
A R T I G O  O R I G I N A L

https://doi.org/10.18265/2447-9187a2026id9095

R e v .  P r i n c i p i a ,  J o ã o  P e s s o a ,  v .  6 3 ,  e 9 0 9 5 ,  2 0 2 6 .       [   1  ]

Corresponding author.

SUBMITTED  June 11, 2025

APPROVED  November 13, 2025

PUBLISHED ONLINE  January 21, 2026

FINAL FORMATTED VERSION  August 11, 2026

ASSOCIATE EDITOR 
Prof. Dra. Adriana Passarella Gerola

Influence of chloride, sulfate, and 
nitrate ions in modified Watts 
electrolytes on the morphology 
and corrosion resistance of 
nickel electrodeposits

ABSTRACT: Nickel electrodeposits have extensive industrial applications 
due to their resistance, durability, and ability to extend the service life of 
metallic components. In this study, nickel coatings were obtained from 
modified Watts electrolytes predominantly containing chloride (ENC), 
sulfate (ENS), or nitrate (ENN) anions. The operational conditions were 
kept constant: Ni²⁺ concentration of 1.34 mol·L⁻¹, H₃BO₃ concentration 
of 0.73 mol·L⁻¹, temperature of 50 °C, pH 4.0, stirring rate of 100 rpm, 
and electrolysis time of 15 minutes. The influence of these anions on 
coating morphology, thickness, cathodic current efficiency, and corrosion 
resistance was evaluated. Surface morphology was examined by Scanning 
Electron Microscopy (SEM), while electrochemical behavior was assessed 
by Linear Potentiodynamic Polarization (LPP) and Electrochemical 
Impedance Spectroscopy (EIS) in a 3.0% NaCl solution. The results 
indicated that ENC and ENS coatings exhibited greater thickness 
and higher current efficiency than ENN coatings. Morphologically, 
ENS deposits showed predominantly nodular structures, ENC coatings 
exhibited a homogeneous nodular–dendrit ic  morphology,  and 
ENN coatings presented irregular and porous surfaces. Electrochemical 
analyses revealed that ENS coatings displayed more noble corrosion 
behavior (Ecorr = −384.0 mV) and higher corrosion resistance, whereas 
ENN coatings showed inferior performance (Ecorr = −706.0 mV). 
These findings demonstrate that chloride, sulfate, and nitrate anions 
significantly affect the morphological and electrochemical properties of 
nickel electrodeposits.
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modificados na morfologia e resistência à 
corrosão de eletrodepósitos de níquel
RESUMO: Eletrodepósitos de níquel apresentam ampla aplicação industrial devido 
a sua resistência, durabilidade e capacidade de ampliar a vida útil de componentes 
metálicos. Neste estudo, eletrodepósitos de níquel foram obtidos a partir de banhos 
de Watts modificados, contendo predominantemente os ânions cloreto (ENC), 
sulfato (ENS) ou nitrato (ENN), mantendo-se constantes as condições operacionais: 
Ni²⁺ na concentração de 1,34 mol·L⁻¹, H₃BO₃ na concentração de 0,73 mol·L⁻¹, 
temperatura de 50 °C, pH 4,0, taxa de agitação de 100 rpm e tempo de eletrólise de 
15 minutos. Avaliou-se a influência desses ânions na morfologia, na espessura dos 
depósitos, no rendimento de corrente catódica e na resistência à corrosão. As análises 
morfológicas foram realizadas por Microscopia Eletrônica de Varredura (MEV), e os 
ensaios eletroquímicos, por Polarização Linear Potenciodinâmica (PLP) e Espectroscopia 
de Impedância Eletroquímica (EIE), em solução aquosa de NaCl 3,0%. Os resultados 
mostraram que os eletrodepósitos ENC e ENS apresentaram maiores espessuras e 
maior rendimento de corrente em relação aos eletrodepósitos ENN. Morfologicamente, 
os depósitos ENS exibiram estruturas predominantemente nodulares, os 
revestimentos ENC apresentaram morfologia nodular-dendrítica homogênea, e os 
revestimentos ENN apresentaram superfícies irregulares e porosas. Do ponto de 
vista eletroquímico, os revestimentos ENS exibiram comportamento mais nobre 
(Ecorr = −384,0 mV) e maior resistência à corrosão, enquanto os revestimentos ENN 
apresentaram desempenho inferior (Ecorr = −706,0 mV). Conclui-se que os ânions 
cloreto, sulfato e nitrato afetam significativamente as propriedades morfológicas e 
eletroquímicas dos eletrodepósitos de níquel.

