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ABSTRACT 
 

 Effects of bath composition and temperature on cathodic current efficiency, microhardness, structure and morphology of the cobalt 
coatings were investigated. The results indicated that, current efficiency increased with enhancing the bath cobalt sulfate concentration 
and temperature, as well as decreasing the bath SDS content. The effect of saccharin on current efficiency was negligible, while it had the 
greatest effect on the coatings crystallites size and microhardness. The structure of all the cobalt coatings was hcp. Morphology of the 
coatings became smoother with adding SDS and sodium saccharin to the bath. 
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INTRODUCTION  
 
 Surface coatings are widely applied in different 
industrial areas to improve the desirable surface 
properties [1–3]. Electrodeposition is a simple and 
economical method to produce metal or composite 
films as compared to other techniques like plasma 
spray, sol-gel, chemical vapor deposition (CVD), 
physical vapor deposition (PVD), and ion 
implantation [3–6]. Properties of the 
electrodeposited coatings are significantly affected 
by deposition parameters [7–9]. These parameters 
include electrolyte type, deposition technique, pulse 
parameters, solution pH and temperature, current 
density, deposition time, additives concentration, 
substrate condition and addition of micro or nano-
sized particles to the bath [8–10]. 
 Electrodeposition of Ni and Ni based coatings 
has been widely studied [11-19]. However, there are 
limited reports on the synthesis of Co coatings. 
These coatings have high hardness and strength, 
along with great corrosion, wear and wear–corrosion 
resistance [10,20-24]. Due to these superior 
properties, application of cobalt based coatings have 
been developed [4,22] and they have gained 
applications in automotive, aerospace and medical 

device industries [4,8,10,23-26]. 
 Wang et al. [12] produced nanocrystalline Ni 
and Co coatings with different grains size from 
sulfate based solutions containing sodium saccharin 
by controlling the current density during pulse 
electrodeposition process. They found that grain size 
was decreased by increasing pulse peak current 
density. Wear volume loss of all the Co coatings 
were more than one order of magnitude lower and 
the friction coefficients were nearly two times 
smaller than that of Ni coatings with almost the same 
grain size under the same wear conditions [12]. 
Structure, morphology and growth modes of 
electrodeposited cobalt coatings from sulphamate 
electrolytes were investigated by Vicenzo and 
Cavallotti [27]. They found that at low pH the 
electrodeposited cobalt had biphasic fcc+hcp 
structure. This structure was heavily faulted because 
of accumulation of stacking faults and twin defects. 
The structure was changed to hcp by increasing the 
solution pH. Karaagac et al. [7] electrodeposited 
pure cobalt coatings from sulfate based electrolytes 
on copper substrates. They also found that 
electrodeposited cobalt had hcp or hcp+fcc crystal 
structure depending on electrolyte pH. According to 
their results, the grain size of the coatings and the 
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saturation magnetization along with the coercivity 
decreased by reduction of the electrolyte pH. Jung 
and Alfantazi [26] examined the corrosion properties 
of electrodeposited pure cobalt films in deaerated 
0.5M Na2SO4 solutions at different pH values by 
using polarization techniques. Their results revealed 
that the anodic polarization curves shifted to more 
negative potentials by increasing pH. At pH 5 and 7, 
cobalt exhibited active dissolution. However, at pH 
10, the metal surface was partially passivated. At pH 
13, a clear passivation region was observed [26]. The 
effect of process parameters for electrowinning of 
cobalt from cobalt sulfate solutions was investigated 
by Sharma et al. [8]. They established that cathodic 
current efficiency was increased by enhancing bath 
cobalt or Na2SO4 concentration, as well as 
temperature. They also found that there was an 
optimum current density and pH which highest 
current efficiency was obtained. Hyie et al. [10] 
were used cobalt sulfate based solution containing 
boric acid and sodium saccharin for 
electrodeposition of Co films. They studied the 
corrosion behavior, mechanical and magnetic 
properties of the resultant coatings and reported that 

nano-crystalline cobalt coating had better 
microhardness and corrosion resistance than 
polycrystalline ones. Considering increased 
commercial importance of Co, electrodeposition of 
Co coatings and investigation of their morphology, 
structure and hardness seems to be necessary. In the 
present study, pulse electrodeposition technique was 
used to produce Co films. The aim of this study is to 
investigate the effect of bath composition, i.e. cobalt 
sulfate, SDS and sodium saccharin concentration, on 
deposition rate, morphology, microstructure and 
hardness of the Co coatings. 
 
Materials and Methods 
 
 Co coatings were produced by pulse 
electrodeposition from cobalt sulfate based 
electrolytes. The bath compositions and plating 
conditions are presented in Table 1. Analytical grade 
chemicals and double distilled water were used for 
preparation of the electrolytes. The pH value of the 
bath was adjusted by adding either 1 M H2SO4 or 1 
M NaOH solution. 

 
Table 1: Bath composition and deposition condition. 

