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Abstract: In the present work, we conducted an electrochemical study on nickel electrodeposition on glassy carbon electrode (GCE) from an
ammoniacal solution containing 0.01 M NiCl, and 0.1 M NH4Cl. From the voltammetric study, it was possible to calculate the diffusion
coefficient's value as 1.93 x 10" cm?s™. The current density transients were analyzed using a kinetic mechanism model involving three different
contributions: (a) a Langmuir-type adsorption process, (b) 3D nucleation limited by a mass transfer reaction, and (c) a proton reduction process.
Non-linear fittings of the current density transients revealed that the values of the nucleation rate (A) and the number of active nucleation sites
(No) increased with the decrease in the applied overpotential. Morphological studies have confirmed the existence of a progressive nucleation

process with Ni crystallites ranging from 0.5 to 4 um.
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INTRODUCTION

S INCE the first practical formulation for nickel plating
was reported by Bottger in 1843, a significant amount
of information about this process has been accumulated.!!]
Traditionally, nickel electroplating has been applied in
three main categories: decorative, functional (protective
coatings), and electroforming.[2:3! However, it is well known
that nickel particles with controlled growth exhibit
properties that can be utilized in novel applications such as
electrocatalysis,[*5] energy storage,®8l and the cons-
truction of fuel cells,®) among others. The electrodeposit-
ion process of nickel has been extensively studied on
stainless steel,[7.19 jron, and glassy carbon electrodes
(GCE),I>11-151 among other surfaces. [16-18] |t has been
reported that nickel electrodeposition on GCE from
ammoniacal solutions follows a progressive nucleation,14]
while from acid chloride solutions, nickel deposits start
their growth as conic, 119221 or hemispheric nuclei.l?3! The

use of additives has been a typical method employed to
improve the quality of nickel deposits [2425] for example, the
addition of coumarin or saccharin produces nickel
nanoparticles with an average size of 100 nm.[26]

Other variables analyzed during nickel electro-
deposition include pH,[27.28 temperature,[28! bath comp-
osition, (29301 magnetic field influence,3! nickel coordin-
ation sphere,32331 proton reduction,3435! ultrasound, 3]
current density, and deposition potential.[37.:38 Additionally,
it has been reported that the presence of metallic
impurities in the plating baths modifies the kinetics of the
electrodeposition process and the morphology of nickel
deposits.[3% Several reports in the literature have analyzed
the kinetic parameters of the nickel electrodeposition
process to predict its nucleation and growth.[12.13,15,30,39] For
example, Torabi et al. studied nickel electrodeposition from
sulfate baths containing potassium and sodium tartrate,
boric acid, saccharin, and coumarin, and they found that
nickel electrodeposition follows an instantaneous
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nucleation mechanism with 3D growth.*s! Gruijicic et al.
determined that nickel is electrodeposited through a
progressive nucleation mechanism from sulfate solutions
at different pH values.'?l Moreover, they detected an
inhibition of nickel electrodeposition caused by sulfate
adsorption and proton reduction processes.['2l However, it
has been reported that nickel electrodeposits obtained
from chloride solutions are brittle and prone to
corrosion.39 As a result, there is a lack of kinetic studies
related to these chloride solutions, despite the well-
established understanding that the properties of
electrodeposits are influenced by the nucleation and
growth processes.*s! In this context, kinetic studies of
nickel deposition on GCE from chloride solutions could
provide valuable insights into the nickel deposition process
by evaluating the kinetic parameters related to its
nucleation and growth process. Therefore, the goal of this
study is to perform a detailed kinetic analysis of the
electrochemical process of nickel electrodeposition on GCE
substrates using a chloride-based aqueous plating solution.
Specifically, we aim to evaluate and analyze the kinetic
parameters associated with nickel electrodeposition on
GCE electrodes, as these parameters are crucial for
understanding and optimizing the deposition process.