Palavras-chave: corrosão; eletrodeposição; eletroquímica; níquel.

1 Introduction

Nickel electrodeposits are widely used in industrial applications due to their high 
hardness, mechanical strength, good ductility, and excellent corrosion resistance 
(Abbasi-Amandi et al., 2021; Dibari, 2000; Ahmad, 2006). Electrodeposition is 
one of the most established methods for obtaining these coatings, as its operational 
parameters directly influence their properties, including purity level, phase 
composition, microstructure, and coating thickness. Among the key variables are 
electrolyte governing the electrodeposition process composition, current density, pH, 
and temperature (Mubshrah et al., 2025; Oliveira et al., 2022; El-Hallag; Elsharkawy; 
Hammad, 2021; Wang et al., 2021; Ahmad, 2006; Karayannis; Patermarakis, 1995).

Traditionally, nickel coatings are produced using Watts-type electrolytes, in 
which the selection of specific nickel salts is justified by the influence that sulfate 
and chloride anions exert both on the electrolyte behavior and on the properties 
of the resulting coatings (Chat-Wilk et al., 2021; Rusu et al., 2012; Dibari, 2000; 
Ahmad, 2006; Karayannis; Patermarakis, 1995).

In the literature, references concerning the influence of anions on the 
electrodeposition process and on the characteristics of nickel electrodeposits are scarce. 
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Therefore, this study aims to evaluate the effect of chloride (Cl⁻), sulfate (SO₄²⁻), 
and nitrate (NO₃⁻) anions in nickel electrolytes on the corrosion resistance of nickel 
coatings, contributing to a deeper understanding of anionic effects in modified 
Watts baths.

This study presents the theoretical foundations of nickel electrodeposition 
and electrochemical techniques applied to corrosion studies in Section 2. 
Section 3 details the experimental methods employed, including Linear 
Potentiodynamic Polarization (LPP), Electrochemical Impedance Spectroscopy (EIS), 
and Scanning Electron Microscopy (SEM), to comparatively assess the corrosion 
resistance of nickel coatings and their respective surface morphologies. The influence 
of Cl⁻, SO₄²⁻, and NO₃⁻ anions in the electrolytes on cathodic current efficiency, 
morphology, and corrosion resistance is presented in Section 4, Results and Discussion.

2 Theoretical foundations

This section contextualizes the general principles of nickel electrodeposition by 
Watts electrolytes and details the specific electrochemical techniques used to analyze 
the corrosion resistance properties of the coatings. The first part addresses the basic 
mechanism of nickel-plating and the role of the Watts bath components. The second part 
focuses on foundational theories for corrosion analysis, establishing the Butler-Volmer 
kinetics and Tafel extrapolation for determining corrosion parameters by LPP, alongside 
the fundamentals of EIS interpreted through Nyquist and Bode plots to evaluate the 
interface resistance.

2.1 Nickel electrodeposition

Nickel electrodeposition is a versatile process that enables the production of 
coatings on various substrates with both decorative and engineering characteristics. 
These electrodeposits are typically bright, polished, and protective, and are 
generally synthesized from solutions that deposit pure nickel (Rudnik, 2024; 
Abbasi-Amandi et al., 2021; Dibari, 2000; Oriňáková et al., 2006).

