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Preparation and corrosion resistance of cobalt films deposited on polycrystalline platinum in different
electroplating baths (chloride bath, sulfate bath and chloride-citrate bath) have been studied. Cyclic
voltammetry (CV) was used to study the electrodeposition process of cobalt films. Films composition,
structure and surface morphology were analyzed by X-ray diffractometer (XRD), atomic force
microscope (AFM) and metallographic microscope. Furthermore, the corrosion resistance were
measured by potentiodynamic polarization curve and electrochemical impedance spectroscopy (EIS).
In different electroplating baths, the shape of cyclic voltammetry curves are similar, where both under-
potential deposition behavior and over-potential deposition behavior are presented. The cobalt film
obtained from chloride bath is thicker and rougher with acicular shape particles; in sulfate bath, the
cobalt grains are spherical shape and the film is smooth with obvious cracks; in chloride-citrate bath,
the cobalt grains are seemly much smaller and the film is the smoother and thinner. The component of
prepared films in three electroplating baths are mainly cobalt grains with crystal plane of (111), (200)
and (220). In 3.5wt.% NaCl solution, the corrosion rate order of deposited cobalt films is V chioride bath <
V sulfate bath < V chloride-citrate bath.
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1. INTRODUCTION

In recent years, the electrodeposition of cobalt and its alloys has been attracted much more
attentions. The cobalt and cobalt alloys possess optimal magnetic properties which can be used in
various fields, such as heterogenic catalysts [1], solid oxide fuel cells [2, 3], energy storage systems [4-
7], magnetic data carriers [8], constructing spin valve devices and so on. Many preparation methods
could be used to fabricate cobalt alloys. The physical methods like molecular beam epitaxy, sputtering,
vacuum deposition [6-9], thermal-chemical evaporation [10] and electrodeposition methods [11, 12]
are considered as effective ways to prepare cobalt alloys. However, except for these physical methods,
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chemical preparation method is also a kind of effective and efficient ways to get cobalt alloys with
good properties. It is well known that electroplating is also considered as a good method to make metal
alloys due to its positive advantages. Plating technology is cheap, stable and easy to operate. It is
possible to change the properties of metal alloys prepared by plating technology by changing the
electrochemistry parameters.[13].

Cobalt has been electrodeposited mainly onto carbon, gold, platinum, palladium, stainless steel,
nickel and copper substrates [14-16]. Various solutions were used for cobalt electrodeposition, but
among them simple salt acidic chloride [4, 7], sulfate [9-11] and chloride-sulfate [12] baths were
dominating. Less attention was paid on the metal deposition from complex salts electrolytes, e.g.
ammoniacal [13, 14], citrate [15], gluconate [16] or glycine [17] systems.

According to many reports and researches, the physical performance and thermal stability of
cobalt alloys are relevant to the kinetics and mechanism of the cobalt plating process.[10-15].
Therefore, it is essential to research the effect of electrochemical parameters such as potentials, plating
time, temperature, current density on the structure, morphology and performance of cobalt alloys. [16-
22].

In spite of some research on cobalt electrodeposition, there is limited study about the effects of
bath composition on the characteristics and properties of cobalt films. This paper shows comparative
studies of the electrolytes (chloride bath, sulfate bath and chloride-citrate bath), since the speciation
and buffering properties of the solution can affect the nucleation stage, morphology and structure of
the deposits. The cobalt electrodeposition onto polycrystalline platinum was studied using cyclic
voltammetry (CV) to gain a deeper insight into the cobalt under-potential deposition and over-potential
deposition process. Films composition, structure and surface morphology were analyzed by XRD,
AFM and metallographic microscope. Furthermore, corrosion resistance of cobalt films
electrodeposited in different baths were also investigate.

