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Herein, the effect of deposition voltage on the chemical composition, corrosion resistance, structure 

and surface properties of Zn-Fe-Co coatings was explored using potentiostatic measurements, cyclic 

voltammetry, linear sweep voltammetry, anodic linear polarization, atomic absorption spectroscopy, 

scanning electron microscope, and X- ray diffraction. The results indicated that the corrosion 

resistance is directly related to Co and Fe contents in Zn-Fe-Co deposits. A significant increase in the 

quantities, contents and efficiency of zinc was achieved by increasing the deposition voltage which led 

to a sharp decrease the polarization resistance of the coated alloys. This is due to the ease of 

dissolution of zinc compared to Co and Fe. Moreover, Zn-Fe-Co coatings with a high content of cobalt 

up to 37% possess superior corrosion resistance compared to the pure  Zn coatings and Zn-Fe-Co 

coatings with low values of cobalt contents less than 6%. A mechanism for electrodeposition model 

has been proposed and discussed. 
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1. INTRODUCTION 

The development and use of steel is witnessing a continuous technological revolution as it is 

used in many industrial applications as well as in construction and shipbuilding, cars, machines, 

equipment and others.  However, as is well known, it faces a  serious corrosion problem especially in an 

acidic environment.  No one can deny the scientist's outstanding efforts to solve this problem a long 

time ago using many different techniques and possibilities.  One possibility is to coat the steel surface 
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with a protective film using a variety of processes such as electroplating, magnetron sputtering, 

thermal spraying, pulse laser deposition, and chemical vapor deposition [1-7].  

An alternative possibility is to use organic corrosion inhibitors [8-10]. Among all these 

technologies, electrochemical deposition is a highly effective method due to cost savings, energy 

saving, no need to use toxic reagents, and the thickness, structures, particle sizes and shapes of the 

deposited film that can be controlled by simply changing experimental conditions such as 

electroplating bath composition, temperature, concentration, deposition time, pH of solution as well as 

the applied voltage or current.  

In particular, the electroplating of zinc-metal alloy on the steel surface has great benefits 

against corrosion problems [11-15].  Although the fabrication of zinc alloys with other metals, 

especially transition metals such as Ni, Cu, Fe, Mn, and Co can reduce the rate of dissolution of steel, 

but the corrosion stability and durability of these binary alloys is still insufficient to complete its 

protection. Recently, the incorporation of a third metal into the protective film to form triple alloys 

such as Zn-Ni-Co, Zn-Co-Fe, Zn-Ni-Mn and Zn-Fe-Co has significantly enhanced steel corrosion 

resistance [17-22]. It is well known that Zn-M alloys obey the abnormal codeposition type, preferring 

zinc deposition first because it is a less noble metal compared to other noble metals associated with the 

fabrication of alloys such as Cu, Ni, Co and Fe which may give them a unique characteristic, and 

therefore their alloys have attracted great interest recently.  

Deposition potential is one of the most important variables in the electrochemical deposition 

process, which is directly related to economic efficiency, film properties as well as the chemical 

structure, composition, corrosion performance and alloy quality [23, 24]. From this standpoint, the 

present work aims to study the effect of setting the working electrode (steel substrate) at different 

constant deposition voltages in sulfate bath containing Zn2+, Fe2+ and Co2+ species at room 

temperature. Based on the results obtained, the optimum range of deposition potentials that provide the 

best corrosion resistance for this type of alloy will be discussed on the steel substrate as well as 

electrodeposition mechanisms. 

 

 

 

2. EXPERIMENTAL 

All electrochemical experiments were conducted in a 100.0 cm3 electrochemical cell with a 3-

electrodes set up. The working electrode (cathode) consists of a steel rod (type 9021I, 99.98% Fe) that 

has been mechanically machined and mounted in Teflon. Thus, only an area of 0.196 cm2 cross-section 

is exposed to the experiment solution. This type has been used for potentiostatic current-time 

measurements, cyclic voltammetry (CV), anodic linear sweep voltammetry and anodic linear 

polarization experiments. Whereas, a 304 stainless-steel sheet (0.08% C, 17.5–20 % Cr, 8–11% Ni, 2% 

