucleation process, before
coalescence of the growing nuclei®. As the lower limit was
shifted more negatively or as the potential scan rate was
decreased, this effect was no longer observed. The current
densities were higher on the reverse scan until the response
reached zero current at -0.60 V.

The voltammograms from Fig. 1 present many charac-
teristics of a metal reduction reaction, particularly the “nu-
cleation loop” towards the negative limit and the
dissolution peaks on the reverse scan. When the lower limit
was extended, the cathodic current continued rising to
60 mA cm (at -1.10 V) from which a peeling tendency
was observed.

The I-E responses from Fig. 1 also show, as common
features, two stripping peaks on the reverse scan, at -0.40
and -0.25 V, when only one was expected. The existence
of more than one peak during dissolution of a single metal
can be interpreted in many ways. This fact has been con-
sidered in the literature as a) dissolution of an underpoten-
tial deposited phase®, b) differences in the crystal lattice
orientation®, c) passivation due to metal oxide/hydroxide
formation®!! or d) dissolution of a codeposited hydrogen
rich metallic phase preceding the dissolution of the bulk
phase!Z. All these interpretations have their drawbacks and
present difficult experimental confirmation. If we consider
the stripping peaks in the voltammograms from Fig. 1, the
charge of the second peak is too great to be related to an
underpotential deposited phase dissolution. Passivation
can be disregarded since the peak currents of dissolution
increase with the charge of deposition. Visual observations
of the deposits showed reliable reflectance and brightness
and no oxides/hydroxides were detected on the electrode
surface during dissolution, once the deposits were still
reflective.

Figure 2 shows three voltammograms obtained in a 0.37
M Co(II) solution at different pH values (2.8, 4.4 and 6.0).
For the pH 4.4 solution the same two peaks (at -0.40 and
-0.25 V) are observed. However, for the pH 2.8 solution,
the voltammogram shows only the first peak at -0.40 V.
Increasing the pH to 6.0, only the second peak can be seen.

In lieu of these findings a new test was carried out. A
series of depositions at constant potential was made in a pH
2.8 solution and 90 mC cm™ of cobalt was deposited at
-1.00 V. Then, the deposits were dissolved by scanning the
potential range from -0.6 to 0.0 V at, 20 mV s}, after
different times resting, at open circuit potential, in the
solution of deposition. The result of this operation is de-
picted in Fig. 3 which shows stripping peaks of a fresh
cobalt film (marked as A) and of a 30 min. rested deposit
(peak B).
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Figure 2. Voltammograms recorded at 20 mV s for a 0.37M Co(ID)
solution and pH (A) 2.8, (B) 4.4 and (C) 6.0.
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Figure 3. Stripping peaks of 150 mC cm™? of cobalt deposited at -0.95 V
vs. SCE. Dissolution of a (A) fresh film and (B) 30 min rested deposit.
Solution of 0.37 M Co(II), pH 2.8.

Considering the behavior of the stripping peaks in Figs.
2 and 3 we can associate the first peak with the dissolution
of a hydrogen rich phase. The potential shift of the disso-
lution peak in Fig. 3 shows that the rest may lead to a partial
conversion of the H-rich phase into pure cobalt or bulk
phase. This has already been observed for nickel'?, and
high levels of internal stress in cobalt layers has been
reported due to hydrogen codeposition!?,

Kinetic parameters

The 0.37 M Co(Il) solution at pH 6, was used for
depositing S mC cm? of cobalt in order to coat the electrode
surface. Then the potential was scanned from -0.95t0 0.0 V
at SmV s’'. The I-E data obtained in this operation can be
regarded as the response for the Co/Co(II) couple on a
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freshly deposited cobalt surface. In the absence of signifi-
cant competing reactions, the zero current potential is a
good estimate of the equilibrium potential for the Co/Co(II)
couple, and the shape of the I-E characteristic reflects the
kinetics of the metal/metal ion couple. In an earlier paper
we found -0.61 V for the equilibrium potential of the
Co/Co(II) couple!*. The I-E response of this reverse scan
obtained on the fresh cobalt surface is depicted by the Tafel
plotin Fig. 4 where well-defined Tafel regions are observed
over two orders of current density magnitude. The cathodic
and anodic slopes of the linear portion of the curves are
1/120 and 1/58 mV, respectively. The first value is charac-
teristic for a reduction reaction of bivalent metals which
occurs in two single electron steps, but the latter is not the
expected value. If reduction takes place in single electron
steps, i.e.

