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Electrodeposition Process of Cobalt Films on Different
Gold Substrates

Processo de Eletrodeposicdo de Filmes de Cobalto em Diferentes
Substratos de Ouro

Deyse Melo Santos,® Wladimir Hernandez Flores,® André Guindel*®

This work investigates the electrodeposition process of thin cobalt films on three different gold substrates:
CDtrode, Au/Mica, and Au/Silicon. The primary focus is on studying deposition mechanisms through
the variation of the scan rate in cyclic voltammograms. Cyclic voltammetry tests were conducted, and
the data obtained by varying the scan rate showed an increase in cobalt deposition and dissolution areas.
A linear dependence of the peak current on the square root of the scan rate was observed, indicating
that the process was quasi-reversible and diffusion-controlled. The cobalt oxidation process on the
substrate surfaces was diffusion-controlled, according to the log Ip versus log v plot. The Au/Mica
substrate showed a higher reduction peak current than the other substrates, indicating that its catalytic
activity was higher, and that it likely had more active sites available for the reduction of cobalt II ions
to be consumed at the substrate/electrolyte interface. However, the substrates showed promising results
for future work on cobalt film electrodeposition. The study of thin cobalt films is of great importance
in various fields of science and technology, primarily due to their magnetic and electronic properties.
They have applications in magnetic storage, sensors, spintronics, and as catalysts in various chemical
reactions.

Keywords: Cobalt thin films; cyclic voltammetry; electrodeposition; gold substrates; electrochemical
characterization.

1. Introduction

In recent decades, magnetic thin films have generated great interest in modern
microelectronics and spintronics applications because they have been successfully used in a
wide variety of applications such as magnetic storage, spintronic devices, and magneto-optical
switches.!* Many of these films can be produced by physical deposition techniques such as
molecular beam epitaxy (MBE),*>¢ physical vapor deposition (PVD), sputtering,®’ vacuum
evaporation,®® and pulsed laser deposition (PLD).51°

However, these techniques have disadvantages, such as an appropriate cooling system
for processes operating at high vacuum and temperature, the evaporation of materials with
high melting points, need for skilled operators, and high production costs. Additionally, the
deposition rate of the coatings is often low.!" All these issues can be simplified using chemical
deposition techniques such as metal-organic chemical vapor deposition (MOCVD),'*!
atomic layer deposition (ALD),' and electrodeposition.'>!® Among the various techniques
for film deposition, electrodeposition is considered highly attractive because it is a simple,
reliable, cost-effective, and extremely versatile method, along with other significant
advantages.'>1617

Cyclic voltammetry (CV) can be used to study the reduction and oxidation of molecular
species.'®!” This technique provides qualitative data on the electrode reaction mechanisms and
quantitative data on charge transfer reactions between electrolytic ions and electrons at the
electrode surface.'®

This study investigated several electrodeposition parameters, such as the scan rate of CVs on
three different gold substrates, to study the mass transport processes and reversibility systems.
Additionally, the deposition current transients were investigated to understand the nucleation
and growth mechanisms of the cobalt films on the three substrates. An important aspect of
this study was to evaluate the use of gold substrates obtained from commercial compact discs
(CDtrodes) because of their lower cost.
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2. Experimental

2.1. Preparation of cobalt solution and substrates

Electrolytic solutions were prepared using high-purity
chemicals (VETEC) and Milli-Q ultrapure water (resistivity
of ~ 18.2 MQ cm). The solution consisted of 1 mmol L"!
of H,SO,, 10 mmol L of K,SO, and 0.1 mmol L' of KCI.
The pH was maintained at approximately 4, and CoSO, was
added at a concentration of 1 mmol L.

The CDtrode substrates was prepared from commercial
high-durability compact discs (CDs, Delkin Archival Gold
Model). They have a gold layer in their structure with a
nominal thickness of 50—100 nm, which can be exposed by
removing the polymeric layers through chemical etching
with a 58% solution of HNO, (VETEC), for 15 min.?*? After
complete removal, the exposed gold layer was rinsed with
distilled water and dried under an airflow. Figure 1 shows
a representative scheme of the CDtrode preparation, from
removing the polymeric layers to delineating the deposition
area with varnish.