Mn, 1% Si, 0.045% P, 0.03% S, and balance Fe) has dimensions of 1.0 cm x 1.0 cm x 0.05 cm was 

used as a second type of working electrode for chemical analysis experiments of electrodeposited thin 

coatings, i.e. to determine the contents of Zn, Co and Fe. A platinum-rod (6.0 cm2) was used as an 

auxiliary electrode, and saturated calomel electrode (SCE) as a reference electrode. 
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All experiments have been carried out in duplicate and at 25oC and showed good 

reproducibility. For a standard bath deposition, a series of electrodeposition experiments on stainless 

steel sheets, at different duration were carried out and the relative standard deviation (RSD%) was 

found to be 2.5%, 4.3% and 3.2% for the Zn, Fe and Co contents in the deposit, respectively.  

EG&G potentiostat\galvanostat (model 237A) controlled by a computer (using corrosion 

program 352) was used to perform all the experiments. Analar chemicals were used, without further 

refinement, to prepare all solutions using double distilled water. The electroplating sulfate bath, which 

is used for the preparation of Zn-Fe-Co thin Coatings on steel and stainless steel substrates, has a 

chemical composition: 0.20 M FeSO4, 0.20 M CoSO4, 0.20 M ZnSO4, 0.20 M Na2SO4, 0.01 M H2SO4 

and 0.20 M H3BO3 [15]. The pH of the solution was adjusted by adding few drops of dilute sulfuric 

acid until a pH of 2.5 was obtained [10]. To study the corrosion resistance of the electrically deposited 

Zn-Fe-Co layer on the steel surface, anodized linear polarization method (ALP), also called Tafel plot, 

was applied in  0.05 M HCl as a corrosive medium. The steel coated was washed with distilled water 

and then transferred to an electrochemical cell containing 100 cm3 of 0.05 M HCl, accordingly. The 

corresponding electrochemical corrosion potential (Ecorr) is therefore obtained for each thin coating 

(see Table 1).  

 

Table 1. Electrochemical corrosion and chemical analysis parameters for Zn-Fe-Co thin coatings 

electrochemically coated on a steel substrate at room temperature using various deposition 

voltages. 

 

Parameters Deposition potential (V) 

-1.0 -1.1 -1.2 -1.25 -1.3 -1.4 

Zn mass (10-5 g) 10 84 136 199 294 448 

Co  mass (10-5 g) 12 10 11.4 15 22 28 

Fe  mass (10-5 g) 10 19.8 23.6 24.4 35.8 42 

Thin coating total mass 

(10-5g) 

32 114 171 239 352 518 

% Zn content 31.3 73.8 79.5 83. 5 83.6 86.5 

% Co  content 37.5 8.8 6.7 6.3 6.25 5.4 

% Fe content   31.3 17.4 13.8 10.2 10.17 8.1 

% EZn 24.6 59 44.6 28.4 27.1 21.3 

% ECo 32.8 7.8 4.2 2.4 2.3 1.5 

% EFe 28.8 16.3 9.4 4.1 3.9 2.3 

% EZn-Fe-Co 86 83.1 58.2 34.9 33.2 25.1 

Thin coating thickness 

(µm) 

0.20 0.78 1.17 1.64 2.4 3.56 

Ecorr (mV) -447 -727 -996 -977 -973 -953 

Rp (kΩ) 2.8 2.1 1.1 1.16 1.21 1.32 

 

Furthermore, anodic linear stripping voltammetry (LSVs) was used to determine the phase 

structure of the electrochemically deposited Zn-Fe-Co thin coatings on steel surfaces at different 
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deposition potentials. The stripping voltammogram experiments were recorded in a solution containing 

0.5 M Na2SO4 and 0.05 M EDTA. Using a slow sweep rate of 5 mV s-1, a wide-range of anodic 

voltage from -1.2 to +0.4 V was applied (all vs. SCE) at room temperature. In order to obtain more 

information about the kinetics of electrochemical deposition/dissolution process, cyclic voltammetry 

(CV) was performed in a sulfate electroplating bath containing pure Zn2+, pure Co2+, pure Fe2+ and a 

combination of the three ions. CVs were performed in a potential window from + 0.4 to -1.3 V (vs. 

