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ABSTRACT

A kinetic study of the cobalt electrodeposition onto a carbon fiber ultramicroelectrode of 11 um of diameter was conducted in overpotential conditions from an
aqueous solution containing 0.01 M CoCl; + 0.1 M NH,CI. From the voltamperometric and chronoamperometric studies, it was found that the value of the diffusion
coefficient is 1.2x10° cm? s, The analysis of the current density transients suggests that cobalt electrodeposition onto a carbon fiber electrode follows an instantaneous
nucleation process controlled by spherical diffusion mass transport. Also, the number of active nucleation sites increases as the applied potential decreases.
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INTRODUCTION

Cobalt electrodeposits have received considerable attention due to their
potential applications in scientific and technological fields related to the storage
of digital information.* They have been used in the fabrication of sensors,?
heterogeneous catalysis,® and in the synthesis of intercalation compounds for
energy storage* among others. Here, it is interesting to mention that during the
cobalt electrodeposition process it is possible to optimize parameters such as
temperature, applied current density, and electrolyte composition.® In this sense,
Co electrodeposition has been studied onto different substrates such as:
GCE,5 Cu, ™ Au, 7, stainless steel,® AI**2! and Pt?>2 and from plating
baths based on sulfates, ®*+*3-1524 chlorides, **-%% 2>and citrates® solutions, mainly.
The results obtained from different systems indicate that cobalt electrodeposition
follows a progressive nucleation, but it may switch to instantaneous if ultrasound
is employed to improve the mass transfer,?® or increasing the cobalt concentration
in the plating bath.?” Also, cobalt electrodeposition may also occur via a
nucleation process under charge transfer control.?® Thus, cobalt electrodeposition
is diffusional controlled, but a mixed control has been found as well%. In
addition, different shape morphologies, such as fractals, butterfly, dendrites,
snowflake-like, which exhibit different properties may be obtained®. Here it is
interesting to mention that materials based on cobalt has been scarcely
synthesized onto nano or ultramicroelectrodes (UME’s) by electrodeposition,?®-
34 despite their advantages. For example, the UME’s reduced dimensions allow
the formation and growth of a limited number of nuclei or even single nucleus,
minimizing the interference between neighboring nuclei. Also, the effects of
small variations in the surface area of the substrate can be detected in
electrochemical measurements.*® Moreover, UMEs allow a faster double-layer
charging, reduced ohmic loss, and high mass-transport rates®. Moreover, the use
of UME’s offers advantages such as the formation of a single core with controlled
morphology and size, which leads to precise control of the electronic, chemical,
and optical properties of the synthesized material. Thus, in this work we studied
the cobalt electrodeposition process onto a carbon fiber of 11 pm (C-UME)
employing cyclic voltammetry and potentiostatic techniques.

METHODOLOGY

Co electrodeposits onto an UME of carbon fiber (C-UME) from the plating
bath containing 0.01 M CoCl, + 0.1 M NH,CI were carried out. All solutions
were prepared using analytical grade reagents with ultrapure water (Millipore-Q
system). The working electrode was a carbon fiber ultramicroelectrode of 11 um
diameter, the exposed surface was polished with water over a Fandelli 2000
sandpaper. A platinum wire was used as a counter electrode. All potentials are
reported against an Ag/AgCl electrode. All electrochemical experiments were
performed on an EPSILON potentiostat-galvanostat connected to a personal
computer running Epsilon EC software to allow the experiment control and data
acquisition.

*Corresponding author email: hhuizar@uaeh.edu.mx

RESULTS AND DISCUSSION
Voltamperometric study

Figure 1 shows a typical cyclic voltammogram recorded from the system
C-UME/ 0.01 M CoCl, + 0.1 M NH,CI, at the scan rate of 30 mV s. The
scanning started in the null current zone where not electrochemical processes
were recorded. Note at direct scan, the formation of a peak A at -0.760 V while
that during the inverse of the potential scan, it is possible to observe the formation
of a crossover, EC;, which is typical of the formation of a new phase involving a
nucleation process.’® In the anodic zone, it is possible to observe the formation
of a main peak B which has been associated with the dissolution of cobalt phase
previously electrodeposited during the direct scan.?’ Furthermore, a cyclic
voltammetric measurement in the C-UME immersed in an aqueous solution
containing just the supporting electrolyte, 0.1 M NH,CI, did not show the
presence of the peak A (broken line in Figure 1), which indicates that this
electrochemical signal is due the cobalt reduction process.
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Figure 1. A comparison of two cyclic voltammetric curves obtained from the
C-UME/ x M CoCl,+ 0.1 M NH,CI system at two different CoCl, concentrations
(@) x=0 (- -) and (b) x=102 M (—). The potential scan was started at 0.400 V
toward the negative direction with a scan potential rate of 30 mV s™. Arrows
indicate the potential scan direction. Cathodic current density peaks (A) and
anodic peak (B) are also indicated in the figure.

Fig. 2 shows a set of cyclic voltammograms obtained from the system C-UME
/ 0.01 M CoCl, + 0.1 M NH,CI at different potential scan rates. Here, it is
interesting to note that the potentials where appears the peaks A and B remains
approximately constant.
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Figure 2. Typical cyclic voltammograms obtained from the C-UME/ 0.01 M
CoCl, + 0.1 M NH,CI system at different scan potential rates indicated in the
Figure. In all cases, the potential scan was started at 0.4 \/ toward the negative
direction to -1. V.