METHODOLOGY

Nickel electrodeposition onto GCE was carried out from an
aqueous solution containing 0.01 M of NiCl; and 0.1 M
NH,4Cl at pH = 7.0 (natural pH). All solutions were prepared
using analytical grade reagents with ultra-pure water
(Millipore-Q system) and were deoxygenated by bubbling
N for 15 minutes before each experiment. All experiments
were conducted in a standard three-electrode cell. GCE was
a disc-type working electrode with an area of 0.0707 cm?,
provided by BAS Research Products Company, established
in Indianapolis, USA. The GCE electrode was polished with
alumina with a particle size of 0.05 microns to achieve a
mirror-shiny surface prior to each experiment. A graphite
bar electrode with a purity of 99.9995 % of 6.15 mm of
diameter and 38.10 mm long, provided by Alfa Aesar
Company, was used as the counter electrode. A saturated
silver electrode (Ag/AgCl) provided by BAS Research
Products Company served as the reference electrode, and
all measured potentials are referenced to this scale. In all
cases, the experiments were conducted in triplicate to
ensure reproducibility. The electrochemical experiments
were conducted using an EPSILON potentiostat connected
to a personal computer running BASI EPSILON EC software
for experiment control and data acquisition. To assess the
electrochemical behavior of the electrode in the
electrodeposition bath, cyclic voltammetry was performed
within the potential range of 0.600 to —1.300 V. In this

voltammetric study, the scan rates used were 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, and 150 mV s71. A quiet time of
30 seconds was applied in order for the system to reach an
equilibrium state, ensuring that the conditions of the
electrode are stable before taking a measurement. The
kinetic mechanism of nickel deposition onto GCE was
investigated under potentiostatic conditions through
analysis of the experimental potentiostatic current density
transients obtained using the chronoamperometry tech-
nigue. The potential electrode perturbation always
commenced at 0.600 V. The potential step was applied at
various potentials as outlined in this study. Also, a quiet
time of 30 s was considered in the cronoamperometric
study. The characterization of Ni electrodeposits was
conducted using a Scanning Electron Microscope (SEM)
JEOL JSM6300, manufactured by JEOL Ltd., Japan. This
microscope is equipped with a tungsten filament as its
electron source and achieves a resolution of 3.5 nm.

RESULTS AND DISCUSSION

Predominance and Pourbaix Diagrams
The chemical composition of a plating bath is crucial in the
electrodeposition process. To identify the chemical species
of nickel in the deposition bath and their equilibrium
potentials, we conducted a thermodynamic study using
predominance diagrams. The equilibrium constants for the
formation of nickel complexes in aqueous ammoniacal
chloride media were obtained from the literature.l*% The
diagrams were plotted using the predominance diagram
algorithm implemented in Hydra-Medusa software, ! with
the results depicted in Figure 1. Figure 1la shows the
distribution of nickel chemical species in solution as a
function of mole fraction. In the plating bath containing
0.01 M NiCl, and 0.1 M NH4Cl, [Ni(H20)e]%* is the
predominant species, with a mole fraction of 0.71, followed
by NiCl* with a mole fraction of 0.21. Therefore, it is clear
that at the natural pH of 7, the concentration of [Ni(H,0)e]2
is maximal. For this reason, we select this specific pH value
as the optimal condition for conducting our experiments.
Figure 1b presents the Pourbaix diagram of nickel species
under the same experimental conditions. According to the
Pourbaix diagram at the pH value of 7.0, Ni2* predominantly
exists as [Ni(H,0)e]%* and the equilibrium potential for the
[Ni(H,0)6]2*/Ni° couple is —0.497 V vs. Ag/AgCl. Therefore,
under these experimental conditions, the nickel reduction
process occurs via the following reaction:

[Ni(H20)]?* + 26~ = Ni® + 6H,0 (1)

Voltamperometric Study

Figure 2 shows the voltammetric data obtained from the
GCE/0.01 M NiCl; + 0.1 M NH,4Cl system at a scan rate of
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Figure 1. a) Mole fraction predominance diagram showing
the distribution of nickel chemical species in solution. b)
Pourbaix-type diagrams for the [Ni(H,0)g]2*/Ni% system. In
both diagrams, pNi(ll) = 2.0, pCl =0.0086, and pNH3 = 1. The
black point in Figure 1b represents our experimental
conditions.

