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Abstract

Nickel electrodeposits have wide 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 baths predominantly containing chloride (ENC), sulfate
(ENS), or nitrate (ENN) anions, under constant operational conditions: Ni2* concentration of
1.34 mol-L"1, H;BO; concentration of 0.73 mol-L°!, 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, using an AUTOLAB
PGSTAT 204. 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-dendritic 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.

Keywords: corrosion, electrodeposition, electrochemistry, nickel.

Influéncia dos ions cloreto, sulfato e nitrato em eletrdlitos de Watts modificados na
morfologia e resisténcia a corrosdo de eletrodepdsitos de niquel

Resumo
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Eletrodepositos de niquel apresentam ampla aplicagdo industrial devido a sua resisténcia,
durabilidade e capacidade de ampliar a vida util de componentes metdlicos. Neste estudo,
eletrodepositos de niquel foram obtidos a partir de banhos de Watts modificados, contendo
predominantemente os anions cloreto (ENC), sulfato (ENS) ou nitrato (ENN), mantendo-se constantes
as condi¢oes operacionais: Ni* na concentragdo de 1,34 mol-L™!, H:BOs na concentra¢do de 0,73
mol-L™*, temperatura de 50 °C, pH 4,0, taxa de agitagdo de 100 rpm e tempo de eletrdlise de 15
minutos. Avaliou-se a influéncia desses dnions na morfologia, espessura dos depositos, rendimento de
corrente catodica e resisténcia a corrosdo. As andlises morfologicas foram realizadas por
Microscopia Eletronica de Varredura (MEV), e os ensaios eletroquimicos por Polarizacdo Linear
Potenciodinamica (PLP) e Espectroscopia de Impedancia Eletroquimica (EIE), em solucdo aquosa de
NaCl 3,0%. Os resultados mostraram que os eletrodepdsitos ENC e ENS
apresentaram maiores espessuras e maior rendimento de corrente em
relacdo aos eletrodepositos ENN. Morfologicamente, os depositos ENS
exibiram estruturas predominantemente nodulares, os revestimentos
ENC apresentaram morfologia nodular—dendritica homogénea, e 0S8
revestimentos ENN apresentaram superficies irregulares e porosas. Do
ponto de vista eletroquimico, o0s revestimentos ENS exibiram
comportamento mais nobre (Ecorr = —384,0 mV) e maior resisténcia a
corrosdo, engquanto os revestimentos ENN apresentaram desempenho
inferior (Ecorr = —706,0 mV). Conclui—se que os dnions cloreto, sulfato
e nitrato afetam significativamente as propriedades morfologicas e
eletrogquimicas dos eletrodepodsitos de niquel.

Palavras-chave: corrosdo, eletrodeposicdo, eletroquimiea, niquel,

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, 2009; Ahmad, 2006). Eleetrodepesition i, one of the most widely used methods for obtaining
these coatings, as its operational patameters ditectly influence their properties, including purity level,
phase composition, microstructures andicoating thickness. Among the key variables are electrolyte that
govern the electrodeposition process composition, current density, pH, and temperature (Mubshrah et
al., 2024; Oliveira et al., 20225 El-Hallag ‘etwal., 2021; Wang et al., 2021; Ahmad, 2006; Karayannis;
Patermarakis, 1995).

Traditionally, ni¢kel coatings are,produced using Watts-type electrolytes, in which the selection
of specific ni€kel salts\is justifiedyby the influence that sulfate and chloride anions exert both on the
electrolytedbehavior and gn the properties of the resulting coatings (Chat-Wilk ef al., 2021; Rusu et al.,
2012; Dibari, 2009%Ahmad}2006; Karayannis; Patermarakis, 1995).

Impthe literature, references concerning the influence of anions on the electrodeposition process
and on theyeharacteristi€s”of nickel electrodeposits are scarce. Therefore, this study aims to evaluate
the effect of ehloridé (C1), sulfate (SO+*), and nitrate (NOs") anions in nickel electrolytes on the
corrosion resistanee of nickel coatings, seeking to contribute to a better understanding of this subject.

This study first 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', SO+,
and NOs anions in the electrolytes on cathodic current efficiency, morphology, and corrosion
resistance is presented in Section 4, Results and Discussion.

2 Theoretical reference
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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, 2009; Orinakova, 2006).

During nickel plating, the anode, composed of metallic nickel, gradually dissolves, releasing
Ni*" ions into the electrolyte to replenish those consumed during deposition on the substrate. This
ensures a stable ion concentration, thereby allowing the electrodeposition to continue efficiently over
long durations (Dibari, 2009; Orinidkova, 2006).