Au/Mica substrates were produced using a thermal
evaporation technique with gold with high purity
(99.9999%). Evaporation was performed on Mica discs
(Metafix)with a diameter of 50 mm and thickness of

approximately 0.1 mm, which were cleaved before
deposition. The pressure in the deposition chamber was
maintained at a vacuum of approximately 10 Torr, and the
Mica was heated to approximately 350 °C, with a deposition
rate between 0.3 and 0.4 nm s, controlled by a quartz
microbalance. Commercial Au/Silicon substrate (Stanford
Advanced Materials) was used. The films were deposited
using chemical vapor deposition (CVD) with a nominal
thickness of 50 nm.

2.2. Preparation of cobalt thin films

The electrodeposition of Co thin films was carried
out at room temperature in a cylindrical glass cell, using
approximately 20 mL of the electrolyte solution. The classic
potentiostatic technique was employed, consisting of an
electrochemical cell with three electrodes in a triangular
geometry to reduce the system’s resistance and increase
the current density.”® A platinum wire was used as the
counter electrode (CE), a silver wire as the quasi-reference
electrode (RE), and the gold substrate as the working
electrode (WE). A potentiostat (Autolab Model 302N)
was used for control, with data collected using NOVA 1.9
software. The experimental setup is illustrated in Figure 2.

Cyclic voltammetry was used to identify the oxidation
and reduction potentials of cobalt. Eight cyclic voltammetry
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Figure 1. Schematic representation of CDtrode preparation

Figure 2. Schematic representation of the electroplating experimental electrodeposition
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measurements were conducted at different scan rates
for each substrate. The potential range used throughout
the process was from 0.00 to -1.30 V. To evaluate the
electrochemical activity in the electron transfer process on
the different electrodes, the scan rates were set at 10, 20,
30, 50, 75, 100, 150, and 200 mV s’'. To analyze the current
transients, potentials of -0.90, -1.00, and -1.10 V were
chosen for the electrode, -0.95, -1.05, and -1.15 V for Au/
Mica, and -0.94, -1.04, and -1.14 V for Au/Si. The selected
potentials were the reduction peak potential of cobalt and,
100 mV more negative, and 100 mV more positive.

2.3. Structural characterization

The structural quality of the gold substrates was
determined using an X-ray diffractometer Ultima IV
(RIGAKU) with Cu-Ka radiation (AKo = 1.5406 A) in the
20 range of 35-72°, in Bragg-Brentano geometry.

3. Results and Discussions

3.1. X-ray diffraction analysis

The gold substrates were subjected to X-ray diffraction
to identify their crystallographic orientations. The diffraction
pattern of CDtrode, Au/Mica, and Au/Silicon are presented in
Figure 3 (3a-3c, respectively). The diffraction peak observed
at 38.3° for all substrates corresponds to the cubic structure
of metallic gold, with a preferential (111) crystallographic
orientation. In Figure 3b, four other peaks were observed,
centered at 36.0°, 45.4°, 55.2° and 65.4°, characteristic of
muscovite mica. For the Au/Silicon substrate (Figure 3c),
a peak at 69.9°was observed, corresponding to the silicon
substrate, with a (400) crystallographic orientation.

3.2. Electrochemical characterization

To separately analyze the contributions of cobalt and
hydrogen present in the CVs, experiments were conducted
in an electrolytic solution composed of 1 mmol L' of
H,SO,, 10 mmol L' of K,SO,, and 0.1 mmol L' of KCL
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Figure 3. X-ray diffraction patterns of the (a) CDtrode substrate, (b) Au/
Mica substrate, and (¢) Au/Silicon substrate

The potential range adopted was from 0.00 to —1.30 V,
with a scan rate of 50 mV s’'. Figure 4 presents the
cyclic voltammograms of all substrates, with Figure 4a
highlighting the voltammograms for CDtrode, Au/Mica, and
Au/Si in the absence of cobalt, revealing that the reduction
potential of hydrogen ions in solution (H* + e~ — 1/2H,)
lies between —1.10 and —1.00 V for all substrates.