Co** +e ==== Co* (DO

Co* +¢ Co (2)

the overall rate of conversion of Co(Il) to cobalt metal is
determined by the kinetics of the Co(II)/Co(I) couple in-
volving the transfer of a single electron, assuming that
Reaction 2 is the rapid step. The Tafel slope in this case is
1/120 mV. The overall reaction rate of Co to Co(II) oxida-
tion must be determined by the kinetics of the same couple.
The rate of oxidation is given by

I=Fk[Co™x=0 (3)

where k is the potential dependent rate constant for the
oxidation of Co(I) to Co(II) at the electrode surface, and
[Co*]x = 0 is the concentration of Co(l) at the electrode
surface. The concentration of Co(l) can be found assuming
that the rapid step is in equilibrium. Then, the Nernst
equation may be applied to Reaction 2, i.e.,

23RT
F

E.=E’+ log[Co"] 4
and used to estimate the concentration of Co(I) at the
surface. Hence, Eq. 3 becomes

(1+)F

log I =constant+ 23RT

(%)
If o. = 0.5, the Tafel slope is 1/40 mV. This is not the

value calculated for this experiment probably due to the

competing dissolution of the hydrogen rich phase.

The intercept of the straight lines from Fig. 4 showed
an equilibrium potential of -0.58 V which is a more accurate
estimate for the Co/Co(II) couple, and corresponds well
with the calculated value!®. From Fig. 4 the exchange
current was then estimated as I, = 4.8 x 10% A cm™.

In the hydrodynamic voltammetry on a rotating vitreous
carbon electrode the concentration of Co(Il) in the electro-
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Figure 4. Tafel plot of the I-E response obtained on the reverse scan at

5mV s for a solution with 0.37 M of Co(II), pH 6.0.

lyte was reduced to 3.7 mM and the pH adjusted to 6.0.
Then, a new set of voltammograms was recorded using
rotation rates of 400, 900, 1600 and 2500 rpm (Fig. 5). All
the main features of those I-E curves have been described
earlier, excluding the fact that they present plateaus of mass
transport controlled cathodic current. For all voltammo-
grams the charge ratio was in the range from 0.88 to 0.92.
Figure 5 presents the cathodic portions of the curves show-
ing the plateaus of mass transport controlled currents. The
values of limiting currents, taken at -1.18 V, are plotted
versus the square root of the rotation rates at the right side
of Fig. 5. The linear dependence between both parameters
fit the Levich equation well, revealing a mass transport
controlled reduction reaction. Considering the kinematics
viscosity as v = 102 cm? 57!, the diffusion coefficient of
Co(II) species was estimated as D=4 x 10 ecm? 81, which
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Figure 5. Left: Plateaus of mass transport controlled current density
obtained on a rotating vitreous carbon disc electrode, at 20 mV s,
Solution with 3.7 mM of Co(Il), pH 6.0. From the top the rotation rates
are 400, 900, 1600 and 2500 rpm. Right: Levich plot of limiting current
vs. square root of the rotation rates.
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is in good agreement with the values found in the litera-

turem.