2. EXPERIMENTAL

2.1 Pretreatment of polycrystalline platinum electrode

The polycrystalline platinum plate (high purity of 99.99 %) with dimension of 20.0 mm x 20.0
mm x1.0 mm was used as the working electrode. Its surface was treated by electrochemical polishing
technology [23] and the pretreatment procedures are as follows: (1) the electrode was ultrasonically
cleaned in ethanol and acetone at 25°C for 10 min, then rinsed with deionized water; (2) transfered the
electrode to 0.5 mol/L H2SOs solution for electrochemical polishing using cyclic voltammetry
technology. The scanning rate was 100 mV/s and the scan potential range was from 0.77 V to -0.65 V
(vs. MSE, avoiding the interference of chloride ion to experiment). Until the cyclic voltammetry
curves were stabilized, the electrochemical polishing experiment stopped; (3) rinsed the electrode with
deionized water and blow-dry with nitrogen. In order to better compare with the results of other
researchers, potentials values in this paper were all recalculated relative to saturated calomel electrode
(SCE).
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2.2 Bath preparation and electrodeposition condition

Three-electrode system was adopted in the experiment, where polycrystalline platinum plate
(purity 99.99%) was the working electrode, a platinum foil (purity 99.90%) as a counter electrode and
a saturated calomel electrode (SCE, in saturated KCI solution) as the reference electrode. The
electroplating bath composition and electrodeposition conditions are presented in Table 1. The pH
value was adjusted by 1.0 mol/L NaOH and/ or 1.0 mol/L H2SO4 solution. In order to determine the
optimum deposition potential of cobalt film, cyclic voltammetry in different baths were performed
with scan rate of 20 mV-s* at the potential range from 0.600 V to -0.980 V.

Table 1. Electroplating baths composition and electrodeposition conditions

CoClz-6H20 / (mol-L™?) 0.01 - 0.01
NH4CI / (mol-L™?) 1.00 - 1.00
pH 8.00 8.00 8.00
C0S04-7H20 / (mol-LY) - 0.01 -
(NH4)2S04 / (mol-L™?) - 1.00 -
NazCeHsO7-2H,0 / (mol-L™) - - 0.01
Deposition potential / V -1.00 -1.00 -1.00
Deposition time / h 1.00 1.00 1.00

2.3 Morphology and structure analysis

X-ray diffraction (XPert Philips PW1830) was adopted to analyze the structure of deposited
cobalt films, where Cu Ka radiation was used as an incident beam (40kV, 150mA). Scanning electron
microscopy (SEM, Hitachis-4800) was used to observe the surface morphology. Moreover, atomic
force microscope (AFM, D3100) and metallographic microscope (Smart zoom 5, Carl Zeiss) were
used to characterize the roughness and thickness of each sample.

2.4 Corrosion resistance analysis

The corrosion resistance of the deposited cobalt films was evaluated by potentiodynamic
polarization measurement and electrochemical impedance spectroscopy (EIS). The test was performed
on electrochemical working station ((PARSTAT®2273) with a three-electrode cell. The
polycrystalline platinum deposited with cobalt films were treated as the working electrode; the counter
electrode and reference electrode were the same with section 2.2. The test environment was 3.5 wt.%
NaCl solution at 25°C. The test range of the potentiodynamic polarization curve was [Eocp -300mV,
Eocp+300mV] with the scan rate of 1.0m V-st. The corrosion current icorr Was calculated by tafel linear
extrapolation method. EIS was carried out at a range of 10 mHz ~100 kHz with a 5mV perturbation
signal at the corrosion potential. The results of EIS were used to simulate the equivalent electrical
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circuit of electrodeposition process using Z-view software. Duplicate experiments were conducted to
ensure the reliability and reproducibility of the measurements.

3. RESULTS AND DISCUSSION

3.1 Pretreatment of polycrystalline platinum electrodes
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Figure 1. Cyclic voltammetry curve of polycrystalline platinum electrode in 0.5 M H2SO4 solution
with scan rate of 20 mV-st at the potential between 1.1 V and -0.300 V.

The surface of polycrystalline platinum electrode was treated by electrochemical polishing
technology. Fig. 1 shows the CV curve of this electrode in 0.5 M H2SO4 solution. According to the
evolution of CV curve, it can be divided into three potential regions: (1) the platinum redox region
(from 0.45 V to 1.2 V), where peak A (0.46 V) is the platinum reduction peak and peak A' is the
platinum oxidation peak; (2) the hydrogen adsorption and desorption region (from —0.25 V to 0.1 V),
where peak B (-0.08 V) and peak C (-0.19 V) are hydrogen desorption peaks, and peak B' (—0.05 V)
and peak C' (-0.18 V) are hydrogen adsorption peaks; (3) the double electric layer region (from 0.1 V
to 0.45 V). This characteristics are consistent with those reported in relevant literature [24].