Industrial nickel plating baths and their operating conditions are typically based on the Watts
formulation. This electrolyte generally contains nickel sulfate (225-410 g L™), nickel chloride (30-90
g L™), and boric acid (3045 g L™), operating at temperatures between 44 and 71 °C, with pH values
ranging from 3.0 to 4.2 and current densities between 1 and 11 A dm? (Nickel Institute, 2022; Dibari,
2009; Ahmad, 2006). Nickel sulfate acts as the main source of Ni*" ions, while nickelehlotide 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 foermation of ductile,
high-quality deposits (Nickel Institute, 2022; Dibari, 2009; Ahmad, 2006;D€nnis; Such; 1993).

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 €oating protection and durability. Among
the most widely used techniques are Linear Potentiodynamic\Polarization, (LPP) and Electrochemical
Impedance Spectroscopy (EIS). While LPP provideswaluable Kinetic and quantitative information, it
causes a significant perturbation of the system, which mayalter\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 bejused to support and validate the results of the other,
reducing uncertainties, preventimg, nisifterpretations, and offering a more comprehensive and
consistent understanding of the material’s corresion behavior (Sheetal et al., 2023; Romaniv et al.,
1989).

Linear Potentiodynamic Polatization is based on the application of a potential range around the
corrosion potential tof describe, the“behavior of the resulting current variation. This behavior is
governed bygthe Butler—Velmer eéquation, which is expressed in Equation 1 (Bard; Faulkner, 2000;
Marshall,2018; Romaniv/ef al., 1989).

ocaF(E_ECOTT) O(CF(E_ECUTT) ) ]

i = icmlexp exp (T) — exp exp ( I

Where i, isdhe corrosion current (A), £ is the applied potential (V), E.,, is the corrosion
potential (V), a, afid o, are the anodic and cathodic charge transfer coefficients, respectively, £ is the
Faraday constant”(96485.33 C mol™"), R is the ideal gas constant (8.314 J mol™" K™'), and T is the
temperature (K). Equation 1 is also valid for current density responses, j (A cm™).

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

i ocaF
log log - = (2.303RT )(E - Ewrr) 3)

corr

i [ %F “4)
log log i - (2.3O3RT)(E - EC[M)

corr

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).

Ki EW
CR = —— (5)
P
Where CR is the corrosion rate (mm year™), K is a conversion constant, 3:2%x 10:> (mm g pA™
cm! year'), EW is the equivalent weight of the metal (equivalent-gramygfandip,is themetal density (g
cm’3).

EIS is based on measuring a system's resistance to the flowhof 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).

_ E)
A ((D) - I(w) (6)

Where Z is the impedance (Q2), E denotes the electric potential (V), and / corresponds to the
current (A). All of these variables are functions,of w, 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).

2(w) = Z @) % jZ"(w) (7)

In this representation, Z¥\correspondyto 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 flofw'due,to thesystem’s capacitance or inductance, andj is the imaginary
unit (V-1),

The d4mpedancerof an electrochemical system is often represented by the Randles equivalent
circuit model, as expressediin Equation 8. (Hallemans ef al., 2023; Bard; Faulkner, 2000).

1
Z(w) = RS + _Rct+jmcdl (8)

Where'Rs, is the electrolyte resistance (€2), Rct is the charge transfer resistance (2), and Cd/ is
the double-layer eapacitance (F). The resistance and capacitance values in Equation 8 are obtained
from Nyquist and Bode plots resulting from the application of the technique.

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 (0) to the logarithm of the frequency,
allowing the evaluation of the coating or interfacial layer resistance based on the maximum magnitude
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of 0 and the frequency range over which this angle remains stable. The greater the layer resistance, the
more stable 0 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

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 prédeminance of
sulfate, chloride, and nitrate ions, respectively, prepared in stoichiometric proportions\te maintain
nickel ion concentrations equivalent to those of the reference bath in each case.

Table 1 — Chemical Composition of the Watts Electrolyte Used as Referénce.

Componets Concentration /amobk’
NiSO,6H,0 1.14
NiCl,6H,0 0.20

H;BO; 0.73

Source: (AHMAD, 2006)

Table 2 — Compositions of Electrolytes with Predominanéesof Chloride (1), Sulfate (2), and Nitrate (3) Ions.

Electrolytes Components Concentration / mol L™
| NiCl,6H,0 1.34
H;BO, 0.73
) NiSO,6H,0 1.34
H;BO; 0.73
3 Ni(NQ3),6H,0 1.34
H;BO; 0.73

Source: research data

3.2 Electrodeposition

Nickelgelectrodepositions Were carried out in a conventional single-compartment Pyrex®™ glass
cell with aftetal volume 0f 50 mL. The working electrodes were made of SAE 1020 carbon steel
embeddéd in polyester resin, with an exposed circular geometric area of approximately 1.0 cm? A
rectarigular nick€l plate (99.9% purity), with an approximate area of 6.4 cm? was used as the counter
electrode.

