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An electrochemical study of Co electrodeposition onto polycrystalline Pt from an aqueous solution containing 10−2 M CoCl2 +  
1 M NH4CI (pH = 9.3) was conducted at overpotential conditions. The current density transients showed two maxima that 
corresponded to two nucleation and growth processes. The entire transient behavior was adequately predicted considering the 
contribution to the total current of four different processes: a Langmuir-type adsorption process, a diffusion-controlled two-
dimensional instantaneous nucleation, and two three-dimensional nucleation and growth processes.
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INTRODUCTION

Co layers (CoL) on Pt have been synthesized because of their 
potential to increase stored information in electronic devices.1-7 Most 
CoL have been prepared employing molecular beam sputtering,8 
evaporation techniques,9,10 and more recently, electrodeposition.11-21 
Although it is well known that electrodeposition contributes to 
achieving reliable and inexpensive methods to produce CoL on 
metallic substrates,22-25 to the best of our knowledge, few studies 
have considered Co electrodeposition on Pt electrodes.11-21 Most of 
these studies have been conducted from sulfate and chloride ammo-
niacal solutions.11-21 Perhaps the main advantage of using chloride 
plating baths rather than sulfate electrolytes is its higher electrical 
conductivity at lower overpotentials during Co electrodeposition.12 
However, the stress added to the Co deposits when using chloride 
solutions is larger than that when using sulfate solutions.22 The com-
plexing property of ammonia can be used to form complex species 
with Co ions in solution. Here it is important to consider that the 
(NH4)

+1 ions in solution are bias adsorbed on the negatively charged 
electrode and deposited Co surface.26 Furthermore, the (NH4)

+1 ions 
may preferentially adsorb on certain orientations, diminishing the 
growth rate of the Co nucleus.27 Also, the presence of (NH4)

+1 ions 
on the Co coordination sphere diminishes the overpotential applied 
during cation reduction due to a tunnel effect favored by (NH4)

+1.23

Co electrodeposition on Pt substrates from chloride solutions 
may not have received much attention because, in such systems, si-
multaneous hydrogen evolution makes Co electrodeposition difficult. 
Kongstein et al. reported that proton reduction modifies the reaction 
mechanism of Co during electrodeposition on Pt from chloride plating 
baths.12 In addition, for a Pt electrode in acidic conditions, when the 
current density, pH, and temperature are increased, an improvement 
in the current efficiency of Co deposition is reported.12 The current 
efficiency decreases when the rotating rate of the electrode is aug-
mented.13 Although such studies are important for the development 
of new methods to generate CoL, the kinetics of Co electrodeposition 

has not been analyzed. Increased understanding of the nucleation and 
growth parameters involved during Co electrodeposition on Pt from 
chloride plating baths would allow the generation of Co films with 
reproducible characteristics and specific properties.

Recently, we reported a kinetic study of the formation of a Co 
monolayer on a Pt surface from an aqueous chloride solution (pH = 
9.3) at underpotential conditions.16 It is important to mention that at 
this pH value, it is possible to neglect the influence of proton reduction 
during the analysis of Co electrodepostion.28 In addition, the previous-
ly reported formation of a Co monolayer on a Pt surface that modifies 
the nucleation and growth process at overpotential conditions must be 
considered.16 To the best of our knowledge, there is no information 
about the kinetics of Co electrodeposition from chloride solutions 
onto polycrystalline Pt at overpotential conditions. Therefore, to gain 
a deeper insight into this system, we investigated the kinetics of Co 
electrodeposition onto polycrystalline Pt from ammoniacal solutions 
at a basic pH and in a potential range that minimizes proton reduction.