During nickel-plating, process the anode, composed of metallic nickel, gradually 
dissolves, releasing Ni²⁺ ions into the electrolyte to replenish those consumed during 
deposition on the substrate. This mechanism ensures a stable ion concentration, 
allowing the electrodeposition process to continue efficiently over long durations 
(Dibari, 2000; Oriňáková et al., 2006).

Industrial nickel-plating baths and their operating conditions are typically 
based on the Watts formulation. This electrolyte generally contains nickel 
sulfate (225 to 410 g L⁻¹), nickel chloride (30 to 90 g L⁻¹), and boric acid 
(30 to 45 g L⁻¹), operating at temperatures between 44 ºC and 71 °C, with pH values 
ranging from 3.0 to 4.2 and current densities between 1 and 11 A dm⁻² (Nickel 
Institute, 2022; Dibari, 2000; Ahmad, 2006). Within this system, nickel sulfate acts 
as the main source of Ni²⁺ ions, while nickel chloride serves as a secondary source, 
primarily assisting in anode dissolution and enhancing the electrolyte’s conductivity. 
Boric acid helps stabilize the solution’s pH and contributes to the formation of ductile, 
high-quality deposits (Nickel Institute, 2022; Dibari, 2000; Ahmad, 2006; Dennis; 
Such, 1993).
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2.2 Electrochemical techniques applied to corrosion analysis

Electrochemical methods for corrosion analysis offer high sensitivity and 
enable the real-time determination of corrosion rates, as well as the evaluation 
of coating protection and durability. Among the most widely used techniques 
are Linear Potentiodynamic Polarization (LPP) and Electrochemical Impedance 
Spectroscopy (EIS). While LPP provides valuable kinetic and quantitative information, 
it causes a significant perturbation of the system, which may alter the material 
surface. In contrast, EIS applies only small perturbations, allowing the identification 
of charge transfer, diffusion processes, and the presence of protective films without 
significantly modifying the interface. Consequently, the parameters obtained from 
one technique can be used to support and validate the results of the other, reducing 
uncertainties, preventing misinterpretations, and offering a more comprehensive and 
consistent understanding of the material’s corrosion behavior (Sheetal et al., 2025; 
Romaniv et al., 1989).

Linear Potentiodynamic Polarization is based on the application of a potential 
range around the corrosion potential to describe the behavior of the resulting current 
variation. This behavior is governed by the Butler–Volmer equation, which is expressed 
in Equation 1 (Bard; Faulkner, 2000; Marshall, 2018; Romaniv et al., 1989).

(1)

Where icorr is the corrosion current (A), E is the applied potential (V), Ecorr is the 
corrosion potential (V), αa and αc are the anodic and cathodic charge transfer coefficients, 
respectively, F is the Faraday constant (96,485.33 C mol⁻¹), R is the ideal gas constant 
(8.314 J mol⁻¹ K⁻¹), and T is the temperature (K). Equation 1 is also valid for current 
density responses, j (A cm⁻²).

For small overpotentials (|E – Ecorr| ≤ 30 mV), the exponential terms in Equation 1 
can be linearized, resulting in Equation 2 (Bard; Faulkner, 2000; Roberge, 1999).

(2)

Equation 2 represents the region in which the applied potential and the resulting 
current follow a linear relationship, allowing the graphical estimation of Ecorr and icorr 
values through the extrapolation of Tafel plots. These curves describe the electrode 
behavior under strong polarization, either anodic or cathodic, and are derived from 
Equation 1. Equations 3 and 4 correspond to the anodic and cathodic Tafel expressions, 
respectively (Bard; Faulkner, 2000; Roberge, 1999).

(3)

2447-9187

https://creativecommons.org/licenses/by/4.0/deed.en
https://openaccessbutton.org/
https://portal.issn.org/resource/ISSN/2447-9187


R e v .  P r i n c i p i a ,  J o ã o  P e s s o a ,  v .  6 3 ,  e 9 0 9 5 ,  2 0 2 6 .        [   5  ]

(4)

These equations provide the necessary information to determine the kinetic 
parameter icorr, which is required for calculating the corrosion rate using Equation 5 
(ASTM International, 2015; Jones, 1995).