In Figure 4b, the cyclic voltammograms of the previous
solution with the addition of 1 mmol L' of CoSO4 are
shown for the different substrates, with a scan rate of
50 mV s7. A clear change in the cobalt deposition and
dissolution area is observed for all substrates used in
this study. The Au/Mica substrate exhibited higher
catalytic activity (greater current density) compared to
the other substrates. The cobalt reduction potential for
all substrates is centered approximately between —1.10
and —1.20 V, corresponding to the reduction half-reaction
(Co** + 2e <> Co).

The CV curves obtained for the CDtrode, Au/Mica, and
Au/Silicon substrates in the cobalt metal solution at different
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Figure 4. (a) Cyclic voltammetry for all substrates in a cobalt-free solution and (b) with the addition of cobalt
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scan rates are shown Figure 5. From them, it can be observed
that the hydrogen reduction potentials are located between
—1.10 and —1.00 V for the CDtrode substrate, between
—0.90 and —1.00 V for the Au/Mica system and centered at
approximately —1.10 V for the Au/Silicon substrate. The
cobalt deposition peak is approximately —1.20 V for the three
substrates studied. The dissolution occurs between —0.90
and —0.40 V for the CDtrode substrate and between —0.80
and —0.40 V for the Au/Mica and Au/Silicon substrates.
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Figure 5. Cyclic voltammograms of the electrolytic solution containing 1
mmol L of CoSO,, at different scan rates for: (a) CDtrode, (b) Au/Mica

and (c) Au/Silicon

The cyclic voltammograms presented in Figure 5
shows that as the scan rate increases, the peak currents
of the electrochemical oxidation (Ip,) and reduction (Ipc)
processes also increase. The redox peaks became sharper
and the oxidation peak potential tended towards positive
values, indicating that the reduction and oxidation reaction
of cobalt was quasi-reversible.** As the scan rate increased,
the oxidation process shifted to a more positive potential
while the reduction process shifted to a more negative
potential. It is also observed that the difference between
the anodic and cathodic peak potentials (AE,) increases as
the scan rate is increased.

Based on the CVs presented in Figure 5, several
parameters were obtained: the peak currents of the
electrochemical oxidation (I;,) and reduction (Ipc)
processes, the ratio I,,/I,¢, the potential of the cathodic peak
current (E,.), the potential of the anodic peak current (E,),
and the separation between the anodic and cathodic peak
potentials (Agp), these values are summarized in Table 1.

The qualitative results obtained from the CV curves
indicate that the cobalt oxidation process (film formation)
is quasi-reversible, as the peak potential of the forward and
reverse scans always move to different potential values.
In contrast, for a reversible process they would present
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the same potential values (reduction and oxidation).” The
CV curves for all electrodes showed areas of deposition
and dissolution of the deposited cobalt thin films, which
increased with increasing scan rate, indicating a direct
proportional relationship between area and scan rate. The
integrals of the oxidation and reduction processes, obtained
from the CVs in Figure 5, are shown in Table 2.

The peak current values observed for all scan rates were
consistently higher for the Au/Mica substrate. For example,
by analyzing the peak current density at a scan rate of
200 mV s7', as shown in Table 1, it was observed that the
current density during the reduction process on the Au/Mica
substrate was approximately 11 and 36% higher than that
of the CDtrode and Au/Silicon substrates, respectively. For
the oxidation process, the current density on the Au/Mica
substrate was 22 and 48% higher compared to the CDtrode
and Au/Silicon substrates, respectively.

