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Electrodeposition of Co-rich Cu-Co Alloys from Sodium Tartrate Baths Using Direct (DC) 
and Single Pulsed Current (SPC)
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Cu-Co alloys were electrodeposited on steel substrates from alkaline sodium tartrate electrolyte using 
direct and single pulsed current (DC and SPC, respectively). The electrodeposition bath was composed 
by 0.02 mol L−1 of CuSO4.5H2O, 0.10 mol L−1 of CoSO4.7H2O and 0.50 mol L−1 of Na2C4H4O6.4H2O. 
Using both kind of deposition processes, it was verified that the applied current density (j) affected 
the cathodic current efficiency (Ef), the copper and cobalt contents in the coatings (wt. % Cu and wt. 
% Co, respectively), the morphology and the anticorrosive performance of the coatings (based on the 
transfer charge resistance, (Rct) values). Comparing the results obtained for DC and SPC coatings, those 
produced by single pulsed current improved the Ef values and decreased the grain sizes. Concerning 
the conditions used in this work, the coating produced under the conditions of Experiment 4’, using 
jm = 40 A m-2 and SPC mode, presented 15.9 wt. % Co, the most compact morphology, the smallest 
grain size and the highest Rct value after 24 h of exposure in the saline medium.
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1. Introduction

Cu-Co alloy coatings can be deposited on a substrate 
surface to produce functional coating/substrate systems 
presenting enhanced properties. These coatings present 
several interesting applications, depending on the cobalt 
content in the alloy and on the substrate used. For example, 
low cobalt Cu-Co alloys present giant magneto resistance 
properties. When deposited on silicon, copper or platinum 
substrates, these alloys can be used in sensor technology 
and data storage systems1-5. On the other hand, Cu-Co 
alloy coatings with high cobalt content and produced on 
other substrates can also find suitable applications, mainly 
for catalytic purposes4,6-8 and for anticorrosive coatings7-15.

The production of these coatings by electrodeposition can 
be an interesting alternative to decrease the deposition process 
costs. As the difference between the reduction potentials 
of Cu (II) and Co (II) ions is about -0.60 V, however, the 
simultaneous reduction of both cations on the cathode can 
only be achieve by using a complexing agent5,12-14. Despite 
its toxicity, cyanide has been, for a long time, the most 
used ligand in the electrodeposition of copper alloys8,14-16. 
In order to minimize this problem, environmentally friendly 
compounds can be used as alternative complexing agents to 
produce alloy coatings7,14-20. The use of less toxic electrolytes 
may also decrease the costs of the electroplating industries, 
which are directly related to the treatment of effluents and 
to the use of reinforced exhaust equipments.

In this context, tartrate ion may be used as an alternative 
complexing agent for the electrodeposition of alloy coatings. 
Tartrate is the anion of a dicarboxylic acid and can originate 
stable complexes with both Cu (II) and other M (II) ions21-24. 
In fact, ammonium tartrate has been used to produce stable 
alkaline baths for the Fe-Co-Pt alloy deposition25, while 
a mixed bath composed of sodium tartrate and sodium 
citrate has enhanced the quality of the Cu-Ni alloy coatings 
produced by electrodeposition in platinum substrate26. 
Tartrate has also been studied as a levelling additive for the 
electrodeposition of Cu-Sn alloy27, influencing the layer 
morphology and decreasing the energy consumption during 
the electrodeposition process.

Cu-Co alloy coatings can be deposited by using direct 
current (DC) or pulsed current (PC). Each process affects the 
mass transport, current distribution and the electrical double 
layer differently, producing coatings with diverse composition, 
surface roughness and morphology24-34. Although the less 
cost and more simplicity of the DC, several studies show 
that the use of pulsed current presents some advantages in 
the alloy electrodeposition, enhancing the adhesion, density, 
resistivity and ductility of the coatings. In addition, layers 
presenting lower porosity, morphological uniformity and 
more refined grains can also be achieved5,7,13,20,35-38.

Earlier, anticorrosive Co-rich Cu-Co coatings were 
produced on carbon steel substrate from both citrate and 
glycinate baths and using DC process14,15. In the present work, 
Co-rich Cu-Co alloys coating were electrodeposited on the 
same substrate, from a bath containing sodium tartrate as the 
complexing agent. Our goal is to evaluate the effects of the 
applied current density, using both DC and PC processes, 
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on the cathodic current efficiency (Ef), the metal contents in 
the coatings (wt.% Cu and wt.% Co), the morphology and 
microstructure of the coatings, as well as to produce coating/
substrate systems with high anticorrosive performance.

2. Experimental Procedures

2.1. Spectrophotometric experiments

Spectrophotometric visible absorption spectra of solutions 
containing 0.02 mol L−1 of CuSO4.5H2O and 0.10 mol L−1 of 
CoSO4.7H2O, with and without 0.50 mol L−1 of sodium tartrate 
(Na2C4H4O6.4H2O), from now on denominated Solutions 1 
and 2, respectively were performed using a M501 Single 
Beam CAMSPEC UV/VIS spectrophotometer. The spectra 
were recorded at 25°C, from 900 to 400 nm. The pH of 
Solution 1 was around 4.5, while the pH of Solution 2 was 
adjusted to 8.3 by using NaOH 4.0 mol L-1. All the reagents 
used to prepare these solutions were achieved from Sigma 
Aldrich (> 99%).