Before the eleetrodeposition, the working electrodes were mechanically polished using silicon
carbide papers ofdprogressively finer grit sizes (220, 400, 600, 800, and 1200 mesh), followed by
chemical degreasing in a 10% (w/v) NaOH solution and activation in a 10% (v/v) HCI 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™. 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
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To measure the deposited masses, an analytical balance model AY220 from Shidmazu® with
four-digit precision was used. The theoretical mass was calculated based on Faraday’s law of
electrolysis, as shown in Equation 9.

MiAt
nF ©)
Where m is the mass of nickel deposited (g), M is the molar mass of the element (g-mol™), i is
the current used (A), n is the number of electrons involved in the reaction, F is Faraday’s constant
(96485.33 C-mol™), and t is the electrolysis time (s).
The cathodic current efficiency (R(%)) was calculated using Equation 10.

R(%) = —* 100

(10)
Where R(%) is the process efficiency (%), m y is the deposited mass (g), and m, is the

theoretical mass previously calculated (g).
The coating thicknesses were calculated using Equation 11, as describediby Dibaxi (2009).

md
Ey=—t (11)

Where E > is the thickness of the nickel deposit (cmy), p is,the density of nickel (g cm™), and A

is the surface area of the electrode (cm?).

3.4 Scanning electron microscopy (SEM)

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

3.5 Electrochemical corrosion tests

Electrochemical corrosigh, testspwere conducted in an aqueous 3.0% NaCl solution using a
three-clectrode electrochemical celk, The“setup consisted of an Ag/AgCl reference electrode, a
platinum counter electrode, and aaworking 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-citeuit poétential (OCP), and electrochemical impedance
spectroscopy (EIS) at O€PyMeasurements were performed at room temperature over a frequency
range from 10,000 Hz to /6 ynHz A 10-minute immersion period was applied prior to each
measurement{» to (ensw€ “System  stabilization. @A  Metrohm Autolab® PGSAT204
potentiostat/galvanostat was used to determine the corrosion parameters: corrosion rate (CR),
corrosien potential (Ecorr), eefrosion current density (jcorr), and charge transfer resistance (Rct) of the
coatings!

4 Results anddiscusSion

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.

Table 3 — Experimental Data of electrodeposited Masses, Thicknesses, and Cathodic Current Efficiencies of the
Electrodeposits.

Thicknesses / Efficiencies / %

pm

Electrodeposits m,/ mg m,/ mg
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ENC 31.5 30.7 30.0 97.52
ENS 31.5 294 29.0 93.39
ENN 31.5 9.3 9.0 29.54

Source: research data

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 present
values above 95% (Fukunaga; Ueda, 2024; Wojciechowski et al., 2017; Rudnik, 2014; Ren et al.,
2012; Rusu et al., 2011; 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 Ni*" ions with them and making it harder for the nickel to
deposit on the surface (Navarro-Aguilar et al., 2020; Mufioz; Salinas, 2003; Jayashree; Kamath, 2001;
Streinz et al., 1995).

The coating thickness values shown in Table 3 are consistent with the co cathodic
current efficiencies and in agreement with data reported in the literature (Rusu e . These
results suggest that the nature of the anions present in the electrolyte exerts a§igni nce on
the nickel electrodeposition process.

4.2 Morphological analysis

All electrodeposits were adherent, uniform, andgfree from lly detectable defects or
discontinuities. However, the ENN samples exhibited a ma er ppearance compared
to the others. Figure 1 shows the surface morphologies of thelglectro sits.

icroscopy images: (a) ENC, 1000x
ion, (d) ENS, 5000x magnification, (¢)
agnification.

magnification, (b) ENC, 5000x magnification, (c) ENS, 100
ENN, 1000x magnification, and (f) ENN,

; SEM HV: 20.0kV WD: 9.34 mm VEGA3 TESCAN|
b wososamm |y 00] Det: SE SEM MAG: 5.00 kx | 10 pm

cloro 5 kx VEGAI LMU

Det: SE SEM MAG: 1.00 kx 50 pm
cloro 1 kx VEGAI LMU Laborts
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(d)

SEM HV: 200 KV WD: 12.21 mm
Det: SE SEM MAG: 501 kx 10 pm
nitrato 5 kx VEGAS LMU

SEM HV: 20.0 kV WD: 12.21 mm VEGA3 TESCAN|
Det: SE SEM MAG: 1.00kx 50
nitrato 1 kot VEGA3 LMU

