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Abstract: The works reported in this paper deal with the effects of the electrodeposition potential on the morphology, the 

nucleation, and the crystallographic features of the nickel electrodeposited from a Watts-type bath. For this purpose, coatings 

electrodeposited at five different deposition potentials from –0.60 V/Ag/AgCl to –0.80 V/Ag/AgCl were investigated. The 

morphology of the coatings was studied using scanning electron microscopy, and the current transients were compared to the 2D 

and 3D theoretical models of nucleation and growth. Then, the diffractograms were plotted as a function of the deposition 

potential. The results showed that the coatings are uniform when deposited at –0.60 V/Ag/AgCl. The nucleation and growth of 

coatings all follow the instantaneous models in the potential window of study but switch from 2D to 3D at –0.65 V/Ag/AgCl. 

These different features of the coatings have been attributed to the hydrogen evolution reaction which represents up to 10 % of 

the total current at –0.80 V/Ag/AgCl. Besides, the calculation of the texture coefficient extracted from the X-ray diffraction data 

has indicated the plane (220) as the preferred crystal orientation. Also, the observation of the shifts of the peaks has demonstrated 

the presence of uniform stress in the electrocoatings deposited from –0.60 V/Ag/AgCl to –0.75V/Ag/AgCl. Above, tensile stress 

appears. 
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1. Introduction 

Nickel electroplating is a directed reduction of its metal ions 

dissolved via an electrolyte onto a cathodically polarized 

substrate [1]. Nickel electrodeposition consists of the reduction of 

nickel ions onto a solid substrate submitted to an overpotential 

via an electrolyte. This cheap, easy-to-handle technique is 

generally used to improve corrosion [2], oxidation, mechanical, 

and optical properties of devices through their surfaces coated. 

Although nickel electrodeposition was practiced decades ago, 

this technique continues to be used and investigated either for its 

improvement or its comprehension. Nickel electrodeposition 

occurs at relatively high overpotential potential i.e. superior to 

-0.5 V/Ag/AgCl [3] whatever the bath types employed. In fact, 

among the different baths, the sulfamate bath and the WATTS 

have gained more attention. Nickel deposits made from sulfonate 

baths have low mechanical stresses [4], columnar structure [5] 

and do not recrystallize even after annealing at 300°C for one 

hour [6]. Moharana et al. [7] showed by atomic force microscopy 

that sulfamate baths produce rougher nickel coatings than those 

obtained from the WATTS bath [8]. Concerning the WATTS 

bath, which is a combination of nickel sulfate, and nickel chloride 

in a medium buffered with boric acid, the presence of Cl
−
 ions 

increases the activity of nickel ions by participating in the nickel 
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ion reduction mechanism [9]. More recently, deep eutectic 

solvents (DES) [10, 11] have also been used to avoid the 

hydrogen evolution reaction (HER) which challenges the 

reduction of nickel in aqueous electrolytes. All the 

electrodeposition conditions employed in deposition impact the 

performances of the nickel coatings. For example, Bonfrisco et al. 

[12] showed that the oxidation rate of nickel grains grown 

according to (111) is the slowest. Then, many works have 

reported the crystal orientation of nickel grains. Almost all of 

them conclude that the preferential orientation of nickel 

electrodeposited is (111) [2, 12, 13]. However, the results of 

Nzoghe-Mendome indicates that the crystal preferred orientation 

could be due to the substrate [14]. Then, onto cupper, the nickel 

coating is textured as (220). Likewise, concerning the nucleation 

and growth, nickel coatings performed by electrodeposition 

follows generally the instantaneous model proposed by Sharifker 

and Hill [15, 16] Yet, on vitreous carbon [18], and quartz crystal 

[17], the mechanism of nucleation and growth is observed to 

follow progressive model. Thus, the properties of nickel 

electrodeposited coating are not unequivocal but strongly depend 

on the process parameters. Thus, the effect of only one parameter 

on several properties of nickel electrodeposited coating may be 

more comprehensive. In the present work, the combined effect of 

the deposition potential on the nucleation and growth as well as 

the crystal orientation is reported. 