2.2. Cyclic voltammetry experiments

Cyclic voltammetry experiments were carried out using 
the same solutions described in Section 2.1 of this work, at the 
same pH values. A three-electrode cell composed of a graphite 
disk (exposed area = 0.28 cm2) as the working electrode, a 
platinum wire as the counter electrode, and saturated mercurous 
sulfate (SSE) as the reference electrode was used for the 
cyclic voltammetry experiments. The voltammograms were 
performed using a potenciostat/galvanostat Autolab PGSTAT 
302N with a scan rate of 10 mV s-1. The potential scan varied 
between 1.0 VSSE to -1.7 VSSE and then was reversed. The 
experiments were carried out without stirring, at 25°C and 
in naturally aerated solution. Before each experiment, the 
graphite electrode was polished with a 600 grit sandpaper. 
Then, it was washed with distilled water and ethanol and 
finally dried.

2.3. Cathodic polarization curves

Cathodic polarization curves of the AISI 1020 steel 
substrate were galvanostatically obtained using only 
Solution 2 (0.02 mol L−1 of CuSO4.5H2O, 0.10 mol L−1 of 
CoSO4.7H2O and 0.50 mol L−1 of sodium tartrate), at the 
same pH value used in Sections 2.1 and 2.2.

The experiments were performed in a three-electrode 
cell, at 25 °C, with a stirring speed of 300 rpm. In this cell, 
the working electrodes were carbon steel disks (exposed 
area = 4.90 × 10−4 m2), which were first polished with emery 
paper (100 to 600 mesh) and degreased in an alkaline sodium 
lauril sulfate 0.5 g L-1 solution at 80 ºC for 10 minutes. 
Then, the disks were washed with deionized water and 
alcohol, and finally dried with warm air before immersion 
in the electrodeposition solution. A platinum spiral, used 
as the counter electrode, was immersed in 20 % v/v HNO3 

solution for 1 minute, immediately before being used in 
the experiments, to remove any oxide layer that could be 
present. Finally, the reference electrode was the saturated 
mercury (I) sulfate electrode (Hg/Hg2SO4, SSE).

The applied potential ranged from the open circuit 
potential until -2,0 VSSE, using a scanning rate of 1 mV s-1 
and the same potentiostat/galvanostat Autolab PGSTAT 
302N used in Section 2.2.

2.4. Alloy electrodeposition

Cu-Co alloy coatings were electrodeposited using the 
same electrolytic cell, electrodeposition bath and equipment 
described in Section 2.3. The electrodeposition experiments 
were carried out in duplicate series, using direct current (DC) or 
simple pulsed current (SPC). In the present work, the chosen 
current density values (j) used in DC deposition were the 
same selected as the average current density (jm) in SPC 
deposition. The deposition conditions for DC and SPC 
deposition are shown in Table 1.

Each electrodeposition time was calculated, based on 
the Faraday’s law10, to produce a 5 mg coating (theoretical 
mass value). The coatings were dissolved in 20% v/v HNO3, 
and the alloy composition was determined by flame atomic 
absorption spectrometry (FAAS), applying the conditions 
recommended by the instrument operation manual (AAnalyst 
300, Perkin-Elmer). The metallic coating mass (mdeposited) 
was also obtained from this analysis. These results and the 
theoretical mass were used to calculate the cathodic current 
efficiency, Ef, for each deposition time15,38,39.

The content of each metal in the coatings was calculated 
as the wt. % Cu and wt. % Co, using Equations 1 and 211,14,15,17, 
respectively.

					            (1)

					            (2)

The thickness of the coatings (h) was calculated from 
Equation 315:

					            (3)

Table 1. Conditions used to produce the electrodeposited Cu-Co 
coatings using DC and SPC modes.

DC SPC*

Exp. no j (A m-2) Exp. no jm (A m-2) jc (A m-2)

1 1.5 1’ 1.5 5.0

2 5.0 2’ 5.0 16.7

3 15.0 3’ 15.0 50.0

4 40.0 4’ 40.0 133.3
*F = 1000Hz; γ = 30 %; ton = 0.3 ms; toff = 0.7 ms
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where Mc and ρc are, respectively, the molar mass (g mol-1) 
and the density of the coating (g cm-3), considering the contents 
of Cu and Co in each deposited coating; A is the electrode 
area (4.9 cm2); n is the number of electrons in the reaction 
(in the present case, n = 2); and F is the Faraday constant 
(~ 96500 C). Q is the charge used (C mol-1), calculated 
from Equation 415, also considering the mass deposited in 
each experiment:

					            (4)

Based on earlier experiments38, a pulse frequency (F) of 
1000 Hz and a duty cycle (γ) of 30% were the parameters 
chosen to be used in the SPC experiments. The cathodic 
current densities (jc) were calculated using Equation 528,29,40, 
whereas the current-on time and the current-off time (ton 
and toff, respectively) were obtained from Equation 628,29,40. 
All of these parameters are also shown in Table 1. Because 
simple PC experiments were used in this study, the anodic 
current density (ja) was always equal to zero and is not 
shown in Equation 5.

					            (5)

					            (6)

2.5 Coating characterization

Based on the chemical composition of the Cu-Co alloy 
coatings produced in Section 2.2, those presenting high Co 
content were selected to be microstructural, morphological 
and electrochemically characterized.

2.5.1 Microstructure characterization

X-rays diffractograms (XRD) of the selected coatings 
were obtained using a diffractometer (Rigaku Miniflex II) with 
a copper source (CuK = 1.5406 Å), at 40 kV. The 2θ ranged 
from 10° to 90°, at a scanning rate of 0.050° s-1. The more 
prominent diffractogram lines from the Cu-Co alloy deposit 
were fitted by a Gaussian equation (using Microcal Origin®, 
release 8.0) to obtain their 2θ values, which were used to 
calculate the d (h k l) parameters of the diffraction lines.

2.5.2 Morphological characterization

Scanning electron microscopy (SEM) was performed 
using a JEOL JSMG510LV microscope to evaluate the 
surface morphology of the selected coatings. The samples 
were cleaned with alcohol, dried with warm air and adapted 
to the stub with a conductive tape. The analysis was carried 
out in high vacuum, using secondary electron mode, with 
magnification of 10.000 X.