Source: authors’ archive

sa s have a uniformly
1 eposits. The presence
i, even under conditions of

distributed nodular and dendritic surface morphology, typi
of distinct morphologies suggests competitive growth of

morphology, with possible nodule coalescen€e, resulting from the formation of comparatively larger
nodules than those observed in the ENC samples (Mubshrah et al., 2024; Chat-Wilk et al., 2021;
Karayannis & Patermarakis, 19 Thi suggests a lower nucleation rate or modifications in
the electrolyte composition durin ion, since sulfate anions do not promote anodic
dissolution to the same extent as i

Figures le and 1f sho
presence of powdery material.
nitrate ions (NO;), whi

monly observed in aqueous solutions containing
e action of water, are reduced to nitrite ions (NO, ) with the
onstrated by several authors. This reaction leads to an increase
aiterface during electrolysis, generating enough hydroxide to induce

Table 4 presents the experimental values of the corrosion potential (E,,,,), corrosion current density
(Jeor ), charge transfer resistance (R,), and corrosion rate (CR) for the coatings.
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Table 4 — Experimental Data Obtained from Electrochemical Tests.

Electrodeposits E.,./ mV Jeow/ MAem?  R,/Qcm?> CR/mmano™!
ENC —403 0.0638 1079 1.375
ENS —384 0.0076 1440 0.165
ENN -706 0.2475 75 5.923

Source: research data

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.

Figure 2 — LPP curves for ENC (red), ENS (green), and ENN (blue) obtained in 3.0% Na@l'selution'at 25 °C.

1x10?

1x10'

T

1x10°

1x107!

1x107 F

log (|j |/ mA em?)

1x10° |

Ix10" |

lxln—s- PR TR TR U TR T UR (U S ST S
-1.0 -09 -08 -0.7 -0.6 -05 -04 -03 -0.2 -0.1

E/V vs. Ag/AgCl

Source: research data

Figure 2 shows thatathe ENS,and ENC samples exhibit more positive Ecorr values than the
ENN, with the valuesdlistedimyTable 4 typical of nickel coatings obtained from Watts formulations,
which usually range between —760,and —220 mV (Basori et al., 2025; Sayed et al., 2022; Kucharska et
al., 2016;48zeptycka et ql.,; 2016; Unal & Karahan, 2018; Rusu ef al., 2011; Szczygiet & Kotodziej,
2005). Ahese datafindicatejagmore noble electrochemical behavior for ENS (-384 mV) compared to
ENC (=403 m¥), despite the relatively small difference between their corrosion potentials, and a
substantiallyfmore positive potential than that observed for ENN (=706 mV).

The jeont valués'in Table 4, in agreement with the Ecorr results, suggest a lower corrosion rate
for ENS (0.00766mA cm™?) compared to ENC (0.0638 mA cm™?) and ENN (0.2475 mA cm?). 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.
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-0/ degree

Figure 3 — Nyquist plots for ENC (red), ENS (green), and ENN (blue) obtained in 3% NaCl solution at 25

°C.
800 _ -
O ENC M 2 ° s
O ENS R a
A ENN §ow 2 °
600 "
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Source: research data
The figure shows a single capacitive arc for all samples. The es for ENC and ENS are

Abbasi-Amandi et

characteristic of nickel electrodeposits from Watts electrolyte‘{ahi
i ave magnitudes of

al., 2021; Shamshirsaz et al., 2022; Rusu et al., 2012; Mohajeriét. a!.,
the same order: 1079 Q-cm? and 1440 Q-cm?, respectively.
a magnitude of 75 Q-cm?.

The CR shown in Table 4 for ENS (0.165
mm year!) are consistent with the previously prese
resistance trends discussed above.

Figure 4 shows the Bode plots obtained by EIS for the e
impedance magnitude.

m year '), and ENN (5.923
ct values and support the corrosion

trodeposits: (a) phase angle and (b)

Figure 4 — Bode diagramsi{(a) ph: d (b) magnitude for ENC (red), ENS (green), and ENN (blue)
o ed1 1 solution at 25 °C.
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Source: research data

Figure 4a reveals that ENS exhibited a phase angle (0) of approximately 65°, with a broader
and more stable phase-angle shifted toward lower frequencies when compared to ENC, which showed
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0 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 used in this study were shown to be effective in producing nickel

electrodeposits with good visual quality, uniform coverage, strong adhesion, and the absence of
visible defects or discontinuities. It was observed that the predominant anions (Cl", SO+ 4and NO3") in
the electrolytes significantly influenced the cathodic current efficiency, surface morphology, and
corrosion resistance of the coatings under the tested environment.