EXPERIMENTAL

Co electrodeposition onto a Pt electrode from an aqueous solution 
containing 10−2 M CoCl2 and 1 M NH4CI at pH 9.3 (adjusted with 
NaOH) at 25 °C was investigated, as previously reported.16 Under 
these conditions, the main chemical species of the Co (II) ion was 
the [Co(NH3)5(H2O)]2+ complex.28 The equilibrium potential for the 
[Co(NH3)5(H2O)]2+/Co0 redox system was determined as −0.786 V vs 
SCE27 (−0.741 V vs Ag/AgCl).16 All solutions were prepared using 
analytic grade reagents with ultrapure water (Millipore-Q system) 
and deoxygenated by bubbling with N2 for 15 min before each 
experiment. Once the solution was deoxygenated, a N2 atmosphere 
was maintained over the solution. The working electrode was a 
polycrystalline Pt rotating-disc electrode tip (geometric area 0.0314 
cm2) provided by Radiometer Tacussel. The exposed surface of the 
disc was polished to a mirror finish with different alumina grades 
down to 0.05 µm and cleaned ultrasonically. A graphite bar with an 
exposed area greater than the working electrode was used as a counter 
electrode. The reference electrode was a Ag/AgCl electrode and all 
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measured potentials were referred to this scale. The electrochemical 
experiments were conducted in a BAS 100 W potentiostat connected 
to a personal computer running the BAS100W software to control the 
experiments and collect data. To verify the electrochemical behavior 
of the electrode in the electrodeposition bath, a cyclic voltammetric 
study was performed in the [0.6 to −0.9] V potential range at 20 
mVs−1. The kinetics of Co electrodeposition was studied under poten-
tiostatic conditions through the analysis of the experimental current 
density transients obtained with the double potential step technique. 
The perturbation of the electrode potential always started at 0.600 
V. The first potential pulse was imposed at different potentials in the 
interval [−0.742 to −0.773] V. The second pulse (not shown) always 
ended at 0.600 V.

RESULTS AND DISCUSSION

Cyclic voltammetric study

Figure 1 shows a cyclic voltammogram obtained for the Pt/10−2 
M CoCl2 + 1 M NH4CI system (pH = 9.3) at a scan rate of 20 mVs−1. 
The potential scan began at 0.6 V, toward the negative potential −0.900 
V, and then reversed to the starting potential. During the direct scan, 
it was possible to identify four peaks, A, B, B', and C, at potential 
values of −0.120, −0.425, −0.584, and −0.840 V, respectively. Peak A 
corresponds to the supporting electrolyte, while peaks B and B' cor-
respond to Co electrodeposition onto (100) and (111) crystallographic 
orientations, respectively, at underpotential conditions.16 Peak C may 
be related to Co electrodeposition at overpotential deposition (OPD) 
conditions. When the potential scan was inverted, a shoulder D and 
two anodic peaks, E and F, appeared at −0.610, −0.410, and 0.260 
V, respectively. The shoulder D and peaks E and F correspond to the 
dissolution of different Co phases.28 In particular, peak F corresponds 
to the dissolution of the Co deposited at underpotential conditions.16 
In a previous study, it was found that the processes corresponding 
peaks B, B', and C followed a diffusional control.16 In the observed 
potential range, the voltammetric curves showed the presence of a 
drastic slope change after peak C, at approximately −0.900 V. In 
general, this process corresponds to proton reduction. To detect the 
potential at which proton reduction is negligible in comparison to 
Co electrodeposition, we conducted a set of voltammetric studies 
at different inversion potentials (Eλ). The results are summarized in 
Table 1. Note that, at potentials more positive than −0.900 V, the ratio 
cathodic to anodic charge (Qc/Qa) is close to 1. These results indicate 
that proton reduction is minimized at Eλ > −0.860 V. Moreover, it may 
be observed that in the potential range analyzed in this study, proton 
reduction may be negligible.