SCE) with a scan rate of 5 mV s-1 at room temperature. 

Atomic Absorption Spectroscopy (AAS, Variian spectr AA 55) and Energy Dispersive X-ray 

Spectrometer (EDX, Isis® link software and X-ray detector 6587 model, Oxford, England) were used 

to analyze the electrochemically coated Zn-Fe-Co film on stainless-steel substrates, i.e. to determine 

the contents of Zn, Co and Fe. Therefore, for the analysis of AAS, the film was first washed with 

double distilled water, then left to dissolve in a beaker containing 50 cm3 of HCl (20%). After 

confirming that it was completely dissolved, its contents were diluted with double distilled water in a 

100 cm3 volumetric flask. Thus, the total deposit mass, Zn %, Co %, Fe %, and current efficiencies and 

thickness of thin coatings were calculated [25]. A blank experiment was also performed as a 

preliminary step using a pure stainless steel substrate (i.e. without Zn-Fe-Co thin coating) immersed in 

a 20 % HCl solution. AAS analysis confirmed that there was no contribution of stainless steel to the 

content of Fe (Fe %). Scanning Electron Microscope (SEM, equipped with EDX, model JSM-5500 LV 

(JEOL, Japan) was used to inspect the surface morphology of coated thin coatings. The crystalline 

constituents as well as particle size of the coatings were analyzed by XRD model Bruker Axs-D8 

Advance with Cu Ka radiation (k= 1.5406 A˚ and 40 mA). 

 

 

 

3. RESULTS AND DISCUSSION 
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Figure 1. (a) Potentiostatic (i-t) curves obtained for a steel substrate immersed for 10 min at 25 oC in a 

standard sulfate electroplating bath (pH= 2.5) containing Zn2+, Co2+ and Fe2+ species using 

different deposition potentials. (b) Relationship between changes in applied deposition 

potentials and their corresponding measured current densities (the data points were taken from 

Fig. 1a) 

 

Figure 1a illustrates the potentiostatic current-time dependence recorded during the 

electrodeposition of the Zn-Fe-Co thin coating on the steel surface for 10 minutes with the change of 

deposition voltage (-0.6 to -1.4 V) and at 25oC. Interestingly, a sharp increase in current density 

occurred in only the first few seconds (≈ 15 s) of deposition followed by a decrease. The initial 

increase of the current density is ascribed to the nucleation process, while the decrease is due to the 

diffusion process [26]. Thereafter, with the continued application of fixed voltage, a constant value of 

current density (i.e. steady state) was obtained in reference to the end of deposition.  From this figure 

we can also observe that the increase in the deposition potential to more negative values leads to the 

flow of current density towards to more negative values, suggesting an increase in the deposition rate 

of Zn, Co and Fe.  The initial nucleation growth step was observed in all deposition voltages to be 

examined except the -0.6 V. Surprisingly, although the initial steps of nuclei growth occurred during 

the first 15 seconds of applying voltages in the range from -1.1 to -1.4 V, current density fluctuations 

were measured. This is mainly attributed to the increase of the amount of Zn% in the deposit (see 

Table 1). Also, a wide gap in current density value was observed between the deposition potential at -

1.3 and -1.4 V. This is due to an increase in hydrogen evolution reaction (HER) at -1.4  V as well as an 

increase in the deposition rate of all components (Zn, Co and Fe) [12]. Figure 1b displays the 

dependence of the current density (CD) increase on the applied potential. The CD first increases 

roughly slightly with the voltage before increasing sharply at -1.1 V. These results indicated that a 
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regular co-deposition of Zn-Fe-Co alloy (part A), i.e. cobalt and iron deposited preferentially 

compared to zinc, at potential < -1.1 V and abnormal co-deposition of Zn-Fe-Co (part B), i.e. 

preferential deposition of less noble metal zinc, at value > -1.1 V obtained [27].  
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Figure 2. Effect of variation in applied deposition voltage on  the composition of Zn-Fe-Co thin 

coatings. 
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Figure 3. LSVs voltammograms obtained for Zn-Fe-Co thin coatings immersed in a mixture of 0.5 M 

Na2SO4 and 0.05 M EDTA using a sweep rate of 5 mV s-1 at 25 °C. Thin coatings were 

prepared on the surfaces of steel bars through the electrochemical deposition process as shown 

in Figure 1 by applying: (a) different deposition potentials, and (b) - 1.1 volts. 