2.5.3 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) 
experiments of the selected coating/substrate systems and 
the bare steel substrate were performed in a 0.5 mol L-1 NaCl 
solution (pH = 7.06), by employing the same potentiostat/
galvanostat Autolab PGSTAT 302N earlier mentioned. In the 
electrochemical cell used for both experiments, the working 
electrodes were the coating/substrate systems produced under 
the conditions described in Table 1, or the steel substrate, the 
counter electrode was a platinum spiral, while the reference 
electrode was a saturated calomel electrode (SCE).

All of the electrochemical assays were performed at 25 ºC 
and without stirring, after stabilization of the system in its 
open circuit potential (OCP) for 1 h. The EIS experiments 
were carried out at the OCP values, using a frequency range 
of 105 to 10-3 Hz and amplitude of 10 mV. The EIS data 
were simulated by equivalent electrical circuits, using the 
software NOVA 1.10 (Metrohm Autolab). The value of the 
electric double layer capacitance (CDL) was calculated based 
on the constant phase element (CPE), by using Equation 741.

					            (7)

where Rct is the charge transfer resistance of the film.

2.5.4 Stability of the coatings

The stability of the selected Co-rich Cu-Co coatings 
presenting the best anticorrosive performances was evaluated 
using EIS at the corrosion potential, with 10 mV amplitude and 
a frequency range from 100 kHz to 1 mHz. The EIS spectra 
were recorded at 25 °C, after 24 h of immersion in the same 
NaCl solution previously mentioned in Section 2.3.3. The 
selected coating/substrate systems, platinum net and saturated 
calomel electrode (SCE) were used as the working electrode, 
counter electrode and reference electrode, respectively. The 
same potentiostat/galvanostat used in Section 2.5.3 (Autolab 
PGSTAT 302N) was used to perform these experiments.

3. Results and Discussion

3.1 Spectrophotometric experiments

Figure 1 shows the electronic spectra in the visible range 
obtained using Solutions 1 and 2 (Section 2.1), in order to 
verify the influence of tartrate ion on the electronic densities 
of the aqueous metallic ions Cu (II) and Co (II). By comparing 
both spectra, a displacement of the absorption maxima related 
to Cu (II) ion from 810 nm to 735 nm can be observed in the 
spectrum recorded using the solution containing tartrate (B). 
It means that tartrate acts as a complex agent by forming 
bonds with Cu (II) ions that are stronger than those formed 
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with water42. Therefore, stable Cu(II)-tartrate complexes 
were formed, under the present condition.

On the other hand, a displacement of the absorption maxima 
related Co (II) ion was verified from 510 nm to 565 nm, when 
compared the curves obtained for Solutions 1 (A) and 2 (B). 
In agreement, this result suggests that the tartrate ion forms 
bonds with the Co (II) ions that are weaker than those formed 
with water, suggesting that a less stable Co(II)-tartrate complex 
should have been formed under the conditions of this work. 
These results are interesting, as the presence of a more stable 
Cu(II)-tartrate complex should decrease the activity of the 
most noble metal ion in solution, the Cu (II) ion.

3.2 Cyclic voltammetry experiments

The cyclic voltammograms of the graphite obtained 
in Solutions 1 and 2 are presented in Figure 2A, while the 
amplification of these curves is shown in Figure 2B. The 
voltammetric results obtained from the Cu-Co and Cu-Co-
Tartrate curves (Solutions 1 and 2, respectively), are shown 
in Table 2. During the negative scan, the starting deposition 
potential, Esd, was considered as the potential at which a 
significant variation in the cathodic current density was 
noted. The cathodic and anodic peak potentials (Ecp and 
Eap, respectively) for each bath are also shown in this table.

The results obtained using Solution 1 show a cathodic 
peak (C1), related to the reduction of Cu (II) ions and a sharp 
cathodic peak (C2), which is associated to the reduction 
of Co (II) ions, at very high negative potentials. It is also 
possible to note the nucleation loop, which is a usually 
observed behavior for the reduction processes of Co (II) ions 
in aqueous media43. In the anodic scan, three well-defined 
peaks are verified: A2, which refers to the oxidation of 
Co (0) to Co (II) ions, A1, which is related to the oxidation 
of Cu (0) to Cu (II) ions and A3, which is associated to the 
oxidation of Co (II) to Co (III) species24.

A strong decrease is verified in the current density 
values obtained during the cyclic voltammogram of the 
graphite in Solution 2. Therefore, this process is observed 
more clearly in Figure 2B. The cathodic reduction process 
of Cu (II) ions from a tartrate bath (Solution 2) starts at 
more negative potentials, when compared to the results 
obtained using Solution 1. The cathodic peak related to 
this process (C'1) is also shifted to more negative potential 
values (Table 2). These results corroborate those shown in 
Figure 1 and indicate the influence of the coordinated ligand 
on the metallic center, causing an increase of the overvoltage 
of the electrode for the reduction of Cu (II) ions. Table 2 
and Figure 2 also show that the reduction process of Co (II) 
ions from a tartrate-containing solution (Solution 2) starts 
at more positive potentials than that verified for Solution 1. 
The cathodic peak related to this process (C’2) is also shifted 
to more positive potential values, when compared to that 
verified for Solution 1 (C2). These results also agree to 
the spectrophotometric ones (Figure 1), indicating that the 
reduction of Co (II) ions from Solution 2 is favored.