(5)

Where CR is the corrosion rate (mm year⁻¹), K is a conversion constant, 
3.27 × 10⁻³ (mm g µA⁻¹ cm⁻¹ year⁻¹), EW is the equivalent weight of the metal (equivalent-
gram), and ρ is the metal density (g cm⁻³).

EIS is based on measuring a system’s resistance to the flow of alternating current over 
a given frequency range. This resistance is specifically referred to as impedance, which 
is expressed by Equation 6 (Hallemans et al., 2023; Bard; Faulkner, 2000). 

(6)

Where Z is the impedance (Ω), E denotes the electric potential (V), and I corresponds to 
the current (A). All these variables are functions of ω, which represents the frequency 
of the alternating current. Another mathematical representation of impedance is given 
by Equation 7 (Hallemans et al., 2023; Bard; Faulkner, 2000).

(7)

In this representation, Z’ correspond to the real part of the impedance, or the 
resistance of the circuit, and Z” represents the imaginary part, or the reactance of the 
circuit, representing the opposition to current flow due to the system’s capacitance or 
inductance, and j is the imaginary unit (√−1).

The impedance of an electrochemical system is often represented by the Randles 
equivalent circuit model, as expressed in Equation 8 (Hallemans et al., 2023; Bard; 
Faulkner, 2000).

(8)

Where Rs is the electrolyte resistance (Ω), Rct is the charge transfer resistance (Ω), and Cdl 
is the double-layer capacitance (F). The resistance and capacitance values in Equation 8 
are obtained from Nyquist and Bode plots resulting from the application of the technique.
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The Nyquist plot is a graphical representation of Equation 7, and when associated 
with a Randles circuit, it typically takes the form of a semicircle whose diameter 
corresponds to Rct, indicating the resistance of the electrode/solution interface 
to electron transfer in an electrochemical reaction (Lazanas; Prodromidis, 2025; 
Hallemans et al., 2023; Bard; Faulkner, 2000). 

Bode plots are curves that facilitate the interpretation of the system’s behavior 
across a range of analyzed frequencies. One of these curves relates the phase angle (θ) 
to the logarithm of the frequency, allowing the evaluation of the coating or interfacial 
layer resistance based on the maximum magnitude of θ and the frequency range over 
which this angle remains stable. The greater the layer resistance, the more stable θ 
remains with respect to frequency variation. 

The other curve relates the impedance modulus (|Z|) to the logarithm of the 
frequency and provides information about the electrochemical processes involved, 
such as charge transfer, diffusion, and capacitive behavior. Comparatively, if a coating 
exhibits higher |Z| values than another, it indicates greater resistance to current flow 
(Bard; Faulkner, 2000; Walter, 1986).

3 Experimental procedure

This section details the experimental procedures established to investigate the 
correlation between electrolyte anion composition and the properties of the resulting 
nickel coatings. The methodology has been structured into five stages, i.e., the preparation 
of anion-modified Watts electrolytes; the galvanostatic electrodeposition process onto 
SAE 1020® carbon steel substrates; the determination of deposition efficiency parameters, 
including mass, efficiency and theoretical thickness; the morphological characterization 
of the coatings; and finally, the evaluation of anticorrosion performance through 
electrochemical corrosion tests in 3.0% NaCl environment.

3.1 Preparation of electrolytes

The solutions used in this study were prepared using analytical-grade reagents and 
distilled water. Table 1 shows the chemical composition of the Watts nickel bath used 
as a reference. Table 2 presents the compositions of the modified Watts electrolytes, 
characterized by the predominance of sulfate, chloride, and nitrate ions, respectively, 
prepared in stoichiometric proportions to maintain nickel ion concentrations equivalent 
to those of the reference bath in each case.