Potential step experiments

In the potential pulse experiments a 0.37 M Co(II)
solution at pH 6.0 was used. In these experiments the
potential was stepped from -0.60 V, where no electrode
reaction occurs, to a value in the range of -0.95 to -1.10 V,
and the current was recorded as a function of time. A set of
I-t transients from such experiments are shown in Fig. 6. It
may be seen that after an initial charging spike, the current
drops to a value close to zero before increasing with time
until it reaches a steady state value. Such transients are
characteristics of nucleation and phase growth of a metal
on the vitreous carbon surface, despite the fact that the
existence of a maximum at higher potentials reveals a
partially diffusion controlled process'’. In this case hydro-
gen evolution amplifies the response without changing its
shape.

Therefore, the early parts of the rising transients were
analyzed by plotting I" vs. t. Four.cases are possible for the
value of n: a) n = 1/2 for instantaneous nucleation and b)
n = 1/3 for progressive nucleation when both are controlled
by electron transfer. When the nucleation process is mass
transport controlled, ¢) n = 2 for a instantaneous nucleation
and d) n = 2/3 for the progressive process'”'8. Figure 7
shows that good linear plots, presenting the best correlation
coefficient for the linear regression, are obtained when
n = 1/3, as predicted by the equation
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Figure 6. I-t transients in response to the step experiments from -0.58 V
to the potential shown. Solution: 0.37 M of Co(II), pH6.0.
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Figure 7. Mys.t plot for the early stages of the nucleation process. Data

taken from Fig. 6.

where n is the number of electrons involved in the overall
electrode process, F, the Faraday constant, k, rate constant
for growth, M, the molecular weight, A, rate constant for
nucleation and p, density of the growing phase. The linear
dependence between I and * indicates that the cobalt
deposit is formed by a mechanism where progressive nu-
cleation is followed by three-dimensional growth under
electron transfer control in the early stages of the process.

A plot of the logarithm of the slopes of the I' vs. t plots
against overpotential is also linear and has a slope of -1/124
mV as is seen in Fig. 8. The slope, which is proportional to
A3k, is shown to be a function of the potential. If we
consider that the rate constant for nucleation (A) does not
change meaningfully in the range of chosen potential, Eq.
6 can be written as:

1%
In 7= constant,+Ink @)

The rate constant for electron transfer is
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Figure 8. Plot of the logarithm of the slopes of the 1P ys. t plot against
potential. Data taken from Fig. 7.
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anF
k= ko expl=g] ®)

and, inserting Eq. 8 into Eq. 7, it is possible to write that

1% onF
In —t'- = constant 2 + Wﬂ 9)

Equation 9 shows how the slope from the plot In (11*/t)
vs. M is proportional to the Tafel cathodic slope, and the
slope obtained from Fig. 8 confirmed the early results from
cyclic voltammetry. This is a new piece of evidence, i.e.,
the cobalt reduction reaction probably takes place in two
single electron steps.

Conclusions

The results reported here confirm that the cobalt depo-
sition is possible in a buffered sulfate solution where cyclic
voltammetry demonstrates that the deposition/dissolution
of cobalt is a facile reaction, occuring without substantial
overpotential . The competing hydrogen reduction rate is
pH dependent. For lower pH, hydrogen formation is intense
which leads to the nucleation of a hydrogen rich cobalt
phase along the cobait bulk phase. As the pH of the sulfate
solution is increased, this effect is minimized, and the pure
cobalt phase is preferentially formed.

I-E voltammograms obtained for 0.37 M Co(II) pH 6.0
solution, in steady state conditions, presented an equilib-
rium potential of -0.58 V and an exchange current density

of 48 x 10 A.cm™® . The cathodic Tafel slope extended to

a two orders of current magnitude was found to be 1/120 in
an initial finding of a two single electron step reduction
reaction. By hydrodynamic voltammetry experiments on a
rotating electrode the difusion coefficient was calculated as
D=4x10%cm?s™.

Potential step experiments showed that electrocrystali-
zatton of cobalt is progressive followed by tridimensional
growth, once the plots of I vs. t" , n = 1/3. The slope found
in the plot of In (I'"3/t) vs. E was 1/124, confirming the
resuits obtained from cyclic voltammetry which showed
that the cobalt reduction reaction probably takes place in
two single electron steps.
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