Kinetic analysis of the 3D nucleation and growth process

The formation of new phases occurs through nucleation and 
growth mechanisms, and the corresponding current transients can 
provide detailed information about the electrocrystallization process. 
Figure 2 shows the characteristic current density transients obtained 
at the OPD region (E ≤ −0.742 V). For clarity, we have plotted the 
transients recorded in two intervals [−0.742 to −0.759] V and [−0.760 
to −0.773] V, as seen in Figures 2a and 2b, respectively. In Figure 2a, 
the presence of a maximum M1 at −0.742 V is evident. Seemingly, 
the general shape of these transients is similar to those reported 
for a three-dimensional (3D) nucleation and growth process with 
diffusional control. In addition, in the second interval, another peak 
is observed. The maxima M1 and M2 are slightly displaced at lower 
times as the applied potential is more negative. In the literature, the 
presence of multiple maxima in a transient corresponds to three diffe-
rent mechanisms. The first, proposed by Abyaneh et al., is related to 
a death and rebirth of centers;29 the second suggests the existence of 
different macroscopic zones on the electrode surface;30 and the third 
is related to nucleation from different chemical species. In this study, 
the presence of death and rebirth of centers was discarded because 
the second maximum appears at lower times than the first, contrary 
to the result predicted by Abyaneh’s theory.29 Palomar-Pardave et al. 
showed that, under our experimental conditions, the predominant 
chemical species is aminocomplex.26 Moreover, if Co is considered 
to be present in two possible oxidation states in solution Co(II) and 
Co(III), a transfer charge Co(III)àCo(II) prior to electrodeposition 
may exist.16 However, in a previous study, we showed that this step 
did not appear under our experimental conditions, because it occur-
red at potential values more positive than those studied here.16 Thus, 
Co electrodeposition occurs through the same chemical species. In 
addition, in a previous study, through reflectance diffuse spectroscopy 
and theoretical quantum studies, we showed that the polycrystalline 
Pt electrode exhibits two main crystallographic orientations on 
the Pt surface. This suggests the presence of two zones where two 
simultaneous 3D nucleation and growth processes may occur. This 
situation should be verified using a microscopic study on single Pt 
crystals to separate the overlapped processes; however, this analysis 
is beyond the scope of this study. Although similar transients with 
complex shapes, as shown in Figure 2b, have been reported for the 
electrodeposition of Bi and Ag on Pt,30,31 such transients have not been 
analyzed to determine kinetic parameters that describe the nucleation 
and growth process.30 In all the transients depicted in Figure 2, an 
extended falling current at initial times can be observed. This current 
has been related to a partial double-layer contribution and a Co un-
derpotential deposition (UPD) process onto a Pt electrode.16 Under 
these circumstances, the Co deposition at overpotential conditions 
begins on a previously formed Co monolayer on the Pt surface.16 

Table 1. Comparison between the cathodic and anodic charges at different 
inversion potentials (Eλ) obtained from the aqueous solution containing  
0.01 M CoCl2 + 1 M NH4CI system (pH=9.3)

-Eλ / V Qc/Qa

0.900 1.127

0.860 1.048

0.820 1.028

0.810 1.016

0.790 1.006

0.780 1.009

0.760 1.002

0.750 0.997

Figure 1. Cyclic voltammogram obtained in the Pt/10−2 M CoCl2 + 1 M NH4Cl 
(pH 9.3) system. The potential scan started at 0.600 V with a potential scan 
rate of 20 mVs−1. Arrows indicate the potential scan direction. Cathodic (A, B, 
B’, and C) and anodic (D, E, and F) current density peaks are also indicated
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Thus, a Co UPD–OPD transition during Co electrodeposition onto 
this electrode is expected.

In accordance with the results from a previous study16 and the 
evidence presented in this paper, we conclude that four processes are 
involved during Co electrodeposition at overpotential conditions on a 
Pt electrode. Therefore, we propose a model that predicts the general 
behavior of these transients:

 jtotal(t) = ja-d(t) + j2D–i(t) + j3D–dc(M1)(t) + j3D–dc(M2)(t) (1)

where ja-d(t) and j2D-i(t) correspond to the processes identified in the 
initial current fall decay,16 and j3D–da(M1)(t) and j3D–dc(M2)(t)  correspond 
to the 3D nucleation and growth processes associated to peaks M1 
and M2, respectively. ja-d(t) is the current density for a Langmuir-type 
adsorption–desorption process and is given as follows:32

  ja–d(t) = k1 exp(–k2t) (2)

while j2D-i(t) is the current density corresponding to a diffusion-
-controlled instantaneous two-dimensional nucleation mechanism:33

 j2D-i(t) = k3 exp(–k4t) (3)

k1 = k2Qads and Qads is the charge density due to adsorption.32 After 
the initial current fall, the current recorded for processes M1 and M2 
is given as follows:34

 ,  (4)

where F is the Faraday’s constant, z is the number of transferred 
electrons, AMi

  is the nucleation rate, N0,Mi
 is the number of active 

nucleation sites, and D is the diffusion coefficient for process Mi.