Components Concentration / mol L–1

NiSO4
.6H2O 1.14

NiCl2
.6H2O 0.20

H3BO3 0.73

Table 1 • 
Chemical composition 

of the Watts electrolyte 
used as reference.  

Source: Ahmad (2006)
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Electrolytes Components Concentration / mol L–1

1
NiCl2

.6H2O 1.34

H3BO3 0.73

2
NiSO4

.6H2O 1.34

H3BO3 0.73

3
Ni(NO3)2

.6H2O 1.34

H3BO3 0.73

3.2 Electrodeposition

Nickel electrodepositions were performed in a conventional single-compartment 
Pyrex® glass cell with a total volume of 50 mL. The working electrodes were made 
of SAE 1020® carbon steel embedded in polyester resin, with an exposed circular 
geometric area of approximately 1.0 cm². A rectangular nickel plate (99.9% purity), 
with an approximate area of 6.4 cm² was used as the counter electrode.

Prior to the electrodeposition, the working electrodes were mechanically polished 
using silicon carbide papers of progressively finer grit sizes (220, 400, 600, 800, 
and 1,200 mesh), followed by chemical degreasing in a 10% (w/v) NaOH solution and 
activation in a 10% (v/v) HCl solution. After each step, the electrodes were rinsed with 
distilled water.

Electrodeposition was performed in galvanostatic mode using a Metrohm 
Autolab® PGSAT204 potentiostat/galvanostat, with the electrodes positioned 
approximately 2.5 cm apart and applying a current density of 10 A·dm⁻². The process 
was conducted for 15 minutes at 50 °C, pH 4.0, under constant stirring at 100 rpm, using 
a Teflon®-coated magnetic stir bar.

3.3 Deposited masses and cathodic current efficiencies

To measure the deposited masses, an analytical balance model AY220 from 
Shimadzu® with four-digit precision was used. The theoretical mass was calculated based 
on Faraday’s law of electrolysis, as shown in Equation 9.

(9)

Where m is the mass of nickel deposited (g),  is the molar mass of the element (g·mol⁻¹),  
M is the current used (A), n is the number of electrons involved in the reaction, F is 
Faraday’s constant (96,485.33 C·mol⁻¹), and  is the electrolysis time (s).

The cathodic current efficiency (R(%)) was calculated using Equation 10.

(10)

Table 2• 
Compositions of electrolytes 

with predominance of 
chloride (1), sulfate (2), and 

nitrate (3) ions.  
Source: research data
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Where R(%) is the process efficiency (%), md is the deposited mass (g), and mt is the 
theoretical mass previously calculated (g).

The coating thicknesses were calculated using Equation 11, as described 
by Dibari (2000).

(11)

Where ED is the thickness of the nickel deposit (cm), ρ is the density of nickel (g cm⁻³), 
and A is the surface area of the electrode (cm²).

3.4 Scanning electron microscopy (SEM)

Surface images of the coatings were taken using Scanning Electron Microscopy (SEM) 
with a Tescan VEGA 3 microscope operated at an accelerating voltage 10 kV, with 
magnifications of 1000x and 5000x.

3.5 Electrochemical corrosion tests

Electrochemical corrosion tests were conducted in an aqueous 3.0% NaCl solution 
using a three-electrode electrochemical cell. The setup consisted of an Ag/AgCl reference 
electrode, a platinum counter electrode, and a working electrode consisting of SAE 1020® 
steel coated with nickel. 

Corrosion resistance was evaluated using linear polarization (LP) within a scanning 
range of ±300 mV with respect to the open-circuit potential (OCP), and electrochemical 
impedance spectroscopy (EIS) at OCP. Measurements were performed at room 
temperature over a frequency range from 10,000 Hz to 6 mHz. A 10-minute immersion 
period was applied prior to each measurement to ensure system stabilization. A Metrohm 
Autolab® PGSTAT204 potentiostat/galvanostat was used to determine the corrosion 
parameters: corrosion rate (CR), corrosion potential (Ecorr), corrosion current per unit 
of surface area or corrosion current density (jcorr), and charge transfer resistance (Rct) of 
the coatings.