20 mV-sL, During the forward scan, peak A appears at-1.111V,
indicating the onset of the electrocrystallization process at
approximately —0.907 V (Ecist). After peak A, a significant
decrease in current density (j) is observed, corresponding
to the proton reduction process.*2l During the reverse
scan, a crossover point at E. = —-1.071 V is observed, which
is typically associated with an electrocatalytic effect.[*3] A
second crossover potential, Ecq, Was identified at —0.656 V,
which is associated with the equilibrium potential of the
pair [Ni(H20)e]2*/Ni%. In the anodic region, peak B was
recorded at —0.386 V. Peak A is attributed to the direct
reduction of [Ni(H,0)e]2* to Ni% while peak B corresponds
to the dissolution of the nickel deposited during the
forward scan. It is worth noting that the separation
between peaks A and B is 0.725 V, which exceeds 59 mV/n,
where n is the number of electrons transferred. This value
indicates an irreversible system.[4 Here, it is important to
remember that the Randles-Sevcik equation is capable of
predicting the electrochemical behavior of reversible
systems involving two soluble chemical species in
solution.!>4¢1 However, in the present case, the electro-
chemical system is irreversible and generates an insoluble
substance, which can be predicted by the Berzins-Delahay
model when the system is diffusion-controlled.[4”]

Delahay equation.[4”]
Jp = 367n%2CoD*?y?/2 ()

In this equation, n is the number of electrons
transferred, Gy is the nickel concentration in moles per liter,
D is the diffusion coefficient in cm2s7%, and vis the scan rate
in V s71. The values of current density at the cathodic peak
for each scan rate were measured, and a plot of j, vs. v/2
was generated, where the cathodic peak was identified as
the point of maximum current density during the
electrochemical reduction. In the present case, a linear
relationship between j, and v/2 was observed, see Figure 3,
indicating diffusion control of the nickel electrodeposition
process onto the GCE electrode. From the slope of the j,
and v¥2 plot, it was possible to evaluate the diffusion
coefficient, which was calculated as 1.93 x 106 cm2 s, This
value is of the same order of magnitude as the reported
value for the electrodeposition of NiZ* in similar
systems. [42,48,49]
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Figure 3. Plot of the experimental cathodic peak current
density (j) as a function of the square root of the scan rate
for peak A according to equation (1). The dashed line
represents the linear fit of the experimental data.
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Additionally, a plot of the cathodic peak potential
(Ep) for peak A versus log(v) was performed, and it was
found that E, varied linearly with log(v). The equation
obtained is E, = —0.1848 log(v) —1.4376. Itisimportant to
note that an irreversible process can be described by
equation (3):150

2.3RT

Ep=——"
g 1-a)nF

log(v) + ¢ (3)
where R is the gas constant, T is the absolute temperature
(K), F is the Faraday constant, a is the transfer charge
coefficient, and c is a constant. Based on equation (3), the
value for ay; during the reduction process is 0.83, which is
higher compared to the value obtained for Ni electro-
deposition on HOPG electrodes (0.64).142

Chronoamperometric Study

It is widely accepted that chronoamperometric studies and
the current-time transients obtained from this technique
can be used to analyze the kinetics of the electrodeposition
process. By analyzing these current density transients, it is
possible to evaluate parameters such as the nucleation rate
and the density of active nucleation sites to predict the
nucleation and growth processes. Figure 4 depicts a series
of current density transients (CDT) recorded at various
potentials and during 32 s, using the chronoamperometry
technique. It may be observed that at shorter times there
is a falling current, which may be associated with the charge
of the double layer.511 In general, after this initial decrease
in the current density, it may be observed the formation of
a maximum. However, it is interesting to note that at the
transient obtained at —1.040 V, after the initial drop in
current, it begins to increase again approximately 7 seconds
after the potential is applied, indicating the start of the
electrodeposition process. The time between the
application of the potential and the onset of the
electrocrystallization process is referred to as an induction
time. Additionally, note that as the applied potential
becomes more negative, this induction time decreases. It is
due to that when a potential is applied in an
electrochemical system, the ions in the solution begin to
move toward the electrode. A more negative potential
enhances the availability of ions for nucleation on the
surface of the electrode, thereby facilitating the formation
of nuclei. This reduces the energy required for the ions to
aggregate, accelerating the onset of the nucleation
process. By decreasing the activation energy with a more
negative potential, nuclei form more rapidly and become
more stable and as consequence the induction time is
reduced. After this initial induction time the current density
passes through a maximum, where this maximum has been
related to the nuclei overlapping during a 3D nucleation
and growth process.[52 After this point the CDTs shows a