Liu and Wang44 have shown, using cyclic voltammetry 
and electrochemical impedance spectroscopy experiments, 
that the reduction of Cu(II)-citrate and Co(II)-citrate was 

Figure 1. Electronic spectra of (A) Solution 1 - 0.02 mol L−1 
CuSO4.5H2O and 0,10 mol L−1 CoSO4.7H2O and (B) Solution 
2 - 0.02 mol L−1 CuSO4.5H2O, 0,10 mol L−1 CoSO4.7H2O and 
0.50 mol L−1 sodium tartrate Na2C4H4O6.4H2O 

Figure 2. (A) Cyclic voltammograms of graphite electrode in 
Solutions 1 and 2; (B) Magnification of (A). 
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divided into two steps: first, the metallic ions in Cu(II)-citrate 
and Co(II)-citrate complexes are reduced to an intermediate 
state and then, to metallic Cu and Co. Although tartrate is an 
anion from a carboxylic acid very similar to citric acid, this 
intermediate state could not be verified in the voltammetric 
experiments presented in this work (Figure 2B). Therefore, 
based on the present results, it is only possible to propose 
that the reduction of Cu (II) and Co (II) ions from a solution 
containing sodium tartrate is dependent on the stability of 
their respective complexes, as the Cu-Co alloy deposition 
from a tartrate bath may include a chemical step involving 
the dissociation of these metallic complexes.

In the anodic scan, the anodic peaks related to the Co 
and Cu oxidation (A’2 and A’1, respectively) are closer than 
those observed for the Solution 1, which may suggest that, 
under these conditions, Cu-Co alloy was produced during 
the negative voltammetric scan.

3.3 Cathodic polarization curves

Figure 3 presents the cathodic polarization curve of 
the steel substrate in the solution containing 0.02 mol L−1 
CuSO4.5H2O, 0,10 mol L−1 CoSO4.7H2O and 0.50 mol L−1 
sodium tartrate Na2C4H4O6.4H2O. This curve presents a 
typical profile of steel in an electrolytic bath for copper-
alloy coating produced8,11,14,15,39. It is possible to note a less 
negative linear region (from the OCP until approximately 
-1.0 VSSE), related to copper deposition from charge transfer 
processes. A strong decrease is then observed in the potential 
(until approximately -1.4 VSSE), corresponding to the copper 
deposition from mass transfer processes; and another linear 
range, at more negative potentials, generally related to the 
reduction processes of the less noble metallic ion.

This experiment was used to select the values of j to 
be used in the electrodeposition of the alloy, using both 
DC and SPC. Based on the polarization curve and on our 
earlier results5,8,14,15, four values of current density (1.5 A m-2, 
5 A m-2, 15 A m-2 and 40 A m-2) were selected to produce 
the Cu-Co coatings on the steel substrates. As mentioned 
in Section 2.3, the same values were used as jm in the SPC 
experiments. These values are presented in Figure 3 as the 
number of the experiments shown in Table 1. As the main 
goal of this work was to produce cobalt-rich Cu-Co coatings, 
high j values were chosen preferably.

3.4 Electrodeposition experiments

 It is important to mention that the presence of a ligand 
in the electrodeposition bath may interfere on the alloy 
deposition process, mainly if one of the ions in the solution 
forms a more stable complex than the other ion. This effect 
was clearly noted in Figure 2 and Table 2. The tartrate anion 
is a bi-dentate ligand that can form chelates with Cu (II) and 
Co (II) ions in alkaline medium21-24,45. Depending on the 
tartrate concentration and on the pH of the solution, several 
Cu (II) and Co (II) complexes can be produced23,45, which 
can affect the kinetics of the electron transfer, as well as the 
mass transfer process, during the electrodeposition using 
both DC and SPC. As the stabilization constants (Kf) for the 
Cu-tartrate complexes are higher than those found for the 
Co-tartrate complexes23,46, as also suggested in Figure 1, it 
is expected that this bath may enhance the cobalt deposition 
in the coating.

The Cu-Co coatings were electrodeposited on the steel 
substrate by DC and SPC modes, using the tartrate bath 
(Solution 2) and the j (or jm) values selected in Section 3.3 
and shown in Table 1. All the coatings were adherent to the 
substrate and their colors varied from light pink to dark gray, 
depending on the applied current value and on the current 
mode used. Table 3 presents the average current efficiency 

Table 2. Voltammetric results obtained from the experiments on graphite electrode in Solutions 1 (0.02 mol L-1 Cu (II), 0.10 mol L-1 Co 
(II)) and 2 (0.02 mol L-1 Cu (II), 0.10 mol L-1 Co (II), 0.5 mol L-1 tartrate). 

Solution 1 2

VR * Cu Co Cu Co

Esd(V vs SSE) -0.277 -1.117 -0.405 -0.932

Ecp(V vs SSE) -0.484 (C1) -1.461 (C2) -0.639 (C`1) -1.394 (C`2)

Eap(V vs SSE)
0.246 (A1) 0.874 (A3) -0.420 (A`1) -0.614 (A`2)

-0.038 (A2)
*Voltammetric results: Esd — starting deposition potential; Ecp — cathodic peak potential; Eap — anodic peak potential.

Figure 3. Cathodic polarization curves of the steel substrate in the 
electrolytic bath composed by 0.02 mol L-1 CuSO4.5H2O, 0.10 mol L-1 
CoSO4.7H2O and 0.50 mol L-1 sodium tartrate Na2C4H4O6.4H2O. 
1/1’, 2/2’, 3/3’ and 4/4’ refer to the electrodeposition experiment 
related to the current density values chosen using this curve 
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values (Ef) for the DC and SPC electrodeposited coatings. 
The Ef values ranged from 39 to 65% and from 46 to 78%, 
for the DC and SPC processes, respectively. In both cases, the 
maximum and minimum Ef value were obtained, respectively, 
for j = jm = 5 A m-2 and j = jm = 40 A m-2.