Furthermore, the H adsorption area (Had) and needed electricity Qnime on polycrystalline
platinum electrode can also be calculated from the CV curve. The formula for active area calculation
of electrode is shown as following:

A = QuamL/ gH° = Qramr/ 210 pC/em? (1)

Where, Qu,mL refers to the adsorption and desorption amount of 1 ML (1 monolayer) H, and
qu° refers to the electric density of H atom adsorbed by monolayer on polycrystalline platinum at a
certain potential, with a size of 210 pC/cm? In this experiment, the calculated active area of
polycrystalline platinum electrode is about 1.500 cm?.
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3.2 Electrodeposition of cobalt films in different baths

CV curves of cobalt films electrodeposited on polycrystalline platinum in different electrolyte
baths are shown in Fig.2. In chloride bath (Fig. 2a), the potentials of peak A (appear at -0.37 V) and
peak B (appear at -0.65 V) are more positive than -0.741 V, indicating the under-potential deposition
behavior of Cobalt. Peak A is caused by the supporting electrolyte, and peak B may be associated with
Co?* reduction process [25]. The cobalt over-potential deposition initiates at -0.741 V and peak C
(appear at -0.90 V) is the distinct cobalt over-potential deposition peak. When reverse scan, peak D, E
and F appear at -0.80 V, -0.55 V and 0.32 V, respectively. Peak D may be related to the formation of
hydrogen-rich Co phase; peak E is the dissolution peak of cobalt over-potential deposition, and peak F
is the dissolution peak of Co under-potential deposition [26]. It is reported that the cobalt nucleation
rate is faster in alkaline baths, which associated with the competition for the active sites on the surface
by H ions with the Co cations [17, 20].
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Figure 2. Cyclic voltammetry curves of cobalt films deposited on polycrystalline platinum electrode in
different electroplating baths with scan rate of 20 mV-s? at the potential between 0.6 V and -
1.0 V: (a) chloride bath; (b) sulfate bath; (c) chloride-citrate bath;
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The shapes of cyclic voltammetry curves in Fig. 2a, Fig. 2b and Fig. 2c are similar. However,
the current density of peak B, peak C and peak E in Fig. 2b are higher than that in Fig. 2a. It mainly
due to the concentration of NH4" in sulfate bath is higher, which is important to the electrical
conductivity of solution [27]. In chloride bath and sulfate bath, free chloride and sulfate ions play main
roles as they are known to adsorb on cathode and participate in the solution buffering in different way.
lons adsorbed on the cathode surface inhibit charge transfer across the metal-electrolyte interface,
hence they can increase over-potential for the cathodic reaction. Moreover, better buffering properties
of the sulfate baths for the base addition improve the electrodeposition of cobalt by protecting against
intensive hydrogen coevolution and formation of residual hydroxide species. In turn, weak adsorption
of chloride ions does not disturb reduction of cobalt ions giving lower metal cathodic over-potentials.
However, smaller buffering of the chloride solution provides favorable conditions for hydrogen
coevolution with lower rate of reaction, resulting lower current efficiency for pure metal
electrodeposition at more electronegative deposition potentials [28]. In sulfate bath, it was also found
that the cathodic process was seriously affected by sulfate ions, changes in the promotion of the
hydrogen evolution reaction and the improvement of film surface morphology [29]. Meanwhile, in the
chloride-citrate bath, strong adsorption of sodium citrate on the cathode inhibited hydrogen evolution,
favored fast metal nucleation and deposition of fine grained coatings, the presence of chloride ions and
low citrate ions concentration resulted in the formation of hydroxide species [30]. The chloride-citrate
bath with complex salt have better buffering effects and allow obtaining highly adherent and lustrous
films [17].

3.3 Surface analysis of deposited cobalt films

Fig. 3 shows the 2D surface morphology and thickness of the deposited cobalt films on
polycrystalline platinum electrode in different electroplating baths using SEM and metallographic
microscope. The morphology of nanocrystals mainly depends on the relative growth rate of each
crystal surface during crystal growth [30]. The rate of crystal surface growth is controlled by the
addition of surfactants or anions (such as CI") with strong adsorption on a certain crystal surface.
Citrate and halogen anions may be adsorbed on the surface of platinum nanocrystals in the
electrodeposition system. The cobalt particles obtained from chloride bath are uniformly arranged with
acicular shape. The film thickness is about 8.24um (shown in Fig.3a). Fig. 3(b) shows that the film
obtained from sulfate bath is smoother, but has obvious cracks. The film thickness is about 6.57um,
indicating that the deposition rate was slower than that in chloride bath.