1200 mV

_.-1090 mV

-j / mAcm-2

t/'s

Figure 4. A set of transients recorded from the GCE/0.01 M
NiCl; + 0.1 M NH4Cl system using the chronoamperometry
technique, with various potential step values (mV) as
depicted in the figure. In each case, the initial potential was
set to 600 mV.

current fall to an approximately constant current density
value associated with a planar diffusion of the ions to the
electrode surface.b2

According to the Cotrell equation, if a system is
diffusional controlled then the current density recorded by
chronomperometry exhibit a linear behavior vs. /2, For all
the transients depicted in Figure 4, we plotted the current
density , which decreases after reaching its peak, against
1/t2, However, we did not observe the linear relationship
predicted by the Cottrell equationl®3l. Nevertheless, the
voltammetric study revealed evidence of diffusion control
in the nickel electrodeposition process onto the GCE
electrode. Thus, the deviation from the planar diffusion
regime may indicate the presence of additional factors
influencing the total current during the nickel
electrodeposition process via chronoamperometry, aside
from the contribution of 3D nucleation. In this context,
using the criteria outlined by Sharifker et al., it is possible
to classify the nucleation and growth process of nickel
based on the CDT shown in Figure 4. Additionally, this type
of plot can be used to identify the presence of processes
beyond nucleation and growth.[5% In this procedure, the
experimental CDTs are transformed into a non-dimensional
form by plotting j2/jm? against t/t,, where j, and tn
correspond to the current density and time values,
respectively, at the maximum point recorded in the
transient. These experimental data are then compared with
the theoretical CDT generated from Egs. (4) and (5) for
instantaneous and progressive nucleation, respectively.[>4

2 ¢ \7* t :

= 1.9542( — j 1—exp —1.2564[ — ) (4)
ik tm tm

jz t -1 ¢ 2 2
= 1.2254(—) 1—exp —2.3367(—} (5)
jk tm tm
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Figure 5 presents a comparison between the theor-
etical dimensionless transients, derived from equations (4)
and (5), and the experimental dimensionless current
transients obtained from the GCE/0.01 M NiCl,, 0.1 M NH,4CI
solution. Notably, for t/tm < 1, the experimental curve
closely matches the response predicted for 3D progressive
nucleation. However, for t/t, > 2.5, there is a significant
deviation from the prediction given by equations (4) and
(5). This deviation has been associated with a proton
reduction process in the case of metal electrodeposition. (>3]

Palomar-Pardavé et al. have suggested that in
systems where proton reduction occurs simultaneously
with the diffusion-limited 3D growth of metallic nuclei, the
overall current density is described by:[56]

Jj3o(t) = jer(t) + jap-ac(t), (6)

where jp(t) corresponds to the current density cont-

ribution from the proton reduction, as given by the

equation (7):

Jer(t) = { P }><

1—exp(—P3(t—to)) (7)
P

1-exp| (t—to )—

while the current density associated with the nucleation
and growth process is described by equation (8)

fao-dc(t):{ P ( t—to )71/2 } X

1—exp(—P3(t—to)) 8

1-exp| (t—to)- P
3

The parameters defined in equations (7) and (8) are
provided in equations (9)—(14)

1.2
1.0 | . . Experlnj\ental
0.8
P |
_E
) 0.6
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(t/t)

Figure 5. Comparison between an experimental transient
normalized by its respective local maximum coordinates
(tm, jm), and the theoretical dimensionless curves for 3D
instantaneous nucleation (Eg. (4)) and 3D progressive
nucleation (Eq. (5)).