4 Results and discussion

The present study on the effects of different anions on the anticorrosion properties of 
electrodeposits of Ni has been divided into three sections, i.e., the deposition efficiency 
evaluation, which encompasses electrodeposited mass, coating thickness, and cathodic 
current efficiency; the morphological analysis to evaluate surface topography; and the 
electrochemical tests to assess kinetic and thermodynamic parameters to determine Ecorr, 
jcorr, CR and Rct, complemented by Bode plots.
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4.1 Electrodeposited mass, coating thickness, and cathodic 
current efficiency

Table 3 presents the experimental data for the electrodeposited mass, coating 
thickness, and cathodic current efficiency of the electrodeposits. In this table, the 
electrodeposits obtained from electrolytes 1, 2, and 3 (Table 2) are identified as ENC, 
ENS, and ENN, respectively.

Electrodeposits mt / mg md / mg Thicknesses / µm Efficiencies / %

ENC 31.5 30.7 30.0 97.52

ENS 31.5 29.4 29.0 93.39

ENN 31.5 9.3 9.0 29.54

The data in Table 3 show that ENS and ENC exhibited cathodic current efficiencies 
characteristic of nickel electrodeposits obtained from Watts-type solutions, which 
generally yield values above 95% (Fukunaga; Ueda, 2024; Wojciechowski et al., 2017; 
Rudnik, 2014; Ren et al., 2012; Rusu et al., 2012; Taylor, 2001). In Comparison, 
the ENN samples showed lower cathodic current efficiency, probably because of 
the formation of intermediate species like NiOH⁺. These species can move into the 
solution, taking Ni²⁺ ions with them and making it harder for the nickel to deposit on the 
surface (Navarro-Aguilar et al., 2020; Muñoz; Salinas, 2003; Jayashree; Kamath, 2001; 
Streinz et al., 1995). 

Furthermore, the coating thickness values shown in Table 3 are consistent with the 
corresponding cathodic current efficiencies and in agreement with data reported in the 
literature (Rusu et al., 2012). These results suggest that the nature of the anions present 
in the electrolyte exerts a significant influence on the nickel electrodeposition process.

4.2 Morphological analysis

All electrodeposits were adherent, uniform, and free from macroscopically detectable 
defects or discontinuities. However, the ENN samples exhibited a matte and darker 
surface appearance compared to the others. Figure 1 (next page) illustrates the surface 
morphologies of electrodeposits.

Table 3• 
Experimental data of 

electrodeposited masses, 
thicknesses, and cathodic 

current efficiencies of 
the electrodeposits.  

Source: research data
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(a) (b)

(c) (d)

(e) (f)

The micrographs shown in Figures 1a and 1b indicate that the ENC samples have 
a uniformly distributed nodular and dendritic surface morphology, typical of nickel 
electrodeposits. The presence of distinct morphologies suggests competitive growth 
of metal nuclei, even under conditions of uniform and controlled electrodeposition 
(Chat-Wilk et al., 2021; Karayannis; Patermarakis, 1995). This outcome is likely related 

Figure 1 • 
Morphological analysis 

obtained by Scanning 
electron microscopy 

images: (a) ENC, 
1000× magnification, 

(b) ENC, 
5000× magnification, 

(c) ENS, 
1000× magnification, 

(d) ENS, 
5000× magnification, 

(e) ENN, 
1000× magnification, 

and (f) ENN, 
5000× magnification.  

Source: authors’ archive
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to stable electrodeposition conditions influenced by current density and electrolyte 
composition, due to the presence of chloride ions.

Figures 1c and 1d, corresponding to the ENS samples, reveal a predominantly nodular 
surface morphology, with possible nodule coalescence resulting from the formation 
of larger nodules than those observed in the ENC samples (Mubshrah et al., 2025; 
Chat-Wilk et al., 2021; Karayannis; Patermarakis, 1995). This behavior indicates a lower 
nucleation rate or modifications in the electrolyte composition during electrodeposition, 
since sulfate anions do not promote anodic dissolution to the same extent as chloride anions.