This increase suggests that the Au/Mica substrate has
a lower electrical resistance, which may be attributed to
an increase in the surface area, which can occur owing to
the surface roughness as it alters the local electric field.*
Therefore, the surface area plays an important role in the
deposition and dissolution of the film. The current densities
became more intense as the scan rate increased, owing to
the effective formation of the double electric layer and rapid
charge propagation on the electrodes.*’

According to the experimental data obtained from
the CV (Figure 5) and Table 1 the Au/Silicon substrate
demonstrates a more reversible behavior than the CDtrode
and Au/Mica substrates, as can be seen from the decrease in
AE; for Au/Silicon. This indicates a more reversible behavior
of Au/Silicon than that of CDtrode and Au/Mica.**

To facilitate understanding of the behaviors of anodic
and cathodic peak currents, graphs of I, and I versus v'”?
were plotted, as shown in Figure 6 along with linear
regressions.

The values of the correlation coefficients R and the
equations of the lines for the anodic and cathodic currents
are listed in Table 3.

In the graphs shown in Figure 6, the anodic and cathodic
peak currents show a linear dependence with the increase
of the square root of the scan rate (v'”?). This behavior
suggests that the electrochemical reduction-oxidation
processes of metallic cobalt are diffusion-controlled on
all working electrodes, which is the determining step for
the kinetics.?®* Correlation coefficients were equal to or
greater than 0.950.

To evaluate the cobalt dissolution process, graphs of
log I, versus log v were plotted for the CDtrode, Au/Mica,
and Au/Silicon substrates, as shown in Figure 7. From the
fits, the following angular coefficients were found: 0.358,
0.381, and 0.377 pA s mV~", for the CDtrode, Au/Mica, and
Au/Silicon substrates, respectively. Based on these values, it
can be concluded that the reactions are diffusion-controlled,
because the slopes are close to 0.5, which is the theoretical
value for diffusion-controlled systems.?
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Table 1. Values of Ipc, Ipy, Ipa/Ipc Epc, Epy, and Ag, for the CDtrode substrate

v (mV s Lic(A) I\ (A) Ips/Tpc Epc (V) Ep (V) AE, (V)
CDtrode Substrate
10 -175.9x10°  137.4x10°° 0.781 -1.069 -0.557 0.512
20 -242.4x10°  188.8x10°° 0.780 -1.084 -0.542 0.542
30 -284.2x10°  225.3x10° 0.792 -1.094 -0.532 0.562
50 -362.8x10°  272.8x107° 0.752 -1.116 -0.525 0.591
75 -436.6x10°  314.4x10°° 0.720 -1.135 -0.522 0.613
100 -533.4x10°  331.4x10°° 0.622 -1.154 -0.529 0.625
150 -625.0x10°  377.2x10°° 0.603 -1.177 -0.535 0.642
200 -695.2x10°  409.6x10°° 0.589 -1.194 -0.542 0.652
Au/Mica Substrate
10 -180.3x10°  157.0x10°® 0.872 -1.047 -0.525 0.522
20 -261.6x10°  247.8x107° 0.948 -1.067 -0.503 0.564
30 -325.4x10°  291.3x10°° 0.896 -1.084 -0.500 0.584
50 -434.0x10°  344.9x10° 0.796 -1.108 -0.503 0.605
75 -531.7x10%  388.0x10°° 0.729 -1.128 -0.505 0.623
100 -575.0x10°  432.1x10°° 0.752 -1.140 -0.503 0.637
150 -707.4x10°  484.8x107° 0.686 -1.164 -0.503 0.661
200 -787.1x10°  526.8x10°° 0.669 -1.181 -0.505 0.676
Au/Silicon Substrate
10 -116.5x10°  74.62x10°° 0.641 -1.064 -0.569 0.495
20 -165.3x10°  127.6x107° 0.772 -1.079 -0.549 0.530
30 -193.1x10°  162.9x10°° 0.843 -1.089 -0.537 0.552
50 -254.8x10°  183.9x10°° 0.722 -1.106 -0.529 0.577
75 -309.2x10°  203.8x10°° 0.659 -1.123 -0.529 0.594
100 -345.6x10°  223.8x10°° 0.647 -1.135 -0.529 0.606
150 -433.5x10°  239.3x10° 0.551 -1.159 -0.529 0.630
200 -501.1x10°  255.2x10°° 0.509 -1.182 -0.532 0.650
Table 2. Integrals of the reduction (RI) and oxidation (OI) processes for all substrates
RI Ol RI Ol RI Ol
Scan Rﬁ‘e (V A cm?) (V pA cm?) (V pA cm?) (V uA cm?) (V pA cm?) (V pA cm?)
(mVs) CDtrode Au/Mica Au/Silicon
10 -5.604x10° 4.683x10¢ -8.066x10¢ 3.391x10° -3.893x10° 1.994x10°
20 -1.094x10° 7.919x10° -1.295x10° 5.987x10° -7.021x10° 3.710x10°
30 -1.487x10° 1.136x10° -1.725x10° 7.774x10° -8.935x10° 5.070x10°¢
50 -2.537x10° 1.496x10° -2.672x10° 9.874x10° -1.626x10° 5.790x10°¢
75 -3.094x10° 1.892x10 -3.679x10° 1.235x10 -2.161x10° 7.521x10°¢
100 -4.765x10° 1.937x10° -4.350x10° 1.492x10 -2.902x10° 1.053x10
150 -5.841x10° 2.469x10° -5.328x10° 1.837x10° -3.798x10° 1.235x10%
200 -7.783x10° 2.658x10° -6.251x10° 2.080x10° -4.822x10° 1.417x10°