As Ef is related to the amount of deposited metals in 
the coating, these results indicate that the metallic coating 
mass decreased as j (or jm) increased, suggesting that other 
parallel reactions could have occurred, competing with the 
main reactions (the metallic ions reduction). During DC 
electrodeposition, the transport of Cu (II) and Co (II) ions to 
the substrate surface will be controlled by the continuously 
consumption of these ions. Then, cathodic polarization occurs, 
which leads to the enhancement of the reactions presented in 
Equations 8 and 9, depending on the electrolyte pH.

					            (8)

					            (9)

Therefore, the most probable parallel reactions under the 
present study conditions are the hydrogen evolution reaction 
(HER, Equation 8) and the oxygen reduction reaction (ORR, 
Equation 9), which may have consumed part of the applied j, 
causing the low Ef values observed in Table 3.

Despite of this, it is possible to note that the use of SPC 
to deposit these coatings increased the Ef values, when 
compared to the values obtained using DC process. This 
was an expected result considering that, in electrodeposition 
processes a negatively charged layer is formed around the 
cathode as the process continues. When DC is used, this 
layer is charged to a defined thickness and hinders the 
further arrival of ions from the bulk solution to the electrode 
surface. As the applied current is periodically turned off in 
the SPC mode, this layer can discharge somewhat and the 
ions can reach the substrate easily. It means that in SPC 
electrodeposition, the metal ion concentration near the 
cathode, which decreases after the high rate of deposition 
at the on-time period, can be effectively recovered by ion 
migration or diffusion during the relatively long off-time 
period. This fact also justifies the results obtained for the Ef 
values using both electrodeposition processes47.

In addition, Table 3 presents the average results 
concerning the thickness of the DC and SPC coatings. Thin 

coatings (< 1 μm) were produced using both DC and SPC 
processes. The thickness of the coatings, calculated using 
Equation 3, depends on the density and on the molar mass, 
considering the metallic contents in each deposited coating. 
However, the charge used in each case is also depended on 
the deposited mass (Equation 4). Therefore, considering the 
low values of deposited mass achieved under the conditions 
of these experiments (which are also related to the low Ef 
values), the low thickness values obtained for all deposited 
coatings can be considered as an expected result. Similarly, 
the coatings prepared using SPC deposition process were 
thicker than those obtained from a deposition using DC.

The average chemical composition of the DC and SPC 
coatings (as wt. % Cu and wt. % Co) for each experiment 
is also shown in Table 3. It can be noted that, independent 
of the current mode used, normal deposition processes 
occurred in the experiments performed with the sodium 
tartrate bath. The values of wt. % Cu were always higher 
than that of the wt. % Co for all electrodeposition coatings. 
Moreover, the cobalt content in the coatings was smaller 
than its ion content in the deposition bath. These results 
confirm that the deposition of the nobler metal was favored 
in all studied conditions.

The applied current density and the current mode used 
to produce the coatings (DC or SPC) affected the chemical 
composition of the coating. Table 3 shows that, except for 
the coatings produced under the conditions of Experiment 
1, there is a trend of increasing the values of wt. % Co and 
decreasing those of wt. % Cu as j is varied to more cathodic 
values, when DC was used to produce the coatings. The 
present results can be related to the Ef and h data, indicating 
that, for the DC Cu-Co coatings produced using tartrate bath, 
the increase in cobalt content in the coating is followed by a 
decrease in the current efficiency and in the thickness of the 
coatings. This effect can also be related with the increase in 
HER and/or OER processes at high j values, which compete 
with the reduction of the metallic ions.

Considering the SPC coatings, there is no direct relationship 
between the cobalt content and the applied jm values. In the 
production of alloy coatings using SPC, if mass transfer 
controls one of the partial reduction reactions, while the 
other follows Tafel kinetics, the resulting alloy composition 
can vary strongly with the applied pulse parameters48. In a 
typical electrolyte containing a small concentration of copper 
ions and an excess of a less noble ion, copper continues to 

H O e H OH2 2
1

2"+ +- -

O H e H O4 4 22 2"+ ++ -

Table 3. Average values of current efficiency (Ef, %), thickness (h, mm) and copper and cobalt contents (wt. % Cu and wt. % Co) in the 
coatings produced at different j (or jm) values (Table 1), using DC and SPC.

DC SPC

Exp. no Ef (%) h (μm) Cu (wt. %) Co (wt. %) Exp. no Ef (%) h (μm) Cu (wt. %) Co (wt. %)

1 46 0.52 96.2 3.8 1’ 52 0.59 96.9 3.1

2 65 0.77 98.8 1.2 2’ 78 0.91 98.8 1.2

3 61 0.71 87.4 12.6 3’ 62 0.73 70.5 29.5

4 39 0.48 71.2 28.8 4’ 46 0.52 84.1 15.9
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reduce at the cathode, under limiting current conditions, 
during the off time. Due to the difference in the reduction 
potentials of the two metals, the less noble metal (cobalt, 
in the present work) dissolves when the applied current 
pulse was switched off48,49. Therefore, in addition to the 
electrodeposition mechanism in the presence of tartrate ion, 
the wt. % Co in the SPC coatings is dependent on the joint 
effect of jm and toff. Also, at high jm values (Experiment 4’), 
the HER or/and ORR processes may have competed with 
the Co (II) reduction, decreasing the wt. % Co in the coating, 
as well as the total deposited mass. It means that, although 
the copper content increased, the metallic coating mass, as a 
whole, decreased, causing a reduction in both Ef and h values.