Figures 1e and 1f show that the ENN samples present a porous surface morphology, 
with the presence of powdery material. This behavior is commonly observed in aqueous 
solutions containing nitrate ions (NO3

–), which, through the action of water, are reduced 
to nitrite ions (NO2

–) with the consequent release of OH– ions, as demonstrated by several 
authors. This reaction leads to an increase in pH at the electrode–electrolyte interface 
during electrolysis, generating enough hydroxide to induce precipitation of Ni(OH)2, even in 
buffered electrolytes and under moderately acidic bulk pH conditions (Sarangi et al., 2025; 
Navarro-Aguilar et al., 2020; E et al., 2016; Jayashree; Kamath, 2001; Murthy et al., 1996; 
Streinz et al., 1995). 

4.3 Electrochemical tests

Table 4 presents the experimental values of the corrosion potential (Ecorr), 
corrosion current density (jcorr), charge transfer resistance (Rct), and corrosion rate (CR) 
for the coatings.

Electrodeposits Ecorr / mV jcorr / mA cm–2 Rct / Ω cm2 CR / mm year –1

ENC –403 0.0638 1,079 1.375

ENS –384 0.0076 1,440 0.165

ENN –706 0.2475 75 5.923

Figure 2 shows the LPP curves for the electrodeposits. The Ecorr and jcorr values were 
calculated from the intersection of the anodic and cathodic branches, using the Tafel 
extrapolation method.

Table 4 • 
Experimental data 

obtained from 
electrochemical tests.  

Source: research data

Figure 2 • 
LPP curves for 

ENC (red), ENS (green), 
and ENN (blue) 

obtained in 3.0% NaCl 
solution at 25 °C.  

Source: research data
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Figure 2 shows that the ENS and ENC samples exhibit more positive Ecorr values 
than the ENN, with the values listed in Table 4 typical of nickel coatings obtained 
from Watts formulations, which usually range between –760 mV and –220 mV 
(Basori et al., 2025; El Sayed; El-Hendawy; Ibrahim, 2022; Kucharska et al., 2016; 
Szeptycka; Gajewska-Midzialek; Babul, 2016; Ünal; Karahan, 2018; Rusu et al., 2012; 
Szczygieł; Kołodziej, 2005). These data indicate an ennoblement of the electrochemical 
behavior for ENS (–384 mV) compared to ENC (–403 mV), despite the relatively small 
difference between their corrosion potentials, and a substantially more positive potential 
than that observed for ENN (–706 mV).

The jcorr values in Table 4, in agreement with the Ecorr results, suggest a lower 
corrosion rate for ENS (0.0076 mA cm⁻²) compared to ENC (0.0638 mA cm⁻²) and 
ENN (0.2475 mA cm⁻²). The higher corrosion kinetics observed for ENC in comparison 
with ENS were associated with its mixed nodular–dendritic surface morphology, since 
dendritic structures typically increase the electrochemically active surface area. The 
ENN samples exhibited the highest corrosion rate among the electrodeposits, which 
was attributed to their porous surface morphology. Thus, the most favorable corrosion 
performance was associated with ENS, whereas the least favorable performance was 
observed for ENN under the tested conditions.

Figure 3 presents the Nyquist plots obtained by electrochemical impedance 
spectroscopy for the electrodeposits.

The figure shows a single capacitive arc for all samples. The Rct values for ENC and 
ENS are characteristic of nickel electrodeposits from Watts electrolytes (Rahimi; Sarraf; 
Soltanieh, 2025; Abbasi-Amandi et al., 2021; Shamshirsaz et al., 2023; Rusu et al., 2012; 
Mohajeri; Dolati; Rezagholibeiki, 2011) and have magnitudes of the same order: 
1,079 Ω·cm² and 1,440 Ω·cm², respectively. ENN showed a much lower Rct value, with 
a magnitude of 75 Ω·cm².