To obtain more information to evaluate the degree
of reversibility of the oxidation and reduction processes
involved in the formation of the cobalt film on the studied
substrates, the dependencies between the separation of the
anodic and cathodic peak potentials (AE,), the potential
of the cathodic peak current (E,.) and anodic peak
current (Ep,), and the ratio I,/Ipc as a function of the scan
rate were analyzed for CDtrode, Au/Mica, and (c) Au/Silicon

Vol. 17, No. 5, 2025

(Figure 8). Figure 8a shows the plots of AE, as a function
of the scan rates, revealing similar behaviour among the
three electrodes. As the scan rate increased, a corresponding
rise in AEP was observed, which is characteristic of
quasi-reversible electrochemical systems.*® These results
highlight the similar electrochemical performance of the
three working electrodes, all exhibiting relatively high AE,
values. This behaviour points to a greater resistance—or
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irreversibility—in ion transfer during redox processes
occurring at the electrode—electrolyte interface, which in
turn results in larger peak separations. Among the tested

materials, the Au/Silicon electrode stood out by presenting
improved reversibility compared to the other substrates, as
evidenced by its lower AEP values.*!
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Figure 8. (a) Relationship between the separation of peak potentials
(AE;) and the scan rate (v). (b) Curve of E, for each substrate as a
function of the scan rate. (c) I,/Ipc ratio as a function of the scan rate,
with respective exponential fits

Another parameter used to study reversibility is E,. Plots
of Epc as a function of the scan rate for the three substrates
(Figure 8b). These results show that both substrates exhibit
curves typical of quasi-reversible processes. E,. decreases
with the scan rate v, in which case the current is controlled
by mass transfer and charge transfer. Thus, it can be
concluded that the scan rate influences the reversibility of
both substrates.*

Analyzing the behavior of the I,,,/I, ratio as a function
of the scan rate for cobalt (Figure 8c) and their respective
fits, it can be noted that for all substrates, the I,/Ip ratio
decreases exponentially as v increases. Additionally,
Ipa/Tpc % 1 for all peaks and scan rates. These characteristics
are typical of quasi-reversible processes.***

3.3. Current transients versus time

To understand the nucleation and growth mechanism of
the cobalt film on the three substrates, the cobalt films were
deposited at a fixed time of 10 s at three different potentials,
and the current and time data were recorded. The obtained