 

Noteworthy, at deposition voltages less than -1.1 volts, low overpotentials are needed to create 

the initial nucleus step for deposition of Co and Fe resulting in increased in their amounts, contents and 

current efficiencies of in deposits (see Table 1). In contrast, the favorable deposition of Zn requires 

higher nuclei over potentials, i.e. higher deposition voltages than -1.1 V, which increases the amount, 

content and current efficiency of zinc compared to the other two elements. The compositions of the 

electrochemically deposited Zn-Fe-Co coatings are displayed in Figure 2. 

Figure 3 displays LSVs (anodic linear sweep voltammograms) measurements recorded during 

dissolution of the electrodeposited Zn-Fe-Co/steel thin coatings in a mixture of 0.5 M Na2SO4 and 0.05 

M EDTA solution are presented. The choice of EDTA based on its ability to dissolve all alloy 

components as it is a powerful chelating agent [28,29]. In this way, LSVs (Figure 3a) is used precisely 

to explore the various phase structures of Zn-Fe-Co alloys that were electrochemically deposited on 

steel surfaces at different deposition voltages (-1.1 to -1.4 V). It can be seen that three different 

oxidation peaks (Figure 3b) were detected during dissolution of Zn-Fe-Co deposits and their intensity 

depends on the applied deposition potential. In conjunction with XRD patterns measured after different 

deposition potentials of Zn-Fe-Co alloys on steel plates, one can thoroughly examine the different 

structures of these thin solid thin coatings (see Figure 4). It noticed from this figure that all 

electrodeposited Zn-Fe-Co/steel thin coatings consist of pure zinc at the outer layer, pure Fe and CoFe 

phase formed near to the steel surface. Also, there are no phase’s changes detected as a result of 

variation the deposition voltages. Figure 3b represents the dissolution of Zn-Fe-Co thin coating that 

was initially deposited at -1.1 V which shows three anodic peaks at -883, -680 and -471 mV. They 

correspond to the dissolution of Zn from the pure zinc phase, dissolution of Fe from pure iron and 
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FeCo phase, and the third anodic dissolution peak comes from the dissolution of Co from FeCo phase, 

respectively.  
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Figure 4. XRD patterns for Zn-Fe-Co alloys electrochemically deposited on steel sheets using 

different deposition potentials: (a) -1.1 V, and (b) -1.3 V. 
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Figure 5. CVs curves recorded during the electrodeposition of pure Zn, pure Co, pure Fe and Zn-Fe-

Co coatings on a steel substrate using sulfate bath with 0.01 M H2SO4 , 0.20 M Na2SO4, 0.20 M 

H3BO3 and 0.20 M ZnSO4 for pure Zn, 0.20 M CoSO4 for pure Co, 0.2 M FeSO4 for pure Fe or 

mix of 0.20 M ZnSO4 + 0.20 M CoSO4 + 0.20 M FeSO4 for Zn-Fe-Co coatings with a scan rate 

of 5 mV s-1 at 25 °C. 

 

Interestingly, on one hand the observed oxidation in peak dissolution height resulting from 

deposition at -1.1 V confirms the small amount of Zn, Co and Fe (see Table 1). On the other hand, 

there is a marked increase in the peak dissolution height when the deposition voltages increases (i.e. > 

-1.1 V) indicating an increase in the quantities of alloy components. Surprisingly, the current density 

did not reach a zero value at higher deposition potentials (from -1.2 to -1.4 V) indicating the 

incomplete stripping of the deposited thin coatings due to the significant increase in film thickness (see 

Table 1). Furthermore, peak distortions and fluctuations in the current values were observed with 

increase in deposition potential, which can be attributed to the increase of HER reaction during Zn-Fe-

Co deposition resulting distortion of the deposited film (Figure 3a). In addition, the anodic peaks shift 

to a more positive direction, because of the increase in the amount of the nobler components of the 

alloy (i.e., Co and Fe) with increasing the deposition potential giving rise to more improvement of the 

corrosion resistance of the deposit.  