Chloride (CI") anions provided greater electrolyte stability by maintaining the\con€enttation of
Ni?" ions in solution. This is due to their ability to promote anodic corrosion, leading to, high“cathodic
current efficiency, faster deposition rates, and the formation of a mixedgiodular and“dendritic surface
morphology.

Sulfate (SO.*) anions also resulted in high cathodic currentgefficiency, lower than that
obtained with chloride, since they do not promote anodic cotrosiomor maintain €lectrolyte stability to
the same extent. In contrast, nitrate (NOs") anions significantly reduced cathodic current efficiency,
likely due to simultaneous side reactions and theiformation ofi 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 resistancéy(Rct) values were consistent with these findings.

The analysis of the Bodegplots eorroboratedithe results obtained from linear polarization and
impedance spectroscopy tests4ENS coatings exhibited the highest corrosion resistance, ENC coatings
were slightly less resistant but still eomparable, and'ENN coatings showed the lowest resistance.

In summary, th€typehof anion present plays a key role in the electrodeposition process and
determines théyproperties of the deposited coatings. This study provides useful insights for developing
synthesis giiethods for nigkel coatings and encourages further research on how different anions affect
nucleation and gfowth meehdnisms during electrodeposition, including the investigation of their
microstruetural’ features sthrough X-ray Diffraction (XRD) analyses, thereby complementing the
information beyond the'scope addressed in this study.

Financial support
No significant financial support was received for this work that could have influenced its outcome.

Conflicts of interest
No conflicts of interest are disclosed.

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)



Author Contributions

SILVA, G. P.. Conceptualization and study design; data collection, analysis, and/or
interpretation; manuscript drafting and writing.
DANTAS, V. D.: Conceptualization and study design; data collection, analysis, and/or
interpretation; manuscript drafting and writing.
SILVA FILHO, L. F.: Conceptualization and study design; data collection, analysis, and/or
interpretation; manuscript drafting and writing.
SANTOS, Z. M.: Manuscript drafting and writing; critical revision with substantial intellectual
contribution.
LIMA, R. N.: Manuscript drafting and writing; critical revision with substantial, intellectual
contribution.
BARROS NETO, E. L.: Manuscript drafting and writing; critical revisi i bstantial
intellectual contribution.

References ‘

ASTM INTERNATIONAL. ASTM G102-89(2015): Stand
Rates and Related Information from Electrochemical Measu
Pennsylvania: Astm International, 2015. DOI: https:

e tion of Corrosion
t Conshohocken,

, -ILKHCHI, Mehdji;
ALINEZHADFAR, Mohammad. Physical and electrochemica vior of black nickel coatings in
presence of KNO3 and 1m1dazole addltlves Journal Of Electroanalytlcal Chemlstry, [S.L.], v. 893,

AHMAD, Zaki. Principles of Co ion Engi ing and Corrosion Control. 1. ed. [S.L.]:
Elsevier, 2006. DOI: https://d X5000-4. Accessed on:12 jan.
2025.

.. Electrochemical Methods: Fundamentals and
0, 864 p.

BARD, Allen J.; FAUL
Applications. 2. ed. [

an; AJIRIYANTO, Maman Kartaman; KRISWARINI, Rosika;
TO, Sigit Dwi; NANTO, Dwi; ROSYIDAN, Cahaya; SUSETYO,
ation in Various Temperature of Watts Solution. Journal of Applied
L.], v. 28, n. 4, p. 853-864, 1 abr. 2025. DOI:

CHAT-WILK, lina; RUDNIK, Ewa; WIOCH, Grzegorz; OSUCH, Piotr. Importance of anions in
electrodeposition of nickel from gluconate solutions. Ionics, [S.L.], v. 27, n. 10, p. 4393-4408, 16 ago.
2021. DOTI: http://dx.doi.org/10.1007/s11581-021-04166-y.

DENNIS, J.K.; SUCH, T.e.. Electroplating baths and anodes used for industrial nickel
deposition. Nickel And Chromium Plating, [S.L.], p. 41-65, 1993. DOI:
http://dx.doi.org/10.1533/9781845698638.41.

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)


https://doi.org/10.1520/G0102-89R15E01%20
http://dx.doi.org/10.1016/j.jelechem.2021.115310
https://doi.org/10.1016/B978-0-7506-5924-6.X5000-4
http://dx.doi.org/10.6180/jase.202504_28(4).0016
http://dx.doi.org/10.1007/s11581-021-04166-y
http://dx.doi.org/10.1533/9781845698638.41

DIBARI, George A.. Nickel Plating. In: METAL Finishing: 76th Guidebook and Directory Issue. New
York: Elsevier, 2009. p. 202-218. DOI: https://doi.org/10.1016/S0026-0576(00)80334-7

EL-HALLAG, Ibrahim; ELSHARKAWY, Safya; HAMMAD, Sherin. Electrodeposition of Ni
nanoparticles from deep eutectic solvent and aqueous solution as electrocatalyst for methanol
oxidation in acidic media. International Journal Of Hydrogen Energy, [S.L.], v. 46, n. 29, p.
15442-15453, abr. 2021. DOI: http://dx.doi.org/10.1016/j.ijhydene.2021.02.049.