2. Materials and Methods 

2.1. Materials and Chemicals 

All chemicals were used without further purification. 

Deionized water produced by a Milli Q plus 185 model from 

Millipore (Zug, Switzerland) has been employed to prepare all 

the solutions. Coatings were deposited with a three-electrode 

system where a carbon steel substrate assuming 8.32 ± 0.7 cm
2
; 

and the Ag/AgCl electrode was the working and the reference 

electrodes respectively. A double sacrificial nickel (Alfa 

Aesar) anode was used to compensate for the nickel ions in the 

plating bath. The nickel anodes were disposed of one at each 

side of the plate steel to ensure a homogeneous electric field 

and thus metal deposition. The pH was adjusted at 3.7 ± 0.1 by 

adding H2SO4 or NaOH 10 mM. The temperature of the 

electrolyte was fixed at 50°C by using a thermostatic bath 

(Pharmacia Biotech). The composition of the Watts-type bath 

of 50 mL, employed to prepare coatings is summarized in 

Table 1. 

Table 1. Nickel Watts bath composition and varied parameters. 

Composition Values 

NiSO4, 6H2O (g/L) 250 

NiCl2, 6H2O (g/L) 90 

H3BO3 (g/L) 30 

SDS (g/L) 0.14 

NiSO4, 6H2O (g/L) 250 

Prior to each experiment, the steel cathodes are cleaned 

with a 0.5 M oxalic acid (CHO2)2 solution at 50 °C during 5 

min. Then, the pieces are polished successively with abrasive 

sandpapers and alumina paste (1 micron). Finally, the 

electrodes were washed with ethanol and deionized water 

under sonication for 1 min and dried by a nitrogen stream 

before each electroplating. 

2.2. Cyclic Voltammetry and Chronoamperometry 

In this work, the AUTOLAB potentiostat/galvanostat (AUT 

71755 ECOCHEMIE) coupled to an acquisition computer 

controlled by the NOVA and GPES software packages was 

used to record Cyclic voltammetry (CV) and 

Chronoamerometry (CA). For all experiments, the electrodes 

were immersed in a 50 mL electrochemical cell and disposed 

of in a way that the two counter electrodes are in a face-to-face 

position with respect to the working electrode. The CVs were 

recorded from the open circuit potential (OCP= – 0.5 V) to –

1.1 V/Ag/AgCl and to 0.1 V/Ag/AgCl at a scan rate of 100 

mV/s. Nickel electrocoatings was performed using 

chronoamperometry for 1 hour. For chosen potentials from –

0.60 V/Ag/AgCl to –0.8V/Ag/AgCl, potentiostatic current 

transients were plotted through the WATTS bath under an 

agitation of 500 rpm. Theses curves are also used for the 

nucleation models determination. 

2.3. Coatings Characterization 

The nickel coatings morphologies and microstructures were 

examined by scanning electron microscopy (SEM, Philips 

XL-30 FEG). The crystal orientations of nickel coatings were 

solved by X-rays diffraction in 2θ scan from 40 to 100°. The 

equipment DISCOVER D8, controlled by DIFFRAC and 

XRD COMMANDER software was used for this purpose. It 

generates a monochromatic beam of Cu Kα radiation 

(λ=0.154056 nm) at a voltage of 40 kV and an intensity of 40 

mA. The crystal sizes in nm, Dcrist have been obtained by using 

the SCHERRER equation [21], Equation (1). 

������ � �.
�
�
��.����                (1) 

With λ the wavelength in nm and fWHM the full width at 

half-maximum of the peak (111) and θ being the diffraction 

angle. 

 

Figure 1. Cyclic voltammogram in the Blank and in Watt bath at XC100 

electrode recorded at 100 mV/s; pH=3.7 and T=50°C. 
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3. Results and Discussion 

3.1. Cyclic Voltammetry 

The voltammetric response in the blank electrolyte and in 

the nickel Watts bath is shown in Figure 1. 