Figure 5 shows a comparison between the CVs obtained during the deposition/dissolution of 

pure Zn, pure Fe, pure Co and Zn- Fe-Co coatings on the steel rod electrode. In the cathodic sweep, a 

reduction peak was observed during the electrochemical deposition of pure Co and pure Fe at 

potentials -870 and -970 mV; respectively, while, this peak was not seen the case of for pure Zn and 

Zn- Fe-Co coatings due to the interference between the deposition potential of zinc and its alloys with 
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HER reaction [21]. In the anodic scan, an  anodic peak was observed at -850, -380 and -113 mV for 

dissolution of pure Zn, pure Fe, pure Co; respectively, while anodic dissolution of Zn-Fe-Co coating 

shows three oxidation peaks (A1-3) at -936, -634 and -502 mV and also a small  shoulder at -844  mV. 

The first peak (A1) and the shoulder (S1) arise from the preferential dissolution of Zn from the pure Zn 

phase. The second peak (A2) resulting from the anodic dissolution of Fe from pure Fe and Fe from the 

FeCo structure formed near to the steel surface, while the third peak (A3) corresponds to the 

dissolution of Co from the FeCo phase. The height of A2 and A3 peaks is much smaller than A1, 

which can be expected because the contents of Fe and Co in Zn-Fe-Co coating alloys were very low 

under these conditions (≈ 6 wt %). Also, obviously the anodic peaks that correspond to the dissolution 

of Fe and Co in the Zn-Fe-Co coating strongly turned into more negative potentials of about -250, -400 

mV; respectively, compared to the anodic peaks in the case of pure Fe coating and pure Co coating as 

a result of formation of the FeCo phase.  
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Figure 6. log i- E curves for Zn-Fe-Co thin coatings in a 0.05 M HCl solution at a scan rate of 25 mV 

s-1 and at 25 °C. Thin coatings were prepared on the surfaces of steel bars through the 

electrochemical deposition process by applying various static deposition voltages versus SCE 

as shown in Figure 1. 

 

Tafel plots (log i-E curves) are used to study the corrosion resistance of the electrically 

deposited Zn-Fe-Co thin coatings on steel bars using different deposition voltages by stripping them 

anodicaly in a 0.05 M HCl solution at room temperature (see Figure 6). This can be achieved by 

determining the corrosion potential values (Ecorr) for Zn-Fe-Co thin coatings prepared at different 

deposition voltages. The corrosion potential values of Zn-Fe-Co thin coatings are summarized also in 
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Table 1. It is clear from this figure that the corrosion potential values for thin coatings deposited at low 

deposition potentials of – 0.6 and -1.0 V, lie in the most positive direction at - 432.8 mV and - 447 

mV, respectively, suggesting high corrosion resistance of these thin coatings due to high contents of 

noble metals (%Fe and %Co) in the deposit, i.e. normal co-deposition. Whereas, a remarkable shift in 

the corrosion potential value to a more negative direction (-996 mV) for Zn-Fe-Co thin coatings 

deposited at higher deposition voltages of -1.2 V, indicating switch from normal to abnormal co-

deposition.  Indeed, with abnormal codeposition the amount of zinc contents increases sharply, thus the 

polarization resistance decreases from 2.8 to 1.1 kΩ. The results also showed that the Zn-Fe-Co triple 

alloy coating which has a high cobalt ratio of up to 37% has superior corrosion resistance compared to 

a layer of pure Zn coating or from a triple alloy of Zn-Fe-Co containing a value less than 6% of cobalt 

as shown in Table 1.The results obtained here are fully consistent with previous work [18,30]. 

The question is what is the effect of applying very high deposition voltages (i.e. > -1.2 volts) on 

the polarization resistance of the Zn-Fe-Co composite thin coatings? One might expect a shift the Ecorr 

of Zn-Fe-Co thin coatings deposited in very high deposition potentials to more negative and thus 

reduce the corresponding Rp values. The answer to this question was surprising as the corrosion 

potential values of the formed thin coatings at extremely high deposition voltages of -1.3 and -1.4 volts 

were again turned into less negative values of -975 and -952; respectively, indicating further 

polarization resistance and this is due to the significant increase in film thickness (≈ 3.5 µm) as shown 

in Figure 6. Obviously, the polarization resistance of the Zn-Fe-Co thin coating depends not only on 

the amount of Co, Fe, or Zn in the film but also on the thickness of the film itself.  