The CR presented in Table 4 for ENS (0.165 mm year⁻¹), ENC (1.375 mm year⁻¹), and 
ENN (5.923 mm year⁻¹) are consistent with the previously presented jcorr and Rct values 
and support the corrosion resistance trends discussed above.

Figure 4 shows the Bode plots obtained by EIS for the electrodeposits: (a) phase 
angle and (b) impedance magnitude.

Figure 3 • 
Nyquist plots 
for ENC (red), 

ENS (green), and ENN 
(blue) obtained in 3% 

NaCl solution at 25 °C.  
Source: research data
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(a) (b)

Figure 4a reveals that ENS exhibited a phase angle (θ) of approximately 65°, with a 
broader and more stable phase-angle shifted toward lower frequencies when compared 
to ENC, which showed θ of approximately 55°. The ENN displayed the lowest phase 
angle, around 42°, with a narrow peak at low frequencies. Figure 4b shows that at 
lower frequencies, ENS presented the highest impedance modulus (|Z|) values, while 
ENN exhibited the lowest |Z| values. 

The data in Figure 4 are consistent with the Nyquist plots and LP curves, confirming 
the superior corrosion resistance of ENS compared to the other electrodeposits. These 
results are attributed to the influence of the predominant anions in the electrolytes, 
which was the main operational parameter varied in the experiments.

5 Conclusion

The experimental conditions employed in this study proved effective in producing 
nickel electrodeposits with good visual quality, uniform coverage, strong adhesion, 
and the absence macroscopically detectable defects or discontinuities. It was observed 
that the predominant anions (Cl⁻, SO₄²⁻, and NO₃⁻) in the electrolytes significantly 
influenced the cathodic current efficiency, surface morphology, and corrosion resistance 
of the coatings under the tested environment.

Chloride (Cl⁻) anions provided superior electrolyte stability by maintaining the 
concentration of Ni²⁺ ions in solution. This is attributed to their ability to promote 
anodic corrosion, leading to high cathodic current efficiency, faster deposition rates, 
and the formation of a mixed nodular and dendritic surface morphology. 

Sulfate (SO₄²⁻) anions also resulted in high cathodic current efficiency, lower than 
that obtained with chloride, since they do not promote anodic corrosion or maintain 
electrolyte stability to the same extent. In contrast, nitrate (NO₃⁻) anions significantly 
reduced cathodic current efficiency, likely due to simultaneous side reactions and 
the formation of nickel hydroxides, which resulted in porous and powdery deposits.

Thermodynamic and kinetic data from corrosion tests demonstrated that the 
surface morphology of the coatings directly affected their corrosion resistance. 
The Ecorr values showed that ENS coatings were more noble than ENC, which were 
more noble than ENN. Kinetic parameters jcorr and corrosion rate (CR) confirmed that 
ENS exhibited the lowest corrosion rate, followed by ENC and then ENN. Charge 
transfer resistance (Rct) values were consistent with these findings.

Figure 4 • 
Bode diagrams: (a) phase and 
(b) magnitude for ENC (red), 
ENS (green), and ENN (blue) 

obtained in 3.0% NaCl 
solution at 25 °C.  

Source: research data
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The analysis of the Bode plots corroborated the results obtained from linear 
polarization and impedance spectroscopy tests. ENS coatings exhibited the highest 
corrosion resistance, ENC coatings were slightly less resistant but still comparable, 
and ENN coatings showed the lowest resistance.

In summary, the type of anion present plays a pivotal role in the electrodeposition 
process and determines the properties of the deposited coatings. This study provides 
useful insights for developing synthesis methods for nickel coatings and encourages 
further research on how different anions influence nucleation and growth mechanisms. 
Future investigations employing X-ray Diffraction (XRD) to evaluate crystallographic 
orientation and grain size would be instrumental in complementing the findings 
of this study.
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