E, Sharel P.; LIU, Danqing; LAZENBY, Robert A.; SLOAN, Jeremy; VIDOTTI, Marcio; UNWIN,
Patrick R.; MACPHERSON, Julie V.. Electrodeposition of Nickel Hydroxide Nanoparticles on Carbon
Nanotube Electrodes: correlation of particle crystallography with electrocatalytic properties. The
Journal Of Physical Chemistry C, [S.L.], v. 120, n. 29, p. 16059-16068, 17 jun. 2016. American
Chemical Society (ACS). DOI: http://dx.doi.org/10.1021/acs.jpcc.5b12741.

FUKUNAGA, Akihiko; UEDA, Shigetomo. Pulse electrodeposition of Ni—P alloy m Watts
baths: p content, current efficiency, and internal stress. Electrochimica Acta,
out. 2024. DOI :http://dx.doi.org/10.1016/j.electacta.2024.144839.

HALLEMANS, Noél; HOWEY, David; BATTISTEL, Alberto; SANI sa Fereshteh;

; ick; WIDANAGE,
Widanalage Dhammika; LATAIRE, John. Electrochemical y beyond linearity
and stationarity—A critical review. Electrochimica Acta, |

http://dx.doi.ore/10.1016/j.electacta.2023.142939.

JAYASHREE, R.s.; KAMATH, P.Vishnu. Nickel hy
solutions: mechanistic studies. Journal Of Power Sources,
Elsevier BV. DOI: http://dx.doi.org/10.1016/s0378-7753(00)005

Pearson, 1995. 592 p.

LAZANAS, Alexandros Ch.; P
Spectroscopy—A Tutorial”. A t Science Au, [S.L.], v. 5,n. 1, p. 156-156, 31 jan. 2025.

, Agnieszka; POPYAWSKI, Karol; SOBIECKI, Jerzy
A1203 Nanocomposite Coatings. Materials Science, [S.L.], v. 22,
ttp://dx.doi.org/10.5755/j01.ms.22.1.7407.

MOHAIJERLI, S.; DOLATI, A.; REZAGHOLIBEIKI, S.. Electrodeposition of Ni/WC nano composite
in sulfate solution. Materials Chemistry And Physics, [S.L.], v. 129, n. 3, p. 746-750, out. 2011.
DOI: http://dx.doi.org/10.1016/j.matchemphys.2011.04.053.

MUBSHRAH, Ayesha; MARTIN, Tomas; JONES, Christopher; SCHWARZACHER, Walther.
Quantitative Analysis of Chloride lon Influence on the Surface Morphology of Electrodeposited
Polycrystalline Nickel Films. Journal Of The Electrochemical Society, [S.L.], v. 172, n. 3, p.
032504, 1 mar. 2025. DOI: http://dx.doi.org/10.1149/1945-7111/adbc26.

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)


https://doi.org/10.1016/S0026-0576(00)80334-7
http://dx.doi.org/10.1016/j.ijhydene.2021.02.049
http://dx.doi.org/10.1021/acs.jpcc.5b12741
http://dx.doi.org/10.1016/j.electacta.2024.144839
http://dx.doi.org/10.1016/j.electacta.2023.142939
http://dx.doi.org/10.1016/s0378-7753(00)00568-1
http://dx.doi.org/10.1021/acsmeasuresciau.5c00007
http://dx.doi.org/10.5755/j01.ms.22.1.7407
http://dx.doi.org/10.1016/j.coelec.2017.10.024
http://dx.doi.org/10.1016/j.matchemphys.2011.04.053
http://dx.doi.org/10.1149/1945-7111/adbc26

MUNOZ, A.G,; SALINAS, D.R.. Inhibitory effects of NO* on Ni deposition. Journal Of
Electroanalytical Chemistry, [S.L.], v. 547, n. 2, p. 115-124, maio 2003. DOI:

http://dx.doi.org/10.1016/50022-0728(03)00159-1.

MURTHY, Mahesh; NAGARAJAN, Gowri S.; WEIDNER, John W.; VAN ZEE, J. W.. A Model for
the Galvanostatic Deposition of Nickel Hydroxide. Journal Of The Electrochemical Society, [S.L.],
v. 143, n. 7, p. 2319-2327, 1 jul. 1996. The Electrochemical Society. DOI:
http://dx.doi.org/10.1149/1.1837000.