Table 3 also shows that the average cobalt contents for 
the coating produced under the conditions of Experiments 1 
and 1’ were higher than those obtained using the conditions of 
Experiments 2 and 2’, respectively for DC and SPC processes. 
In addition, the Ef and h values obtained for the coatings 
prepared using j = jm = 1.5 A m-2 were smaller than those 
verified for j = jm = 5 A m-2, independent of the current mode 
used. Based on Figure 3, one could suppose that only the 
reduction of Cu (II) ions would occur when j = jm = 1.5 A m-2 
was used to produce the coatings. However, it is possible 
that the most stable Cu (II)-tartrate complex could have 
interfered in the kinetics of the deposition process, making 
it difficult to reduce the Cu (II) ions and favoring the cobalt 
deposition. Therefore, the applied deposition current density 
had to be increased to overcome this barrier and to enhance 
the copper deposition.

Based on Table 3, only the coatings produced under the 
conditions of Experiments 3 and 4 (for DC process) and 
Experiments 3’ and 4’ (for SPC process) presented high 
cobalt content in the coating. Therefore, these coatings 
were selected to be microstructural, morphological and 
electrochemically characterized.

3.5 Characterization of the coatings

3.5.1 Microstructural characterization

Figure 4 presents the diffraction lines for the selected 
Co-rich Cu-Co alloys deposited on iron substrate using 
DC and SPC processes. It is generally difficult to analyze 
electrolytically obtained alloy coatings by traditional 
X-ray examination because these films usually consist of 
fine crystals, non-uniform in composition and presenting 
a considerable distortion of the crystal lattice, due to the 
presence of non-equilibrium phases formed on the cathode 
at high overpotential values. In some cases, non-cataloged 
crystalline phases can be obtained50.

It is possible to note the high intensity of the diffraction 
peak related to the steel substrate (PDF 06-0696), independent 
of the current mode used to produce the coatings. This result 
is coherent with the small thickness values (h), earlier showed 
in Table 3. However, the intense peaks observed in the 

diffractograms obtained for both current modes at 2θ ~ 43.5º 
indicate that the deposited Cu-Co alloys have a preferred (111) 
orientation15,51,52. Cu-Co alloy is supposed to be a metastable 
phase at room temperature. It is a copper-rich FCC Cu-Co 
phase with a preferred orientation of (111) planes53. Small 
intensity and large peaks at 2θ ~ 50.9º and 2θ ~ 74.6º, also 
present in both diffractograms, can be related to the Cu-Co 
(200) and Cu-Co (220), respectively15,51,54. Similar results 
were found for Cu-Co alloy coatings produced with citrate 
and glycine baths with good anticorrosive properties14,15.

Figure 4A also shows that the coating produced using 
40 A m-2 and DC (Experiment 4) presented a small and 
distorted CuCo (111) peak. This result can be related to the 
decrease in the crystallinity of the coating (and in its grain 
size), as j (and the wt. % Co in the coating) increased. A 
decrease in this peak intensity can also be seen in Figure 
4B for the coating produced using jm = 40 A m-2 and SPC 
mode. In this case, this effect can be also associated to the 
current mode used48.

It is known that the solubility limit of the Cu-Co solid 
solution at room temperature is very low in the equilibrium 
state, as proposed by the Cu-Co phase diagram52,55,56. 
Moreover, the joint deposition of Cu and Co cannot produce 
thermodynamically stable binary Cu-Co systems in the 
concentration range between 12 at. % Cu and 95 at. % Cu57. 
The coatings produced in the present work have at. % Cu 
ranging between 69 at. % Cu and 86 at. % Cu. Therefore, 
it is more likely that the coatings were composed by a 
supersaturated metastable solid solution of Cu and Co, as 
has already been observed in the literature51. However, no 
segregated phase could be detected by the used technique 
for both DC and SPC coatings. These results confirm the 
limitations of conventional XRD for investigating the non-

Figure 4. X-rays diffractograms of the Cu-Co coating produced 
using (A) DC and (B) SPC. Legend: diffraction lines related to 
CuCo ( ▽ ) and Fe (●) species 
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homogeneities in Cu-Co solid solutions, mainly when low 
thickness films are formed54.

3.5.2 Morphological characterization

Figure 5 presents the micrographs of the coatings 
produced using DC and SPC under the conditions used for 
the selected experiments. It is possible to note that, in both 
cases, the grain size decreased as the applied current density 
was increased. This result corroborates the decrease of Cu-Co 
(111) peak intensity verified for these coatings (Figure 4), 
confirming that a decrease in the crystallinity of the coatings 
were observed under these conditions.

Although presenting different chemical compositions, 
homogeneous and apparently porous morphologies, 
composed by agglomerated small grains, were produced 
when 15 A m-2 was used to electrodeposit Cu-Co coatings, 
independent of the current mode used (Figures 5A and 5C, 
for Experiments 3 and 3’, respectively). On the other hand, 
coatings presenting compact morphologies and smaller grain 
sizes were produced using 40 A m-2 (Figures 5B and 5D, for 
Experiments 4 and 4’, respectively). In this case, however, 
the surface morphologies obtained for the DC and SPC 
coatings were very different. While the DC coating presents 
needle-form grains and several leaf-like agglomerates on its 
surface (Figure 5B), the one prepared using SPC (Figure 5D) 
shows small spherical grains.

It is important to mention that the grain size of both 
coatings produced by SPC seemed to be smaller than those 

prepared using DC. The decrease in grain size can be related 
to the increase in cobalt content in the coating58. Although 
this effect is clearly seen in the present work for the DC 
coatings (Figure 5B and Table 3), it was not observed for 
the SPC coatings. More refined-grains coatings are usually 
obtained when SPC is used to produce metallic coatings34. 
In the present experiments, the SPC effect is seen for both 
current densities studied, which also present high cobalt 
contents (Figures 5C and 5D). In addition, the small values of 
the deposited mass and the thickness of the coating obtained 
using jm = 40 A m-2 (Figure 5D), may have contributed to 
the smallest grain size observed for this coating.