Table 3. Equations of the anodic and cathodic currents for the three studied systems and their respective correlation

coefficients R

Substrate Equation (Anodic Current) R Equation (Cathodic Current) R

CDtrode Ipa=8.53x10°+2.41x10° v'” 0.986 Ipe=-2.37x10°-4.85x 10" v'” 0.998
Au/Mica Ip,=9.94x10°+3.18x10° v 0.983 Ipe = -2.16x107-5.56x107 v'? 0.997
Au/Silicon Ipy = 6.16x10°+1.50x107° v 0.950 Ipe=-6.24x10°-3.48x10° v 0.999
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transients are shown in Figure 9 (a-c) for the CDtrode,
Au/Mica, and Au/Silicon substrates, respectively.

The nucleation peak in all the graphs demonstrates
that the onset of the cobalt deposition process occurred at
approximately 4 s, indicating the growth of cobalt on the
substrate, followed by a slow decrease in the current until
it stabilizes.

The transient curves demonstrate potential dependence
for the Co/CDtrode and Co/Au/Silicon systems. Increasing
the applied potential increases the current density, leading
to a faster electrodeposition process. These curves are
characteristic of three-dimensional nucleation growth
processes under diffusion control.*
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Figure 9. Deposition current transients of Co, for the substrates:
(a) CDtrode using potentials of -0.90, -1.00, and -1.10 V, (b) Au/Mica
using potentials of -0.95, -1.05, and -1.15 V and (c¢) Au/Silicon using

potentials of -0.94, -1.04, and -1.14 V
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The current transient curves for the Co/Au/Mica system
(Figure 9b) show higher current densities, likely because
the amount of cobalt II ions (Co?*) to be consumed at the
substrate/electrolyte interface allows for more active sites
available for reduction, causing the deposition reaction
of the reduction semi-reactions (Co** + 2e~ <> Co). In the
Co/Au/Mica system, the nucleation peak of cobalt was
observed at a current density of —2.613 A cm™, which
is higher than the current densities for the CDtrode
(-2.486 pA cm™) and Au/Silicon (-2.411 pA cm™). The
result confirms that the Au/Mica substrate provides more
favorable conditions for the formation of nucleation sites
and the consequent electrodeposition of cobalt.

4. Conclusions

In this study, we obtained high-quality, low-cost gold
substrates (CDtrodes) and analyzed their electrochemical

Vol. 17, No. 5, 2025

properties relative to other gold substrates. The qualitative
CV results indicated that the cobalt’s oxidation and
reduction processes were quasi-reversible for all working
electrodes. Furthermore, the deposition and dissolution areas
of the deposited cobalt thin films increased with increasing
scan rate, indicating a direct proportional relationship
between the area and scan rate.

The reduction and oxidation processes for the Au/Mica
substrate showed higher current densities than those of
the CDtrode and Au/Silicon, suggesting a lower electrical
resistance for the Au/Mica electrode. This can also be
attributed to increase substrate surface area, influenced by
roughness, as it alters the local electric field. Therefore, the
electrochemically active surface plays an important role in
the deposition and dissolution of the film.

The CV plots showed that the Au/Silicon substrate
demonstrated more reversible behavior than the CDtrode
and Au/Mica substrates when analyzing the AE,. The anodic
and cathodic peak currents exhibited a linear dependence
on the square root of the scan rate (v'?), and the angular
coefficients of the log I, versus log v relationship were
approximately 0.5. These behaviors suggest that the
electrochemical processes of the reduction-oxidation of
metallic cobalt are diffusion-controlled in all working
electrodes.

The degree of reversibility of the oxidation and reduction
processes involved in forming the cobalt film on the studied
substrates was also confirmed. AE; increased with the
scan rates, E, decreased with the scan rate v, and the I,/
I,c ratio decreased exponentially as v increased. These
parameters confirm that the behavior of the three electrodes
was characteristic of quasi-reversible systems, and indicate
that the reversibility of both substrates is influenced by v.
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