As we know, Zn deposition is preferably at high deposition voltage of -1.1 V (abnormal co-

deposition) which of course leads to a sharp increase in its quantities and contents in electroplated Zn-

Fe-Co thin coatings as well as an increase in film thickness (see Table 1). Accordingly, one would 

expect the polarization resistance of the thin coatings deposited using a very high deposition voltage 

(i.e. - 1.4 V) to be extremely high, as they have the highest thickness (3.56 µm), but because the 

dissolution of zinc from the deposits is also preferred than Co and Fe ((Eq. 1). Whereas, zinc content 

represents the highest percentage of alloys under these conditions (more than 80%). In this sense, a 

slight increase in polarization resistance was achieved from 1.1 to 1.32 kΩ with a significant increase 

in the deposition voltage from -1.2 to -1.4 volts, respectively. Therefore, when Zn-Fe-Co erodes, Zn 

begins to preferably dissolve first (anodic reaction) due to its high negative corrosion potential (Eq. 1). 

At the same time, the reduction of dissolved oxygen at the cathode occurs (Eq.  2). In this way, OH− 

and Zn2+ ions are released while the film is corroding, which increases the local pH. Eventually, the 

dissolved Zn2+ reacts with OH− species forming Zn(OH)2(s) which acts as a passive film on the surface 

of the eroded electrode as shown in Eq. 3 [23, 31]:  

                                     Zn(s) → Zn2+(aq) + 2e−                                               (1) 

                                     O2(g) + 2H2O(l) + 4e− →  4OH−(aq)                          (2) 

                                    Zn2+(aq) + 2OH−(aq)  →  Zn(OH)2(s)                         (3) 

The effect of deposition potential on the microstructures of two Zn-Fe-Co alloys was examined 

by SEM as shown in Figure 7. The thin coatings were electrochemically deposited on steel plates by 

deposition voltages of -1.1 and -1.4 V for 10 minutes at 25oC from the sulfate bath. A uniform, 

smooth, finer grain size and highly homogeneous film obtained at -1.1 V (Figure 7a), in contrast to 
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rough, non-uniform and inhomogeneous structure of the Zn-Fe-Co thin coating deposited at very high 

deposition potential of -1.4 V (Figure 7b). This is mainly due to an increase in the zinc content in the 

coating as well as the HER reaction, and therefore the film is distorted. In fact, the hydrogen evolution 

reaction has a strong impact on the nucleation process, the physical and structural properties of zinc 

coatings and this is due to the high reduction current required in the cathodic sweep process that makes 

it difficult to control the important properties of the formed film such as grain size, uniformity, 

adhesion, etc [32, 33]. 

 

 

 

(b)(a) (b)(a)

 
 

Figure 7. SEM micrographs for Zn-Fe-Co thin coatings electrochemically deposited on steel sheets for 

10 min at 25 °C using different deposition potentials: (a) -1.1 V, and (b) -1.4 V. 

 

Returning to the XRD patterns shown in Figure 4, the average particle size of Zn–Fe-Co thin 

coatings can be estimated using Debye-Scherrer equation [34]:  

                                                        D = 0.9 λ / β cos θ 

where λ, β, θ, and D refer to the X-ray wave length (0.1541 nm), full width at half maximum 

(FWHM), and diffraction angle and particle size; respectively. The grain size was calculated around 

the most intense peak. The estimated grain size of electrically deposited Zn-Fe-Co thin coatings on 

steel plates with a deposition voltage of -1.1 and -1.4 V for 10 minutes at room temperature from the 

sulfate bath was 68.8 and 170 nm, respectively. This finding confirms that the particle size in Zn-Fe-

Co thin coatings has increased by increasing the deposition potential. 