In order to determine the type of kinetic control during the cobalt
electrodeposition process, the cathodic peak current was plotted against the scan
rate at %2, see Figure 3. A linear relationship was found indicating a diffusional-
controlled process””. From the slope of the j, vs v¥2 plot and the
Berzins-Delahay’s equation® it was possible to evaluate the diffusion coefficient
value as 1.2x10° + 5.3x10® cm? s,
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Figure 3. Plot of the experimental cathodic peak current density (j,) as a
function of scan rate (v?) for peak A (see Figure 2). The straight line corresponds
to the linear fit to the experimental data.

Also, the kinetic parameters associated with the Co?* + 2e « Co® process in
the present system were evaluated by means the Tafel equations, equation (2)
and (3).%

. . a,nF

Inj.=Inj, - RT 2
. . (I-a,)nF

Inj,=Inj, +% 3)

In these equations j. and j, are the cathodic and anodic current respectively,
jo is the exchange current, oc is the cathodic transfer coefficient, while the anodic
transfer coefficient is @a =1- ac. In Figure 4 are depicted the plots of the
logarithm of the cathodic and anodic current vs. the applied potential according
to equations (2) and (3). The anodic and cathodic branch data were obtained from
a linear voltammogram recorded at a scan rate 1 mV s from the C-UME/ 0.01
M CoCl; + 0.1 M NH,CI system. Fitting the linear part of these branches to the
Tafel equations, yielded a value of the cathodic transfer coefficient of 0.23, while
the anodic transfer coefficient is 0.77. The above suggests that the anodic process
is favored in the present system.
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Figure 4. Tafel plots for the current recorded from the C-UME/ 0.01 M CoCl,
+ 0.1 M NH,CI system at a scan rate 1 mV s™.

Potentiostatic 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 5 shows a set of
current density transients recorded at different potentials by pulse potential
technique (solid lines). These transients were obtained by applying an initial
potential (Eo) of 0.400 V on the electrode surface. At this potential value, the
cobalt deposition had still not begun, see Figure 1. After the application of this
initial potential, a step of negative potential (E;) was varied on the electrode
surface in the potential range [-0.8 to -1 V] for 32 s. From Figure 5, (solid lines),
it may be observed that at shorter times there is a falling current transient. Note
that after this falling current, in each case, the j/t plot increases and passes
through a maximum. Similar current density transients have been related to an
instantaneous nucleation controlled by spherical diffusion mass transport to a
micro-disc®®%®. The theoretical model that describe these kind of current density
transients is given by the following equation:383,

j(t) = (4nFDc®r + 8nFc®r2DY2q=3/2t=1/2)[1 — exp(—NmkDt)]  (5)

Thus, the experimental transients (solid lines) represented in Figure 5 were
fitted from a nonlinear fit to equation (5). From Figure 5 it can be seen that the
theoretical transients (dashed lines) generated through equation (5) compare
favorably with the experimental ones obtained at different potential steps,
suggesting that this model is able to predict the overall behavior of the
experimental transient.
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Figure 5. a) A set of experimental current transients recorded from the C-
UME/ 0.01 M CoCl; + 0.1 M NH,CI system by means of the double potential
step technique (solid lines) and the theoretical transients ( ®ee ) obtained by a
non-linear fit of Eq. (5) to the experimental data.



From these fittings, the values of the kinetic parameters associated with the
nucleation and growth process of Co on the C-UME were determined and they
are reported in Table 1. Note that, as the potential values decrease, the number
of active sites, No, increases. However, the value of the diffusion constant
remains constant, with an average value of 1.2x10° ¢cm? s, This coefficient
diffusion value compares favorably with the obtained from the voltamperometric
study.

Table 1. Kinetic parameters of Co electrodeposition from the C-UME/ 0.01 M
CoCl; + 0.1 M NH,CI system.

5 5
E/V Noxclri)rzl Dé(ig S{l
-0.81 0.270 1.315
-0.83 0.916 1.198
-0.87 2.081 1.130
-0.89 1.874 1.335
-0.91 3.558 1.140
-0.94 4.587 1.038

CONCLUSIONS

An electrochemical study on the cobalt electrodeposition process onto a carbon
fiber microelectrode from an aqueous solution containing 0.01 M CoCl, + 0.1 M
NH,CI in overpotential conditions has been carried out through voltammetric and
potentiostatic studies. The analysis of the voltammetric curves at different scan
rates potential indicated that the cobalt electrodeposition process is diffusion
controlled and the value of the diffusion coefficient is 1.2x10° ¢cm? s. It was
also possible to evaluate the anodic (a.,) and cathodic (o) transfer coefficients;
a higher value of o, =0.77 compared to o =0.23 means that the anodic process
is favored in the present system. The potentiostatic study indicated that the
electrodeposition of cobalt onto a carbon fiber electrode follows an instantaneous
nucleation process, which is controlled by spherical diffusion mass transport to
the ultramicroelectrode. Also, the number of active nucleation sites increases
with the decrease of the applied potential.
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