1/2

. 2cM

P = Pl[j , (9)
np

P, = zprFker, (10)
P, = NomkD, (12)
P =A, (12)

2FDY?c
Py = o (13)

1/2

8
k= ["C] : (14)
)

where zprF is the molar charge transferred during the
proton reduction process, kpg is the rate constant of the
proton reduction reaction, Ny is the number of active
nucleation sites, A is the nucleation rate, F is the Faraday’s
constant, to is the induction time, and all other parameters
have their electrochemical conventional meanings. If the
current density is expressed in mA cm=2, the units of the
parameters Ps, P>, Ps, Py, k1, k>, and to in equations (7)—(14)
are as follows: P; and P4 have units of mA cm=2, P, and P3
are in s, ky is in mA cm2, k is in s71, and to is in seconds.
Also, if we take into account the contribution of the double
layer to the initial recorded current, the total current
density contribution to the transient may be calculated as
follows:

jr = jar + jao (15)
where

Jar(t) = kye~*t (16)

Jjai(t) is the current density for a Langmuir type adsorption
process with k1 = k2Qqugs and Qugs is the charge density due
to the adsorption process.[>!] By fitting the experimental
transients to equation (15), it is possible to obtain the
kinetic parameters related to the nucleation and growth
process. A nonlinear fit of the experimental transients
shown in Figure 4 to equation (15) was performed using the
Solver tool in Excel™ with the GRG Nonlinear method.l>]
Random initial values were provided to initiate the
optimization process, aimed at minimizing the chi-squared
(x2) statistic. It is important to note that nonlinear fitting
may provide multiple solutions, some of which may not
have physical meaning. To avoid this issue, it is advisable to
use initial values close to those reported in the literature
for similar systems. We allowed the parameters to vary
freely within the range of values found in the literature and
validated the results by comparing them with those
reported in the literature and those obtained from the
voltammetric study.
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Figure 6 shows a typical comparison between the
experimental current transients and those theoretically
generated by nonlinear fitting of the experimental data to
Eq. (15). Itis clear that the model described by this equation
accurately describes the total behavior of experimental
transients. The physical parameters obtained from the
adjustments to Eq. (15) are summarized in Table 1. These
values were derived from the parameters Pi, P, P3, and Pa,
which were determined through nonlinear fitting. The
average diffusion coefficient from the chronoampero-
metric study is 2.7 x 1076 cm? s~1. A comparison of the
diffusion coefficient values from the voltammetric and
potentiostatic studies reveals that they fall within the same
order of magnitude and are consistent with those reported
in the literature.*84% The values of A and Ny determined in
this work are higher and lower, respectively, than those

. Jexperimen(al

B Jtheoretical

j/ mAcm?

t/s

Figure 6. Comparison between the experimental current
density transient (——) recorded at —1.200 V and the
various theoretical contributions (0000) generated by non-
linear fitting of Eq. (15). The fit parameters for the
adjustment observed in this figure are P; = 3.263 mA cm™2,
P, = 8362 51 P; = 1.865 s, P, = 1.802 mA cm=2 sl/2,
ki=1.765mAcm=2 k; =1.171s%, t5=0.230s.

reported for nickel electrodeposition from ammoniacal
sulfate solutions at pH = 6 on GCE.[!2] However, it is
important to note that the presence of chloride ions in
electroplating baths has been shown to accelerate the
nucleation process, 859 which was observed in the present
study when compared to baths based on sulfates.[!2 The
values of No for Ni electrodeposited on different substrates
typically fall within the range of 106 —107 cm2,35.60] which
is consistent with those obtained in the present study. On
the other hand, the values for kpgr lie within the range
reported in the literature, between 10-> and 1079.[1261 Also
note that an increase in the values of kg, A, and No is
observed as the applied potential decreases. This may be
attributed to a higher concentration of electrons on the
electrode surface at lower potentials, which promotes the
formation of more nucleation sites and increases the
nucleation rate. Additionally, the increased number of Ni
nuclei onto the GCE surface enhances proton reduction,
thereby increasing ker. It is also noteworthy that the charge
of the double layer remains relatively constant, while the
induction time decreases as the applied potential is
reduced.