Many cracks could be found on the surface of cobalt film which is common and reported by
many researchers.[20, 28, 31]. It is found out that the tensile stress in the main reason that causes
cracks on the film surface. There are mainly four types of tensile stress: interfacial stress between the
film and the substrate, crystallographic texture and grain size, coalescence and stress evolution during
the film growth and hydrogen adsorption/ desorption [32]. However, the tensile stress associated with
cobalt films is not very large due to good adhesion between films and substrate. Especially, in the
condition of chloride-citrate bath, the film surface quality is improved because of finer grains with
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only 5.79 um thickness. (Fig.3c). The citrate ions in the bath could be adsorbed on the surface of
cathode to hinder the diffusion process of ad-ions resulting in the decrease of grain growth rate which
contribute directly to finer crystallites. [30, 31].
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Figure 3. 2D surface morphology and thickness of deposited cobalt films on polycrystalline platinum
electrodes in different electroplating baths: (a) chloride bath; (b) sulfate bath; (c) chloride-
citrate bath

Fig. 4 shows the 3D surface morphology and roughness of deposited cobalt films on
polycrystalline platinum electrodes in chloride bath, sulfate bath and chloride-citrate bath using AFM.
In chloride bath, the grains of film are needle shape and densely packed (shown in Fig.3a) with the
surface roughness Ra 78.6 nm and Rq 99.7 nm. In sulfate bath, the grains of film are spherical shape
(shown in Fig.3b) with the surface roughness Ra 47.0 nm and Rq 58.9 nm, which is smoother and flatter
than that deposited from the chloride bath. While in chloride-citrate bath, the grains of film are seemly
the smallest and finest, with surface roughness Ra 18.0 nm and Rq 23.7 nm. According to the ions
adsorption on cathode and solution buffering explanation in section 3.2, the obtained experimental
results confirm this theoretical prediction [33].
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Figure 4. 3D surface morphology and roughness of deposited cobalt films on polycrystalline platinum
electrodes in different electroplating baths: (a) chloride bath; (b) sulfate bath; (c) chloride-
citrate bath
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3.4 Composition of deposited cobalt films

Structural analysis of deposited cobalt films on polycrystalline platinum electrodes at different
electroplating baths were performed by XRD (Fig.5). The component of prepared films are mainly
cobalt grains and the crystallographic orientations of cobalt grains are presented at 26~44.2°, 51.2° and
75.8°, which corresponds to crystal plane of (111), (200) and (220). In different baths, the adsorption
layer formed by chloride ions, sulfate ions and citrate ions may have different structure and stability on
different crystal surfaces of cobalt, which results in the difference of crystal surface growth rate and
the different morphology [34]. In chloride baths, the diffraction peak height ratio of cobalt crystal
plane (111):(200):(220) is 0.886:0.561:1; in sulfate bath, the diffraction peak ratio of cobalt crystal
plane (111):(200):(220) is 1.728:0.596:1, where grains with crystal plane of (111) and (200) increase;
and in chloride-citrate bath, the diffraction peak ratio of cobalt crystal plane (111):(200):(220) is
1.596:0.716:1. It indicates that the addition of citrate in chloride bath (shown in Table 1) will change
the preferred orientation of cobalt grain growth, and grains with crystal plane of (111) and (200)
increase.
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Figure 5. X-ray diffraction pattern of the deposited cobalt films on polycrystalline platinum electrodes
in different electroplating baths: (a) chloride bath; (b) sulfate bath; (c) chloride-citrate bath
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3.5 Corrosion resistance of deposited cobalt films
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Figure 6. Potentiodynamic polarization curves of deposited cobalt films on polycrystalline platinum

electrode in 3.5 wt.% NacCl solution with scanning rate of 1 mV/s

Table 2. Electrochemical corrosion data corresponding to potentiodynamic polarization curves of
deposited cobalt films on polycrystalline platinum electrode in 3.5 wt.% NaCl solution

Chloride bath -0.723 1.18
Sulfate bath -0.695 2.31
Chloride-citrate bath -0.587 3.10