Bath composition Amount 
CoSO4.7H2O 100-400 g L-1 

H3BO3 30 g L-1 
C7H4NNaO3S.2H2O (saccharin) 0-1.5 g L-1 

NaC12H25SO4 (SDS) 0-1 g L-1 
Deposition condition  
Peak current density 120 mA cm-2 

Duty cycle 10% 
Pulse frequency 10 Hz 

Temperature 30-60 ̊ C 
pH 4 

Time 60 min 
String speed 250 rpm 

 
 A double electrode cell was used for 
electroplating experiments. 316L stainless steel 
plates with a thickness of 2 mm and exposed area of 
9 cm2 were used as the substrate. A similar 

dimension of a pure cobalt plate was used as the 
anode that was vertically maintained at 3 cm from 
the cathode. Schematic image of electrodeposition 
setup has been shown in Fig. 1.  

 

 
 
Fig. 1: Schematic image of electrodeposition setup. 
 
 Prior to electrodeposition, the substrates were 
abraded with different grades of emery papers from 
120 to 2000 grit which were then ultrasonically 
cleaned in acetone for 10 min at room temperature, 
washed in distilled water and degreased in an 
alkaline solution (NaOH, Na2CO3, Na2PO4.12H2O) 
at 70 ˚C for 15 min. Activation of the 316L SS 
cathodes was done in a solution containing 

combination of HCl and CoCl2.6H2O at room 
temperature, according to ASTM B254. The 
substrates were transferred to the electroplating bath 
after activation, immediately. 
 Cathodic current efficiencies were calculated by 
using the following equation and by weighing the 
samples before and after deposition process [28,29]: 
%Current Efficiency = (∆W×n×F)/(M×I×t)×100   (1) 
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 where ‘ΔW’ is actual deposit mass (grams), ‘n’ 
the number of exchanged electrons, ‘F’ Faraday 
constant (96500 C mol−1), ‘M’ atomic weight of 
cobalt (58.9 g mol-1), ‘I’ current (A), and ‘t’ time (s).  
 Hardness measurements were carried out on an 
AMSLER D-6700 Vicker’s microhardness testing 
machine, using an applied load of 0.2 N for 15 s. The 
mean values of at least five measurements conducted 
at various locations on each sample were considered. 
 The surface morphologies of the coated samples 
were examined using a scanning electron 
microscope. X-ray diffraction technique (XRD) was 
used to analyze the structure and grain size of the 

coatings. The Williamson-all equation was employed 
to estimate grain size of the deposited films. 
 
Results And Discussion 
 
3.1. Effect Of Cobalt Sulfate Concentration: 
 Effect of cobalt sulfate concentration on 
cathodic current efficiency and hardness of the 
coatings was investigated in simple baths containing 
none of SDS and sodium saccharin at 30˚C. Fig. 2 
shows the changes of current efficiency and hardness 
of the Co coatings obtaining at different cobalt 
sulfate concentrations in the bath.  

 

 
 
Fig. 2: Effect of cobalt sulfate concentration on cathodic current efficiency and microhardness of the coatings. 
 
 It is clear that cathodic current efficiency 
enhances, while microhardness is not considerably 
changed, with increasing cobalt sulfate 
concentration. At low concentrations of cobalt 
sulfate (less than 250 g/L) the current efficiency 
increases rapidly. However, further increasing of 
cobalt sulfate has negligible effect of current 
efficiency. The cobalt ion concentration around the 
cathode is multiplied by increasing the cobalt sulfate 
concentration in the bath. Therefore, the probability 
of metal ion depletion near the cathode decreases. 
Moreover, reduction potential of cobalt is become 
nobler by increasing of its ion concentration in the 
bath. These factors result in decreased hydrogen 
evolution and higher current efficiencies [8,30]. 
Plateau shape of the current efficiency diagram at 

elevated cobalt sulfate concentrations can be due to 
the high viscosity of the bath [31]. 
 
3.2. Effect Of Sds Concentration: 
 Effect of bath surfactant (SDS) content on 
current efficiency and hardness of cobalt coatings is 
shown in Fig. 3. SDS concentration has negligible 
effect on microhardness of the obtained coatings. 
However, current efficiency decreases with 
increasing bath SDS content. The current efficiency 
in a bath without SDS is 90%, while it reaches to 
75% in a bath containing 1 g/L SDS. SDS molecules 
cover the cathode surface and inhibit reduction 
reaction, resulting in lower current efficiencies [32-
34].  

 

 
 
Fig. 3: Effect of the bath SDS concentration on current efficiency and microhardness of the cobalt coatings. The 

baths cobalt sulfate (250 g/L) and saccharin (0 g/L) content was constant in these tests.  
 
 XRD patterns of the electrodeposited coatings 
are not changed by increasing bath SDS 
concentration (Fig. 4). All the coatings have hcp 

structure and relative intensities of their diffraction 
peaks are almost similar. Crystallite size for the 
coatings depositing form the baths with 0.2 and 1 
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g/L SDS are 49 and 53 nm, respectively. Negligible 
changes of the coatings microhardness can be due to 

their similar structures and comparable crystallites 
size.  