Inspection of the data summarized in Table 1, one can notice that the current efficiency (%E) of 

Zn, Fe and Co and Zn-Fe-Co alloy depends strongly on the applied fixed deposition potential. In fact, 

Zn2+ has deposition potential more negative compared to the potential for hydrogen evolution reaction, 

thus H2 evolution is always in a competition with the alloy deposition process. Thus, the %E of the Zn-

Fe-Co alloys will be always less than 100%. The results indicated that the current efficiency of Zn, Co 

and Fe and Zn-Fe-Co thin coatings decreased with shifting the deposition potential to more cathodic 

values. Due to the normal co-deposition (part A in Figure 1b) at low cathodic potentials (more 

positive), the current efficiency of zinc deposited in the deposition potential < -1.0 V is lower than that 

at > -1.1 V.  
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4. MECHANISM 

According to previous studies conducted during the electrochemical deposition of Zn-Ni-Co 

alloys on a steel substrate, it has been suggested that the anomalous co-deposition trend observed at 

higher deposition potentials is due to the formation of zinc hydroxide layer on the steel surface due to 

increase of HER reaction that suppressed the discharge of most noble metals, e.g. Ni2+ and Co2+species 

[35]. By following this mechanism in a coating bath containing a mixture of zinc, iron, and cobalt 

species, zinc hydroxide will be deposited first, making a structure rich in Zn than Co and Fe. This is 

due to the lower solubility product constant (Ksp) of Zn(OH)2 (1.2×10–17), which induces its 

precipitation first compared to Co(OH)2 and Fe(OH)3 which have higher solubility product constants of 

1.6×10–15, 8.0×10–16;  respectively. By examining the data shown in Table 1 and Fig. 2, it is clear that 

zinc is the most deposited species, indicating that the results that we obtained from this work are more 

consistent with this theory. Interestingly, one can also clearly observe that the deposition of cobalt and 

iron is preferred than zinc at low voltages and vice versa occurred with increased the deposition 

potentials. The findings indicate that, initially, deposition of Fe2+and Co2+ ions, or their monovalent 

cations intermediates, occurs on the working electrode surface, followed by deposition of Zn2+ ions, or 

its monovalent cation intermediate, on newly deposited CoFe/steel surface, which inhibits the 

subsequent deposition of Fe and Co, although it does not completely block them. The degree of 

inhibition depends on the value of the applied voltage since they are directly related to each other.   

 

Zn2+ Fe2+ Co2+

Substrate
Applying

negative voltage

> -1 V

< -1 V
Substrate

Substrate

regular co-deposition 

anomalous co-deposition 

Initial step

Zn2+ Fe2+ Co2+

Substrate
Applying

negative voltage

> -1 V

< -1 V
Substrate

Substrate

regular co-deposition 

anomalous co-deposition 

Initial step

 
Figure 8. Schematic diagram of the proposed co-deposition mechanism. 

 

Figure 8 illustrates a schematic diagram of the proposed mechanism. Accordingly, the shift in 

the corrosion potential of coatings deposited using very high deposition voltages (-1.2 to -1.4 V) to 

more positive values as well as increasing their corrosion resistance can be associated with two 

important factors: the first is the significant increase in thickness of these alloys (≈ 3.5 µm), and the 

second is due to selective dissolution of zinc from the deposited thin coatings, leaving behind coatings  

that are rich in iron and cobalt on the steel surface, and this process is known as dezincification 
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[30,36,37]. Subsequently, the dissolved Zn2+ interacts with OH− species forming non soluble zinc 

hydroxide film that passivate the electrode surface. 

 

 

 

5. CONCLUSIONS 

In this work, the influence of deposition potential on the properties of Zn-Fe-Co alloy coatings 

has been studied. The results indicated that the change of reduction potentials to more negative values 

(from -0.6 to -1.0 V) followed by a slight increase in current density indicating the occurrence of 

regular codeposition process under this conditions. A sharp increase in current density occurred after 

the coating voltage increased to -1.0 volts, indicating that anomalous co deposition approached. 

Increased deposition voltages led to a remarkable increase in zinc amounts and contents, contrariwise  a 

decrease in quantities and contents of Co and Fe in the deposits. Coatings with a high content of cobalt 

up to 37% exhibit superior corrosion resistance. When Zn-Fe-Co is eroded, Zn first begins to dissolve 

preferably. XRD patterns confirmed that the alloy consist of three different phases. Finally, an 

adsorption inhibition mechanism has been proposed to explain the observed results. 
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