NAVARRO-AGUILAR, A.1L; RUIZ-GOMEZ, M.A.; RODRIGUEZ-GONZALEZ, V.; OBREGON, S.;
VAZQUEZ, A.. Effect of the Ni(NO3)2 additive on the electrophoretic deposition of NiO
nanoparticles. Ceramics International, [S.L.], v. 46, n. 18, p. 28528-28535, dez. 2020.
http://dx.doi.org/10.1016/j.ceramint.2020.08.010.

OLIVEIRA, Francisco G.s.; SANTOS, Luis P.M.; SILVA, Qfo B. , Marcio A.;
BOHN, Felipe; CORREIA, Adriana N.; VIEIRA, Luciana; .; LIMA-NETO,
Pedro de. FexNi(1-x) coatings electrodeposited from cholin ire: magnetic and
electrocatalytic properties for water electrolysis. Materials d Physics, [S.L.], v. 279, p.

RAHIMI, Ali; SARRAF, Shayan; sour. The Effects of Soft Anodizing
Pretreatments on the Corrosion P i lectroplated AA6061-T6. Journal Of Materials

e; LIU, Jun. Electrodeposition conditions of metallic nickel in
sactions Of Nonferrous Metals Society Of China, [S.L.], v. 22,

1-12, 1989. ience and Business Media LLC. http://dx.doi.org/10.1007/bf00727915.

RUDNIK, Ewa. Black Nickel Coatings: from plating techniques to applications. Coatings, [S.L.], v.
14, n. 12, p. 1588, 19 dez. 2024. DOI: http://dx.doi.org/10.3390/coatings14121588.

RUSU, D. E.; ISPAS, A.; BUND, A.; GHEORGHIES, C.; CARAC, G.. Corrosion tests of nickel
coatings prepared from a Watts-type bath. Journal Of Coatings Technology And Research, [S.L.], v.
9,n. 1, p. 87-95, 19 jul. 2011. DOI: http://dx.doi.org/10.1 11998-011-

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)


http://dx.doi.org/10.1016/s0022-0728(03)00159-1
http://dx.doi.org/10.1149/1.1837000
http://dx.doi.org/10.1016/j.ceramint.2020.08.010
https://nickelinstitute.org/media/lxxh1zwr/2023-nickelplatinghandbooka5_printablepdf.pdf
http://dx.doi.org/10.1016/j.matchemphys.2022.125738
http://dx.doi.org/10.1007/s10800-006-9162-7
http://dx.doi.org/10.1007/s11665-025-10815-4
http://dx.doi.org/10.1016/s1003-6326(11)61200-4
http://dx.doi.org/10.1007/bf00727915
http://dx.doi.org/10.3390/coatings14121588
http://dx.doi.org/10.1007/s11998-011-9343-0

SAYED, Manal A. El; EL-HENDAWY, Morad M.; IBRAHIM, Magdy A.M.. Improving the
Characteristics of Nickel Coatings Produced on Copper from Watts Bath in the Presence of Ascorbic
Acid — Combined Experimental and Theoretical Study. International Journal Of Electrochemical
Science, [S.L.], v. 17, n. 4, p. 22044, abr. 2022. DOI: http://dx.doi.org/10.20964/2022.04.12.

SARANGI, Chinmaya Kumar; ACHARY, G. Lilishree; SUBBAIAH, Tondepu; PARAMGURU, Raja
Kishore; ROY, Sanat Kumar. Role of Electrochemical Precipitation Parameters in Developing
Mixed-Phase Battery-Grade Nickel Hydroxide. Electrochem, [S.L.], v. 6, n. 1, p. 2, 16 jan. 2025.

MDPI AG. DOI: http://dx.doi.org/10.3390/electrochem6010002.

SHAMSHIRSAZ, Mohsen; FEREIDOON, Abdolhosein; ALBOOYEH, Alireza; DANAEE, Iman.
The Effect of Ni-Al203 Nanocomposite Coatings on the Wear and Corrosion Resistance and Thermal
Diffusivity of 316 Stainless Steel Plates of Heat Exchangers. Journal Of Materials Engineering And
Performance, [S.L.], v. 32, n. 4, p. 1529-1544, 29 ago. 2022. DOI:
http://dx.doi.org/10.1 11665-022-07242-0.

SZCZY GIEL, Bogdan; KOIODZIEJ, Matgorzata. Composite Ni/Al1203 coatin,
resistance. Electrochimica Acta, [S.L.], v. 50, n. 20, p. 4188-4195, jul.
http://dx.doi.org/10.1016/j.electacta.2005.01.040.