3.5.3 Electrochemical characterization

The anticorrosive performance of the selected Co-rich 
Cu-Co coatings produced using DC and SPC were evaluated 
in NaCl 0.5 mol L-1 by EIS. The Nyquist diagrams of the 
bare carbon steel substrate and the coating/substrate systems 
prepared using j = jm = 15 A m-2 and j = jm = 40 A m-2, for 
both current modes, are presented in Figure 6.

The diameters of the capacitive loops in the Nyquist 
diagrams can be considered as an indication of the corrosion 
resistance of the coating/substrate system in the aggressive 
medium. Therefore, it is possible to note, in Figure 6A, 
that the coating/substrate system produced under the 
condition of Experiment 3 (DC and j = 15 A m-2) presents a 
better anticorrosive performance than that prepared using 
the conditions of Experiment 3’ (SPC and jm = 15 A m-2). 

Figure 5. Surface morphology evaluation of the Cu-Co coatings produced at using DC (A, B) and SPC (C, D): (A) Experiment 3, (B) 
Experiment 4; (C) Experiment 3’; (D) Experiment 4’. Magnification: 10000X 
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In opposition, Figure 6B shows that the best result was 
obtained for the coating/substrate system produced using 
Experiment 4’ (SPC and jm = 40 A m-2). In fact, the diameter 
of the capacitive loop of the system prepared by DC and j = 
40 A m-2 is smaller than that observed for the bare substrate, 
suggesting that this coating could not protect the substrate 
in the studied medium.

The EIS data were simulated using the equivalent electric 
circuits presented in Figure 7. The simulation adjustment 
was considered satisfactory for an error value less than 1%59. 
The circuit shown in Figure 7A was used to simulate the data 
obtained from Experiments 3, 3’ and 4’. In this circuit, RS 
represents the solution resistance, R is the charge transfer 
resistance (R ct), and CPE represents the constant phase 
element associated with the electric double layer capacitance 
of the Cu-Co film.

However, this circuit did not provide an efficient 
simulation for the EIS data obtained from Experiment and 4. 
Lima et al.15 have shown that Co-rich Cu-Co coatings may 
present a Co(OH)2 layer on the surface, due to the polarization 
of the electrode in the alkaline bath used to produce them. 
Although all coatings were prepared using the same alkaline 
tartrate bath and this Co(OH)2 layer could be present on their 
surface, several leaf-like agglomerates could be observed 
only on the surface of the DC produced coatings presented 
in Figure 5B. It could be related to the presence of an 
external and nonhomogeneous Co(OH)2 layer on its surface. 
Therefore, the serial circuit presented in Figure 7B, which 
consists of two R-CPE element (resistance - constant phase 
element) and the solution resistance (RS) in series, was used 
to simulate the EIS data from Experiment 4 and a decrease 
in the simulation error was obtained. In this circuit, the first 

Figure 6. Nyquist diagrams for Co-rich Cu-Co coating/carbon 
steel substrates in NaCl 0.5 mol L-1 under the conditions of (A) 
Experiments 3 and 3’ (j = jm = 15 A m-2, using DC and SPC, 
respectively) and (B) Experiments 4 and 4’ (j = jm = 40 A m-2, using 
DC and SPC, respectively) 

time constant (R1-CPE1) is related to the Cu-Co coating and 
the second one (R2-CEE2), with the external Co(OH)2 layer. 
In this case, the Rct value was obtained by the sum of R1 + R2.

The simulated data, presented in Table 4, confirm 
what was previously verified in Figure 6. It is seen that the 
systems prepared under the conditions of Experiments 3 
and 4’ present the highest Rct values among the selected 
Co-rich Cu-Co coating/substrate systems. In addition, these 
systems present low Cdl values, indicating that these coatings 
show low tendency to conduct charge60,61. Even though the 
system prepared using the conditions of Experiment 3’ also 
presented a small Cdl value, its Rct value is near that of the 
bare carbon steel. The coating/substrate system produced 
under the conditions of Experiment 4 shows the worse results.

Although both coatings prepared using 15 A m-2 (Experiments 3 
and 3’) showed a loose morphology (Figures 5A and 5C), the 
coating produced by SPC process seems to be more porous 
than that obtained by DC, which could have contributed 
to its worse anticorrosive performance. On the other hand, 
those coatings prepared using 40 A m-2 (Experiments 4 
and 4’) were more compact (Figures 5B and 5D). However, 
the needle-form grains and the loose alkaline layer deposited 
on the coating produced by DC may not cover the substrate 
completely. In addition, there is a crack on the surface of 
this coating, which could have permitted the attack of the 
substrate by the electrolyte.

In addition, all the coatings presented different chemical 
compositions, depending on the current density and on the 
current mode (Table 3). The results in Figure 6 and Table 4 
indicate that the chemical composition of the coatings affected 
their anticorrosive characteristics in a greater extent. In the 
present work, the anticorrosive coatings produced using 
Experiments 3 and 4’ present 12.6 and 15.9 wt. % Co, 
respectively, while those containing higher wt. % Co could 

Figure 7. Equivalent circuit model used to simulate the EIS data 
of the selected systems. (A) Carbon steel substrate, Experiments 
3, 3`and 4’; (B) Experiment 4 
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Table 4. Rct and Cdl values obtained by simulating the EIS data 
( Figure 6 ) using the equivalent circuits presented in Figure 7

Exp. no Re(Ω) Rct 
(Ω cm-2)

Cdl 
(μF cm-2) N

Bare 
carbon 
steel

6.31 960.4 1.59x10-3 0.746

3 5.14 1370 1.86x10-3 0.837

4 4.48 784 5.51 x10-2 0.810

3’ 5.66 966 7.52 x10-4 0.847

4’ 5.64 1137 1.40x10-3 0.910

not protect the substrate adequately. Anticorrosive Co-rich 
Cu-Co coatings, produced from citrate and glycinate baths 
using DC, were obtained for wt. % Co ~ 408,15. In these 
works, however, some deposition parameters, such as current 
density, stirring speed and bath pH, were simultaneously 
varied employing experimental design62, and the coatings 
were produced using deposition parameters values that were 
different from those used in this work. Therefore, under the 
present conditions, the current results suggest that a limited 
value of cobalt content must be present in the coating to 
enhance the anticorrosive properties of the studied coating/
substrate systems.