Figure 3 shows a comparison of two experimental current density 
transients with the theoretically generated curves obtained by nonli-
near fitting of the experimental data to Eq. (1). Note that the model 
expressed by this equation adequately predicts the behavior of the 
entire experimental current density transients. In the fitting shown in 
Figure 3a (−0.753 V), it is possible to observe the charge correspon-
ding to M2; this charge is lower in comparison to that corresponding 
to M1. A contrary situation may be observed from the fitting depicted 
in Figure 3b (−0.768 V), where the charge corresponding to M2 is 
larger. These results suggest that, in the potential range [−0.742 to 
−0.759] V, M1 is favored, while in the second potential range [−0.760 
to −0.773] V, M2 is predominant. The values k1 = 0.048 mA cm−2, k2 =  
5.25 s−1, k3 = 0.046 mA cm−2, and k4 = 0.038 s−1 remained almost 
constant in all fittings. These values are similar to those reported 
for the UPD of Co onto polycrystalline Pt.16 The 3D nucleation and 
growth parameters obtained for the transients depicted in Figure 2 are 
reported (Table 2). From the fittings, the average diffusion coefficient 
values calculated for M1 and M2 were 3.06 × 10−6 cm2 s−1. It can be 
observed that, at lower overpotentials, the nucleation rate values for 
M1, A(M1), were larger than those for M2, A(M2). However, note that 
the A(M2) values increased when the applied overpotential was larger, 
and from −0.762 V, A(M2) were significantly larger than A(M1). 
Moreover, Figure 3 shows that M2 starts prior to M1, and when M1 
has started, j2D-i(t) ended, and j3D-dc(M2)(t) is the predominant process. 
In addition, it may be observed that, when the applied overpotential is 
more negative than 0.762 V, M2 was particularly favored. The number 
of active nucleation sites available for each process is reported (Table 
2). Note that larger values were obtained for M2 in comparison to M1. 
This behavior suggests M2 is favored for the second potential range.

Analysis of the kinetic parameters

From the nucleation and growth parameters obtained (Table 2), 

Figure 2. Set of experimental current transients recorded in the Pt/10−2 M 
CoCl2 + 1 M NH4Cl (pH 9.3) system. In all cases, the starting potential applied 
was 0.600 V. For 0 < t ≤ 32 s, it was applied as a different negative potential 
step, as indicated in the figure

Figure 3. Comparison of two experimental current density transients (o o 
o) recorded during Co OPD process at a) −0.753 V and b) −0.768 V and 
a theoretical transient (—) obtained by nonlinear fitting of Eq. (1) to the 
experimental data
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it is possible to calculate the saturation number of nuclei (Ns) (Table 
3). The Ns values were calculated using Eq. (5):35

  (5)

where 

  (6)

Note that the Ns values increased with the applied overpotential. 
Here it is noteworthy that due to the exclusion zones caused by the 
hemispherical diffusional gradients of the 3D nucleus, the Ns values 

will be lower than the N0 values at the same potential. In addition, it 
is possible to define the Ns/N0 ratio as a measurement of the efficiency 
of the use of available nucleation sites on the surface. Note that 
the Ns/N0 ratio in all cases is larger for M1 than that for M2, which 
indicates that M1 is more efficient than M2. However, note that the 
Ns(M2) values are considerably larger in comparison with the Ns(M1) 
values. On average, the ratio Ns(M2)/Ns(M1) was 9, which suggests 
that M2 is favored.

From the nucleation rate values, it is possible to calculate the 
number of atoms that form the critical nucleus by employing the 
atomistic theory of electrolytic nucleation,36,37 using Eq. (7):37

  (7)

In this equation, kB is the Boltzmann constant (1.38066 × 10−23 
J mol−1), T is the absolute temperature, z is the number of transfer-
red electrons, and eo is the elementary electric charge. Substituting 
a = 0.5 and the values of the slopes dlnA(M1)/dη ≈ 11.63 and  
dlnA(M2)/dη ≈ 101.22 in Eq. (7), obtained from the experimental 
dependence of lnA vs η (Figure 4), nc = 0 for M1 and nc = 1 for M2 
are obtained. A value of nc = 0 indicates that each active site on the 
Pt electrode surface acts as a critical nucleus, while nc = 1 indicates 
that the critical nucleus is formed by one Co atom.23,24,38 These results 
suggest different energetic zones on the polycrystalline surface, which 
is coincident with previous results.16,39

Table 2. Potential dependence observed for the nucleation parameters during 
cobalt deposition from the system Pt/0.01 M CoCl2 + 1 M NH4CI system 
(pH=9.3). The values were obtained from best-fit parameters of the experi-
mental j-t plots using Eq. (1)