JAYASHREE, R.s.; KAMATH, P.Vishnu. Nickel hydroxid nickel nitrate
solutions: mechanistic studies. Journal Of Power Sources,
DOI: http://dx.doi.org/10.1016/s0378-7753(00)00568-1.

RAHIMI, Ali; SARRAF, Shayan; sour. The Effects of Soft Anodizing
Pretreatments on the Corrosion P i lectroplated AA6061-T6. Journal Of Materials

RUSU, D. E.; ISPAS, A.; BUND, A.; GHEORGHIES, C.; CARAC, G.. Corrosion tests of nickel
coatings prepared from a Watts-type bath. Journal Of Coatings Technology And Research, [S.L.], v.
9,n. 1, p. 87-95, 19 jul. 2011. DOI: http://dx.doi.org/10.1007/s11998-011-9343-0.

SHEETAL; KUNDU, Sheetal; THAKUR, Sanjeeve; SINGH, Ashish Kumar; SINGH, Manjeet; PANI,
Balaram; SAJI, Viswanathan S.. A Review of Electrochemical Techniques for Corrosion Monitoring —
Fundamentals and Research Updates. Critical Reviews In Analytical Chemistry, [S.L.], v. 55, n. 1,
p- 161-186, 25 out. 2023. DOI: http://dx.doi.org/10.1080/10408347.2023.2267671.

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)


http://dx.doi.org/10.20964/2022.04.12
http://dx.doi.org/10.3390/electrochem6010002
http://dx.doi.org/10.1007/s11665-022-07242-0
http://dx.doi.org/10.1016/j.electacta.2005.01.040
http://dx.doi.org/10.1016/s0378-7753(00)00568-1
http://dx.doi.org/10.1590/1517-7076-rmat-2023-0139
http://dx.doi.org/10.1007/s11665-025-10815-4
http://dx.doi.org/10.1007/bf00727915
http://dx.doi.org/10.1016/j.jelechem.2014.05.021
http://dx.doi.org/10.1007/s11998-011-9343-0
http://dx.doi.org/10.1080/10408347.2023.2267671

STREINZ, Christopher C.; HARTMAN, Andrew P.; MOTUPALLY, Sathya; WEIDNER, John W.. The
Effect of Current and Nickel Nitrate Concentration on the Deposition of Nickel Hydroxide

Films. Journal Of The Electrochemical Society, [S.L.], v. 142, n. 4, p. 1084-1089, 1 abr. 1995. DOI:
http://dx.doi.org/10.1149/1.2044134.

SZEPTYCKA, Benigna; GAJEWSKA-MIDZIALEK, Anna; BABUL, Tomasz. Electrodeposition and
Corrosion Resistance of Ni-Graphene Composite Coatings. Journal Of Materials Engineering And
Performance, [S.L.], v. 25, n. 8, p. 3134-3138, 23 mar. 2016. DOI:
http://dx.doi.org/10.1007/s11665-016-2009-4.

TAYLOR, S.R.. Coatings for Corrosion Protection: metallic. Encyclopedia Of Materials; Science and
Technology, [S.L.], p. 1-5, 2001. DOI: http://dx.doi.org/10.1016/b0-08-043152-6/00239-

UNAL, E.; KARAHAN, I.H.. Production and characterization of electrodeposited

http://dx.doi.ore/10.1016/j.surfcoat.2017.11.016.

WALTER, G.W.. A review of impedance plot methods used for corrosi
painted metals. Corrosion Science, [S.L.], v. 26, n. 9, p. 68 &, i

http://dx.doi.org/10.1016/0010-938x(86)90033-8.

WANG, Dongai; LI, Feihui; SHI, Yan; LIU, Meihua; LIU, Bi ing. Optimization of the
Preparation Parameters of High-Strength Nickel n on Mild Steel
Substrates. Materials, [S.L.], v. 14, n. 18, p. 5461, 2
http://dx.doi.org/10 0/mal4185461.

Coatings Electrodeposited from Watts Type Baths Containing Quaternary Ammonium Sulphate
Salts. International Journal O C i cience, [S.L.], v. 12, n. 4, p. 3350-3360, abr. 2017.
DOI: http://dx.doi.org/10.20964/2 4.70.

-

Rev. Principia, Jodo Pessoa, v. 63, 2026, Early View (serd revisado e diagramado)


http://dx.doi.org/10.1149/1.2044134
http://dx.doi.org/10.1007/s11665-016-2009-4
http://dx.doi.org/10.1016/b0-08-043152-6/00239-4
http://dx.doi.org/10.1016/j.surfcoat.2017.11.016
http://dx.doi.org/10.1016/0010-938x(86)90033-8
http://dx.doi.org/10.3390/ma14185461
http://dx.doi.org/10.20964/2017.04.70