In the blank a reduction plateau relative to proton reduction 

appears for − 0.93 V followed by the reduction of water 

molecule into dihydrogen. The peak beginning around – 0.6 V 

is guessed to be due to a differential airing oxidation since this 

potential does not correspond to any electroactive species. In 

the Watt bath, nickel reduction begins at a high overpotential 

namely – 0.63 V as reported in the literature [22, 23]. Nickel 

reduction does not depict any diffusion plateau because of the 

high electrolyte concentration and to bath agitation. A 

crossover, characteristic of metallic ions electrodepositions 

appears at − 0.72 V [24, 25]. It indicates a nucleation and 

growth process. Besides, the electrocoating dissolution takes 

place around − 0.15 V at the reverse scan. 

The cathodic current relative to hydrogen evolution 

indicated by the blank increases with the potential as depicted 

by Figure 1. The percentage of current density j relative to 

proton reduction in the cathodic process determined during the 

forward scan can be assess by the ratio R, Equation 2. 

� �
���/��

�����/��
� 100              (2) 

Table 2 presents the evolution of R as a function of the 

potential. 

Table 2. Ratio R of hydrogen reduction current. 

E(V) R (%) 

− 0.60 V 5.55 

− 0.70 V 7.90 

− 0.80 V 9.48 

− 0.90 V 19.49 

The proportion of current density relative to hydrogen 

evolution increases up to 20% for −0.90 V. At such potential, 

coatings become powdery [3, 26] and are without 

technological interest. To avoid the impact of hydrogen 

reduction on nickel electrodeposition, the potential window of 

study has been limited to − 0.80 V. At this potential, the 

hydrogen evolution current ratio is equivalent to less than 10% 

namely 9.48%. 

3.2. Compactness as a Function of Potential 

Figure 2 shows the morphology of coatings electroplated at 

different potentials. 

 

Figure 2. SEM micrograph of nickel electrodeposited coatings at different potentials. Working conditions: pH = 3.7, agitation rate = 500 rpm and T=50°C. 

As the potential increases, the grain sizes increase. For 

potentials lower or equal to − 0.70 V, coatings present a 

uniform, smooth but dispersed structure. But, for higher 

potentials, the microstructures exhibit compact coatings with 

pyramidal grains [27]. 

3.3. Nucleation Study as a Function of Potential 

The chronoamperometric current transients presented in 

Figure 3. 
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Figure 3. Potentiostatic transient of nickel electrodeposition operated at 

different potentials with respect of Ag/AgCl reference. Working conditions: 

pH = 3.7; agitation rate = 500 rpm and T=50°C. 

Each transient presents a maximum current before 

decreasing to the limiting current density indicating the that 

the current density is controlled by the diffusion of nickel ions 

as stated by the COTTREL equation [28]. This limiting 

current density increases with the deposition potential Ed 

suggesting an increase in nucleation rate. Nucleation design 

the process of formation of the first cluster of metal from 

liquid phase [20]. For nickel electrodeposition, the nucleation 

mechanisms can be determined by comparing the 

experimental chronoamperometric profiles with the 

theoretical 2D model proposed by Bewick, Fleishmann and 

Thirsk (BFT theory) [29] and to the 3D model of Scharifker 

and Hills [15]. The growth model of the deposits is deduced 

by fitting the non-dimensional curves (i/imax) vs. (t/tmax) and 

(i/imax)
2
 vs. (t/tmax) to the theoretical 2D; Equations 3 and 4 and 

to the theoretical 3D; Equation 5 and 6 nucleation models. 

Then, for 2D nucleation process, vs. is fitted to: 

�� �� !⁄ # � �$ $� !⁄ #%&' () *
+ ��$ $� !⁄ #+ ) 1#,  (3) 

for instantaneous nucleation, and to 

�� �� !⁄ # � �$ $� !⁄ #+%&' () +
- ��$ $� !⁄ #+ ) 1#,  (4) 

for progressive nucleation. 