 

 
 
Fig. 4: XRD patterns of the cobalt coatings electrodepositing from baths containing (a) 0.2 and (b) 1 g/L SDS. 
 
 Surface morphology of the as-deposited cobalt 
coatings from the baths containing different amounts 
of SDS are presented in Fig. 5. It is clear that the 
addition of 0.2 g/L SDS to the bath results in less 
defective film. Surfactants are surface active agents 

that lower the surface tension at H2-sample surface 
and H2-liquid, which cause to easier detachment of 
hydrogen bubbles and improvement of surface 
quality [34].  
  

 

 

 
 
Fig. 5: SEM micrographs of the cobalt coatings obtaining from baths containing (a) 0 and (b) 0.2 g/L SDS. 
 
3.3. Effect Of Sodium Saccharin Concentration: 
 Effect of sodium saccharin on current efficiency 
and microhardness of the coatings was examined in 
baths containing constant concentrations of cobalt 
sulfate (250 g/L) and SDS (0.2 g/L) at 30˚C. The 
results are shown in Fig. 6. According to this figure, 
changes of the current efficiency with variation of 
saccharin concentration are negligible, while 
microhardness is increased by enhancing the bath 
saccharin content. Increasing of the hardness can be 
due to the reduction of the coatings crystallites size 
by adding sodium saccharin to the bath [35,43]. 
 XRD pattern of the coating obtaining from the 
bath containing 0.5 g/L saccharin is exhibited in Fig. 
7. The hcp structure of the cobalt film has not been 
changed by adding sodium saccharin to the bath. 
However, crystallites size is decreased. The 
calculated crystallites size for this sample is 36 nm, 
which is lower than that produced without saccharin 

addition. Saccharin increases cathodic overpotential 
and decreases critical nucleus size, resulting smaller 
crystallites [36,37,44]. 
 The surface morphology of the coating 
depositing from a bath containing 0.5 g/L saccharin 
(Fig. 8) is smoother than those obtaining from baths 
without sodium saccharin (Fig. 5). Saccharin adsorbs 
at the active surface sites and inhibits metal 
reduction at these places, resulting in smooth and 
shiny coating [38].  
 
 3.4. Effect Of Bath Temperature: 
 Electrodeposition of the cobalt coatings was 
conducted at three different temperatures of 30, 45 
and 60˚C. Cobalt sulfate, SDS and saccharin 
concentrations were 250, 0.2 and 0.5 g/L, 
respectively. The effect of the temperature on current 
efficiency and microhardness of the coatings has 
been presented in Fig. 9.  
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 Higher current efficiencies are obtained by 
increasing of temperature, which could be due to 
improved electrical conductivity and ionic mobility 
at high temperatures [8,39,42]. However, additives 
adsorption is stifled, and their efficacy is decreased 

by increasing the temperature [40,41]. Owing to the 
combination of these two effects of the bath 
temperature, there is an optimum temperature 
(45˚C), which the Co film with highest 
microhardness is obtained. 

 

 
 
Fig. 6: Effect of bath sodium saccharin concentration on current efficiency and microhardness of the obtained 
      cobalt coatings. 

 
 
Fig. 7: XRD pattern of the cobalt coating electrodepositing from a bath containing 0.5 g/L saccharin. 
 

 
 
Fig. 8: SEM micrograph of the cobalt film depositing from a bath with 0.5 g/L saccharin. 
 

 
 
Fig. 9: Effect of bath temperature on current efficiency and microhardness of the cobalt coatings. 
 
 SEM micrograph from the surface of the as-
deposited cobalt film at 60˚C is shown in Fig. 10. 
Rougher surface of this coating as compared to that 
obtained at lower temperatures (Fig. 8) can be a 
result of decreased effectiveness of the additives, as 
also reported by other researchers [40,41]. 

Conclusions: 
 The outcome of the results can be summarized 
as follows: 
• Cathodic current efficiency of cobalt deposition 
increases with enhancing the bath cobalt sulfate 
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concentration. However, cobalt sulfate concentration 
has small effect of microhardness of the coatings. 
• Current efficiency is decreased from 90% to 
75% by increasing of the bath SDS concentration to 
1 g/L. SDS has negligible effect on microhardness 
and hcp structure of the cobalt films, while it 
decreases the defects density significantly.  
• The microhardness of the coatings is improved 
(up to 30%) by adding sodium saccharin to the bath. 
Effect of saccharin concentration on current 

efficiency and structure of the cobalt films is 
negligible. However, crystallites size decreases and 
the coatings become smoother by adding limited 
amounts of saccharin to the bath. 
• Current efficiency slightly increases with raising 
bath temperature from 30 to 60˚C. However, the 
highest hardness is obtained at 45˚C. Surface 
roughness also increases at high temperatures. 
 

 

 
 
Fig. 10: SEM micrograph from surface of the cobalt film electrodepositing at 60˚C. 
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