-E / V A(M1) / 
s-1 cm-2

A(M2) / 
s-1 cm-2

N(M1)×10-5 / 
cm-2

N(M2)×10-5 / 
cm-2

0.742 0.400 0.150 0.03 1.56

0.743 0.400 0.170 0.11 2.86

0.744 0.410 0.192 0.13 5.81

0.746 0.420 0.210 0.11 6.82

0.750 0.433 0.260 0.39 15.18

0.753 0.447 0.343 0.26 15.40

0.755 0.460 0.399 0.28 16.07

0.757 0.465 0.492 0.34 24.92

0.759 0.465 0.595 0.43 23.97

0.760 0.470 0.638 0.42 26.33

0.762 0.470 1.000 0.47 29.60

0.764 0.470 1.300 0.69 28.45

0.766 0.517 1.710 0.72 23.73

0.768 0.498 1.880 0.65 27.52

0.770 0.530 2.600 0.66 28.20

0.773 0.677 3.520 0.77 34.98

Table 3. Potential dependence of Ns from aqueous solution containing 0.01 M CoCl2 + 1 M NH4CI system (pH=9.3) calculated from physical constants reported 
in Table 2 and Eq. (5)

-E / V Ns(M1)×10-5 /cm-2 NS(M2)×10-5 /cm-2 Ns/N0 (M1) Ns/N0 (M2) NS(M2)/ NS(M1)

0.742 0.019 0.085 0.63 0.05 4.5

0.743 0.037 0.122 0.34 0.04 3.3

0.744 0.040 0.185 0.31 0.03 4.6

0.746 0.038 0.209 0.35 0.03 5.5

0.750 0.072 0.355 0.18 0.02 4.9

0.753 0.060 0.402 0.23 0.03 6.7

0.755 0.063 0.443 0.23 0.03 7.0

0.757 0.070 0.613 0.21 0.02 8.8

0.759 0.078 0.661 0.18 0.03 8.5

0.760 0.078 0.717 0.19 0.03 9.2

0.762 0.082 0.952 0.17 0.03 11.6

0.764 0.100 1.065 0.14 0.04 10.7

0.766 0.107 1.115 0.15 0.05 10.4

0.768 0.100 1.259 0.15 0.05 12.6

0.770 0.104 1.499 0.16 0.05 14.4

0.773 0.126 1.942 0.16 0.06 15.4

Figure 4. InA vs h plot, used to calculate the critical size of Co nucleus 
according to Eq. (7). The broken straight line corresponds to the linear fit of 
the experimental data
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Figure 5. InA vs h−2 plot, used to calculate the Gibbs free energy of nucleation 
according to Eq. (9). The broken straight line corresponds to the linear fit of 
the experimental data

In addition, it is possible to calculate the Gibbs free energy of 
nucleation using Eq. (8):40-42

  (8)

Here ΔG is the Gibbs free energy of nucleation (Jnucleus−1); 
k3 = N0wn+c

G, where wn+c
 is the frequency of attachment of single atoms 

to the critical nucleus and G is the nonequilibrium Zeldovich factor 
that exponentially depends on overpotential.43 On the other hand, 
k4 = –(16pg 3M2f(q)/3r2z2F 2kT), where g is the interfacial tension 
between the nucleus and its mother phase and f(q) is a function of 
the contact angle q between the nucleus and substrate.43 To calculate 
the value of the Gibbs free energy, a lnA vs η−2 plot can be constructed 
according to Eq. (9), and ΔG could be calculated from the slope k5 
of the linear relationship:

  (9)

Note that the plot lnA vs η−2 plot showed two linear zones; the 
inflexion point was detected at the potential value of −0.757 V (Figure 
5). For M1, the slope values were 8 × 10−6 and 2 × 10−4 for the first 
and second zones, respectively. For M2, the slope values were 9 × 
10−5 and 9 × 10−4 for the first and second zones, respectively. The 
average ΔG calculated at different potentials was 0.728 × 10−21 and 
2.7 × 10−21 Jnucleus−1 for M1 and M2, respectively. These energies 
correspond to the ΔG value requirements for the formation of a stable 
nucleus for each process.44,45

CONCLUSIONS

Co electrodeposits onto polycrystalline Pt were studied at 
OPD conditions from an aqueous solution. In the OPD zone, the 
transients showed complex shapes that involved the overlap of a 
2D instantaneous nucleation and two 3D nucleation and growth 
processes. The results obtained suggest the presence of two pre-
dominant crystallographic orientations on the Pt surface, which 
causes the appearance of two 3D nucleation and growth processes. 
In the potential range studied, the N0 and Ns values were larger for 
M2 than for M1, indicating different energetic conditions on the 
electrode surface.
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