In case of 3D model, vs. is compared to: 

�� �� !⁄ #+ �  *.
/0+
�� �123⁄ # 41 ) %&'5)1.2564�$ $� !⁄ #:;+  (5) 

for instantaneous nucleation and to 

�� �� !⁄ #+ �  *.++/0
�� �123⁄ # 41 ) %&'5)2.3367�$ $� !⁄ #+:;+  (6) 

for progressive nucleation. 

For each fashion, in the instantaneous nucleation, a limited 

sites on the working surface are rapidly activated for the metal 

growth from early stage of the deposition while in the 

progressive nucleation much more growing centres are 

activated but slowly. 

The non-dimensional curves which are compared to the 

models described aforesaid are plotted in Figure 4. 

 

Figure 4. Comparison of current transients of nickel electrodeposited coatings at different potentials. Working conditions: pH = 3.7; agitation rate = 500 rpm 

and T=50°C. 
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One can clearly distinguish that the crystal growth of 

coatings deducted from non-dimensional current transients 

meets a 2DI fashion only for the lowest potential i.e. –0.60 V 

versus Ag/AgCl. At higher potentials, the 3DI growth is 

followed as reported by Azizi et al. [24]. For all curves, the 

deviation of experimental data from the theoretical ones 

observed from t/tmax 1 is due to the agitation of the plating 

baths but also to the high concentration in nickel ions of the 

baths. In fact, the hydrodynamic of the system continuously 

provides nickel ions in the vicinity of the cathode for electro 

crystallization. The process is not completely diffusion limited 

after the early stages of nucleation. 

3.4. Crystal Orientation 

The crystal plane orientation of the coatings was 

investigated by X-ray diffraction in the 2θ mode. The results 

are shown in Figure 5 below. 

 

Figure 5. Diffractograms showing crystal orientation on XC 100 as a function of deposition potential Ed. 

The coatings, deposited by chronoamperometry at different 

deposition potentials got the same face-centered cubic (FCC) 

structure. The characteristic peaks and 2θ values extracted 

from experimental data listed in Table 3 match perfectly with 

the nickel ICDD 04-0850 card. 

Table 3. Peaks obtained lists with corresponding 2θ. 

No 2θ Peaks 

1 44.5066 (111) 

2 51.8459 (200) 

3 76.3701 (220) 

4 92.9441 (311) 

5 98.4456 (222) 

The coatings obtained are therefore all polycrystalline with 

good crystallinity due to the good definition of the peaks; 

except for the one developed at – 0.60 V regarding the 

baseline. However, preferential orientations emerge 

concerning the potentials as reported [30]. As the deposition 

potential increases, the plane (111) becomes more and more 

intense unlike peaks representing the plane (2 2 0). The latter 

increases with the lower overpotentials (-0.60 V; -0.65 V; 

-0.70 V) and then decreases for the highest (-0.75 V; -0.80 V). 

As for the planes (200) and (311), their intensities increase but 

remain low compared to those of the planes (111) and (220). 

AMBLARD et al. [31] have shown that these planes are only 

the dispersion of (211). Thus, the (111) and (220) planes 

remain the preferred growth planes for the electrolytic 

coatings developed in this work, as for metals with the FCC 

structure [14, 32, 33]. The effect of the potential on the 

orientation of the nickel electrodeposited films is investigated 

using the texture coefficient TC (hkl) given by Equation 7 

[34]. 
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In this equation, I(hkl) represents the experimentally 

measured intensity, I0(hkl) is related to the intensities of peaks 

read on the reference card JCPDS 004-0850 and N is the 

number of diffraction peaks which are 4 i.e. (111), (200), (220) 

and (311). The evolution of TC (hkl) is plotted in Figure 6. 

 

Figure 6. Evolution of the texture coefficients of coatings as a function of the 

deposition potential Ed along (111), (200), (220), and (311) planes. 

The evolution of TC (hkl) allows to confirm that the 

electrodeposited nickel presents a good crystallinity with a 

preferential orientation plane (220) especially at – 0.65 

V/Ag/AgCl where a maximum value is reached. This 

observation seems to be obvious since the nucleation and 

growth of the coating mostly follow the 2D model at lower 

potentials. 