3.5.4 Stability of the coatings

Considering the results presented in Figure 6 and Table 4, 
the Co-rich Cu-Co coating/substrate systems produced under 
the conditions of Experiments 3 and 4’ were selected to be 
evaluated by EIS after 24 h immersed in the electrolyte (NaCl 
0.5 mol L-1). The Nyquist diagrams presented in Figure 8 
shows the capacitive loops obtained in this experiment. The 
results observed for the bare steel substrate and for the same 
systems after 1 h of exposure in the aggressive medium are 
also presented, for comparison.

It is possible to observe an increase in the diameter of 
the capacitive loop of both systems after 24 h of immersion, 
indicating an enhancement in the anticorrosive performance 
of these coating/substrate systems. In a saline medium, 
the main cathodic reaction is the reduction of dissolved 
oxygen (ORR), earlier shown in Equation 9. However, the 
H+ reduction from the water (HER), shown in  Equation 8, 
cannot be forgotten, mainly under non-polarized conditions, 
such as those used in the EIS measurements. Both reactions 
cause an increase in the alkalinity of the interface electrode, 
which may have enabled the stability of any cobalt oxides 
or hydroxides that could have been generated earlier on the 
surface of the electrode, during the electrodeposition process63. 
The presence of stable Co(OH)2 layers on the surface of the 
coatings may have acted as a physical barrier, decreasing the 
O2 mass transport to the surface of the electrode15.

The EIS data of the coating/substrate systems immersed 
in NaCl 0.5 mol L-1 for 24 h were simulated using the 

equivalent circuit presented in Figure 7A and these results 
are shown in Table 5.

It can be noted that, the Rct values obtained for the 
systems produced using the conditions of Experiments 3 
and 4’ were, respectively, 64 % and 21 % higher than the 
values obtained after 1 h of exposure in the same medium 
for each system. This result could be associated with their 
different morphologies and grain sizes. The coating related to 
the conditions of Experiment 4’ was prepared by SPC, which 
generally causes a decrease in the grain size. In addition, the 
cobalt content in this coating is higher than in the coating 
prepared under the conditions of Experiment 3, which could 
have contributed to the decrease in the grain size due to 
the refining effect of cobalt in electrodeposited coatings58.

4. Conclusions

Spectrophotometric experiments confirmed that Cu(II)-
tartrate and Co(II)-tartrate complexes are produced in a solution 
containing both metallic ions and tartrate ions, at pH 8.3. Also, 
comparing to their respective aqueous complexes, this result 
suggests that the Cu(II)-tartrate complex is more stable than 
the Co(II)-tartrate one, which may have influenced on their 
reduction process. The voltammetric results corroborated this 

Figure 8. Nyquist diagrams for Co-rich Cu-Co coating/carbon 
steel substrates immersed in NaCl 0.5 mol L-1 for 1 h and 24 h. 
(A) Experiment 3 (j = 15 A m-2, using DC) and (B) Experiment 4’ 
(jm = 40 A m-2, using SPC) 

Table 5. Rct and Cdl values obtained by simulating the EIS data 
(Figure 8) using the equivalent circuit presented in Figure 7A

Exp. no RS(Ω) Rct 
(Ω cm-2)

Cdl 
(μF cm-2) N

3 4.78 1730 2.76 x 10-3 0.862

4’ 5.31 3150 4.79 x 10-3 0.725
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statement, indicating that, under the conditions used in this 
work, the reduction of Cu (II) ions is disfavored, while the 
reduction of Co (II) is favored when a solution containing 
tartrate as the complexing agent was used, which may have 
contributed to produce Cu-Co alloy coatings.

The applied current density and the current mode 
(DC and SPC) affected both the current efficiency and the 
chemical composition of the Cu-Co alloy coatings prepared 
using sodium tartrate as a ligand. Co-rich Cu-Co alloy 
coatings were produced, by both DC and SPC processes, 
when j = jm = 15 A m-2 and j = jm = 40 A m-2 were used. The 
morphology of these selected coatings was also influenced 
by the current density and the current mode, and those 
produced using jm = 40 A m-2 (SPC mode) presented a 
compact morphology and small grain sizes.

The electrochemical evaluation of the selected coating/
substrate systems showed that only those prepared under 
the conditions of Experiment 3 (j = 15 A m-2, using DC) 
and Experiment 4’ (jm = 40 A m-2, using SPC) could be 
considered as protective systems. In addition, the charge 
transfer resistances of these coating/substrate systems were 
improved after immersion in NaCl 0.5 mol L-1 for 24 h, 
suggesting that both coatings could be used for long-term 
applications in this aggressive medium.

The conditions used in this work state that the SPC 
coating produced using jm = 40 A m-2 show the most favorable 
characteristics (15.9 wt. % Co, compact morphology, smallest 
grain size and the highest Rct value after 24 h exposure in the 
saline corrosive medium) to be used as a protective coating 
for carbon steel in NaCl 0.5 mol L-1.
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