Using the physical constants listed in Table 1, we
were able to calculate the saturation nuclear number (Ns)
as shown in Table 2. This calculation was performed using
Equation (17):62]

ANy )
Ns = 0 17
s (Zk'Dj (7)
where
4( sncom )
k':(" ° j (18)
3 p

From the data reported in Table 2, it can be observed
that the N; values increase as the applied potential

Table 1. Potential dependence of nucleation parameters during nickel electrodeposition onto a glassy carbon electrode from
an aqueous solution containing 0.01 M of NiCl, + 0.1 M NH4Cl at pH = 7.0 (natural pH). These values were derived from the
best-fit parameters obtained through the fitting process of the experimental j-t plots using Eq. (15)

E/V A/st Nox107/cm™ ker X 10° / cm? 572 Qads / mC cm™ to/s
-1.04 0.06 1.60 193 0.57 6.57
-1.05 0.09 2.08 3.25 0.30 5.39
-1.07 0.16 3.49 5.24 0.29 4.03
-1.09 0.24 4.38 6.64 0.29 2.53
-1.12 0.40 5.56 8.00 0.28 1.32
-1.14 0.84 5.93 11.03 0.36 0.94
-1.15 1.09 5.61 1n.57 0.40 0.69
-1.17 1.25 7.31 14m 0.38 0.45
-1.19 1.66 7.93 15.70 0.38 0.32
-1.20 1.87 8.22 16.51 0.39 0.23
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Table 1. Potential dependence of Ns from agueous solution -3
containing 0.01 M of NiCl, + 0.1 M NH,4Cl calculated from | ©
physical constants reported in this work (Table 1) and Eq. (17) - 2 ",6' -
" i .
E/V Ngx 1075 / cm < 14 o A
-1.04 1.21 S o
~1.05 1.69 01 '@-"@O
-1.07 2.90 T oY
-1.09 4.02 ! L A
0.95 1.05 1.15 1.25 1.35 1.45
-1.12 5.79
-1.14 8.67 n< /v
-L15 9.61 Figure 7. Plot of In A versus n~2 used to compute the Gibbs
-117 n.76 free energy of nucleation, as described in Eq. (20). The
-1.19 14.12 dashed line represents the linear fit to the experimental
-1.20 15.23 data.

decreases, and these values fall within the range of
experimental N values reported in the literature.[63-6%] |t's
worth mentioning that, due to the exclusion zones created
by the hemispherical diffusion gradients of 3D nuclei, the
N; values will always be lower than the corresponding Ny
values at the same applied potential. Additionally, both
values increase as the applied potential becomes more
negative.

Also, from the nucleation rate values reported (see
Table 1), it is possible to calculate the Gibbs free energy of
nucleation employing the next equation:[62.56]

AG ks
A=ksexp| ——— |=ksexp| —— 19
3 p[ KBTJ 3 p( nzj (19)

where AG is the Gibbs free energy of nucleation, J/nuclei;
Kp is the Boltzmann constant (1.38066 x 10723 J mol™ ),
ks = Now,, I where, w,.. is the frequency of attach-
ment of single atoms to the critical nucleus and [ is the
non-equilibrium Zeldovich factor and depends expon-
entially on the overpotential.l’]. On the other hand,
kq = —( 16my3 M2 §(0) | 3p2 22 F2kT ) , Where y is the
interfacial tension of nucleus with its motherphase, ¢(0) is
a function of the contact angle & between the nucleus and
the substrate.[”] Here, n is the overpotential, defined as the
difference between the applied potential and the
equilibrium potential, which in this work was determined
from the voltammetric study to be —0.656 V. To determine
the Gibbs free energy of nucleation from experimental
transients, a plot of In A versus n=2 can be constructed using
Eq. (20). Then, by calculating the slope k4 of the resulting
linear relationship, AG can be determined at each specific
overpotential using the following equation:[¢7]

[_AG]:M 20)
KgT n?

where T is the absolute temperature in K, the plot of In A
vs. N2 (see Figure 7) shows a linear relationship with a slope
of —=8.1. The average AG calculated at different potentials
was 3.87 x 10729 J per nucleus. This value of AG corresponds
to the energy required for the formation of a stable nickel
nucleus.