According to Cherrnov [35], surfaces consist of terraces, 

steps, and kinks. In the 3DI nucleation and growth fashion, the 

surface consists of numerous nuclei islands which may 

generate a lot of kinks. These kinks increase the probability 

for new nuclei to establish more bonds which stabilize them 

onto the growing crystal. Thus, although, the surface energy of 

(111) is the lowest for FCC nickel crystal as demonstrated by 

Vitos et al. [36], (220) remains preferential. This observation 

is mainly the result of the surface effect as showed by 

Nzoghe-Mendome et al. [37]. However, the intensity of the 

plane (220) decreases for more negative deposition potentials. 

As indicated previously in Table 3, the reduction rate related 

to proton activity increases with the potential. This proton 

reduction mechanism involves the adsorption of the 

intermediate Hads [7]. Thus, the presence of Hads on the 

cathode surface may block the nucleation and growth sites of 

stacking of (220) plane and favor growth along over directions. 

Beyond this, the growth of (111) is favored due to the 

alkalinization of the cathode/electrolyte interface [38, 39]. In 

fact, for the same deposition time and the same proton 

concentrations, for high deposition potentials, more hydrogen 

ions are involved in reduction reactions so that the proton 

consumption is higher. 

The lattice parameter a and the size of the crystallites 

obtained as a function of the deposition potential were 

calculated and recorded in Table 4. 

Table 4. Cristal parameters. 

Ed (V/Ag/AgCl) a (A0) Crystallites size (A0) 

– 0.60 3.502 399.639 

– 0.65 3.515 301.444 

– 0.70 3.516 368.518 

– 0.75 3.525 397.152 

– 0.80 3.512 497.409 

The lattice parameter a seems to evolve in the same order 

with the potential until –0.75 V. This suggests the expansion 

of the crystal lattice with may generate mechanical stresses. 

This fact is corroborated by the shift in the growth peaks of the 

planes (220) and (111) showed in Figure 7. 

 

Figure 7. Shifting the peaks (220) and (111) and as a function of the eposition potential Ed. 

From –0.60 V to –0.75 V, the peaks move towards the low 

values of 2θ. This reflects the existence of uniform stresses in 

the coating. From –0.75 V, tensile stresses appear with respect 

to the displacement of the peaks towards the large values of 2θ 

[40, 41]. At –0.80 V, the hydrogen evolution reaction (HER) 

lead to smaller crystals. In fact, as the potential increases, the 

coating may become powdery [14]. 

Concerning the size of the crystallites, it decreases from –

0.60 V to –0.65 V and then increases as Ed increases [19]. At –

0.60 V, the reduction of nickel is only just beginning as shown 
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in the cyclic voltammogram of Figure 1. The corresponding 

current related to the hydrogen evolution reaction (HER) is 

low enough to allow the nickel nuclei to grow into a 2D model 

that goes on unhindered. This results in a smooth and uniform 

coating (Figure 2). However, when, the potential increases, for 

–0.65 V, the kinetic of HER increases such that nuclei growth 

is impeded, and the crystallite sizes decrease before increasing 

again as a function of the applied potential. 

4. Conclusions 

In this study, the nucleation and growth models in 

relationship with the crystallography of the nickel coating 

as a function of the electrodeposition potential were 

investigated. SEM images depicted smooth and uniform 

coatings when –0.60 V/Ag/AgCl is applied. Above, this 

potential, pyramidal grains are obtained. The comparison of 

the current transients with the theoretical model has shown 

that nucleation of nickel is instantaneous in every case but 

switches from 2D to 3D for deposition potential higher than 

-0.6 V/Ag/AgCl. The diffractometry of the coating has 

revealed a preferential orientation toward the (220) plane. 

Nevertheless, the texture coefficient related to the (220) 

plane decreases as the potential increases due to the 

hydrogen evolution reaction. Also, the existence of uniform 

stress in the nickel coating electrodeposited from –0.60 V 

to –0.75 V was demonstrated according to peak 

displacement. For higher electrodeposition potentials, 

mechanical stress shifts to tensile stress. 
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