Fig.6 shows the potentiodynamic polarization curves of deposited cobalt film samples in 3.5
wt.% NaCl solution. Table 2 shows -electrochemical corrosion data corresponding to the
potentiodynamic polarization curves. In the corrosion system, the electrochemical reaction process is
controlled by the oxygen diffusion process. In the presence of aggressive ions, especially ClI-, pitting
corrosion takes place depending on the chloride concentration and the physico-chemical characteristics
of the passive film [16-19]. Compared the three electroplating baths, the corrosion potential order of
deposited cobalt films iS Ecorr-chioride bath < Ecorr-suifate bath< Ecorr-(chioride-citrate batn); @nd the corrosion current
density order of deposited cobalt films is lcorr-chioride bath < lcorr-sulfate bath< lcorr-(chloride-citrate bath).
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Figure 7. Nyquist plots (a) and equivalent circuit (b) for deposited cobalt films in 3.5wt.% NaCl
solution at a range of 10 mHz ~100 kHz with a 5mV perturbation signal

Table 3. Values of the elements in the equivalent circuit of deposited cobalt films in 3.5wt.% NaCl

solution
Chloride bath 5.973 36.4 0.933 71.34 118.1 0.589 436.7
Sulfate bath 6.025 30.65 0.931 71.21 132.1 0.657 369.2
hloride-
(_: oride 6.081 37.79 0.945 71.15 174.8 0.790 299.5
citrate bath

EIS experiments were carried out to explore the mechanism of corrosion resistance. The
Nyquist plots and equivalent circuits of EIS tests in 3.5wt.% NaCl solution are shown in Fig.7. The
frequency dependence of dispersion capacitive behavior is often described by employing a constant
phase element (CPE) [29]. Fig. 7 is employed to fit EIS experiments data. Ret and Rs stand for the
charge transfer and the electrolyte resistance respectively. Ry is considered as the Faradaic resistance of
the cobalt film. The definition of the impedance for CPE can be described as followings:

Zepp = [(o)" X T]™! (2)

where j is (-1)¥2; w and T are the angular frequency and the double-layer capacitance quantity,
n is an exponent affected by the phase angle. The EIS data were fitted and calculated by the Armstrong
equivalent circuit which had been modified. The fitting results are listed in Table 2. Compared the
cobalt film prepared in chloride bath (shown in Fig7a), cobalt film prepared in the sulfate bath has
smaller diameter of semicircle; and film prepared in chloride-citrate bath has the smallest diameter of
semicircle. The diameter of semicircle decrease indicates that the sum of charge transfer resistance Rct
and the Faradaic resistance Rp of the cobalt film decrease. This conclusion has been confirmed ,
according to Table 3: (Rp+Rct) Chloride bath > (Rp+Rct) Sulfate bath = (Rp+Rct) Chloride-citrate bath. | N€ COrrosion
rate v can be representation by 1/(Rp+Rct) [35], and the corrosion rate order can be deduce: V chioride bath <
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V sulfate bath < V chloride-citrate bath. TNiS results is the same with that obtained from the analysis of
potentiodynamic polarization curves.

4. CONCLUSIONS

The electrodeposition process and corrosion resistance of cobalt films on polycrystalline
platinum electrode in different electroplating baths have been investigated. The results are drawn as
follows:

(1) In different electroplating baths, the shape of cyclic voltammetry curves are similar. The
potentials of peak A and peak B indicate the under-potential deposition behavior of cobalt; peak C is
the distinct cobalt over-potential deposition peak. When reverse scan, peak D may be related to the
formation of hydrogen-rich cobalt phase; peak E is the dissolution peak of cobalt over-potential
deposition, and peak F is the dissolution peak of cobalt under-potential deposition.

(2)The cobalt particles obtained from chloride bath are uniformly arranged with acicular shape;
in sulfate bath, the cobalt grains of film are spherical shape, with smooth film surface and some
obvious cracks. In chloride-citrate bath, the cobalt grains of film are the smaller and finer, and the film
is the thinner. (3)The component of deposited films are mainly cobalt grains and the crystallographic
orientations of cobalt grains are presented at 20 ~ 44.2°, 51.2° and 75.8°, which corresponds to cobalt
crystal plane of (111), (200) and (220). In sulfate bath and chloride-citrate bath, cobalt grains with
crystal plane of (111) and (200) increase.

(4) In 3.5 wt.% NaCl solution, the electrochemical reaction process is controlled by the oxygen
diffusion process. The corrosion rate order of deposited cobalt films in different electroplating baths is

I corr-chloride bath < lcorr-sulfate bath < |corr—(ch|0ride—citrate bath).
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