Within the context of the atomistic theory of
electrolytic nucleation, the critical size of the Ni nucleus (n.)
can be estimated from the potential dependence of A using
the following equation:!67]

ksT dinA
ne=| — — api 21
[Z@o ][ dE j " ( )

The plot of In A versus E, shown in Figure 8, exhibits

a linear trend. By substituting the value of the slope
(dIn A/dE = -21.5) into Eq. (21) and ayn; = 0.83, the calcul-
ated value of n¢ is 0. This suggests that each active site on
the GCE surface behaves as a critical nucleus.[*3] Similar
results have been reported for nickel electrodeposition
onto HOPG electrodes.*2]

(22)

apRZFE
kg = k3 exp| — 2=
PR PR P|: RT :|

From the slope of the In kpr versus E plot shown in
Figure 9, the value of apr was estimated to be 0.13. This
value is in close agreement with the 0.07 obtained during
the nickel electrodeposition onto Highly Oriented Pyrolytic
Graphite (HOPG).[4?l It is important to mention that the
reduction of protons (HER) in an electrodeposition process
can decrease its efficiency by competing for the electrons
that should be used for the reduction of metal cations.
Thus, the apr parameter determines how easily the HER
occurs in relation to the metal reduction process.

DOI: 10.5562/ccad122

Croat. Chem. Acta 2024, 97(3), 119-129



ROATICA
CT
HEMICA

126 L. H. MENDOZA-HUIZAR et al.: Electrochemical Study of Nickel Electrodeposition ...

r 70 Morphological Analysis
019 | o Q/'O Scanning Electron Microscopy (SEM) was used to examine
-0.31 + _/’ the morphology of the nickel electrodeposits. The SEM
‘/T(: 081 [ O/’ images in Figures 10a and 10b show the electrodeposits
~ r /." formed potentiostatically at -1.090 V, revealing a range of
I 13 | ,O" nucleus sizes that reflect the progressive nucleation
£ 8t Q-" process observed in the potentiostatic study. Note, the
231 :D,-’ nickel crystallites formed vary in size from 0.5 to 4 um,
r illustrating the heterogeneous nature of the deposit.
'2'81_1.04 1.08 112 116 1.2 Similar morphological features of nickel nuclei have been
E/V observed in electroplating steel with nickel from a Watts

Figure 8. Plot of In A versus E, used to calculate the critical
size of the Ni nucleus based on Eq. (20). The dashed line
represents the linear fit to the experimental data.
Additionally, the kpr values reported in Table 1 can be
modeled using a Butler—Volmer type relationship,5® as
described by Eq. (22).

-11
N ] q
w 10 1 -
% 10 Cf'<)
o T o e
~
9 + P9
[°3 -0
a G-
< %
£ st
-7 " : " ! }
-1.2 -1.15 -1.1 -1.05

E/V
Figure 9. In keg vs. E plot according to Eq. (22). The dashed
line corresponds to the linear fit.
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UAEH 2KV H1, 000 G m

(a)

bath, particularly when saccharin is added.[®8 These results
underscore the complex nature of the nickel electro-
deposition process, highlighting the importance of
evaluating kinetic parameters to optimize and control the
properties of electrodeposited materials.

CONCLUSIONS

We investigated the electrodeposition of nickel onto GCE
from a 0.01 M NiCl and 1 M NH,4Cl aqueous solution using
both voltammetric and potentiostatic methods. Our
analysis revealed that nucleation parameters, including
nucleation rate, density of active nucleation sites, and
saturation nucleus, varied with applied potential. The
calculated energy (AG) required for stable nucleus
formation was determined to be 3.87 x 10720 J per nucleus.
Additionally, SEM imaging showcased the formation of
dispersed particles ranging in size from approximately 0.5
to 4 um. Furthermore, the linear relationship observed in
the In kpg versus E plot allowed us to estimate apg as 0.13,
providing further insights into the nucleation process.

J— 1Mm F1
s s 0 R W T

U EH 2 8K

(b)

Figure 10. SEM images of the deposits obtained at —1090 mV on GCE from an aqueous solution of 0.01 M NiCl; + 0.1 M NH4Cl:

(a) at 1000X and (b) at 4500X magnification.
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