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Abstract: In this work, we reported a comparative study of nickel electrodeposition
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Revised 23 Mar 2023, mechanism on indium tin oxide (ITO) from two mediums. The nitrate electrolyte

Accepted 24 Mar 2023 contains 0.01 M of nickel nitrate hexahydrate (Ni (NOs)2, 6H20) with 0.1M of potassium
nitrate (KNOs) and chloride bath was a mixture of 0.01 M (NiClz, 6H20) with 0.1 M of
potassium chloride (KCl). The electrochemical techniques cyclic voltammetry (CV) and
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the chronoamperometry (CA) revealed that the electrodeposition of nickel (Ni) at a
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negative potential around -1.1 V versus SCE (saturated calomel electrode) is quasi-
reversible reaction controlled by the diffusion process in the two mediums. The
experimental current transient curves are compared to those calculated from Scharifker-
Hills models; it was found that the nucleation and growth of Ni on the ITO substrate
follows an instantaneous three-dimensional (3D) mechanism in the two solutions, which
was confirmed by the micrographs of SEM analysis. The X-ray diffraction
characterization of nickel thins films elaborated by chronoamperometry on ITO
substrate had shown a cubic crystal structure whatever the electrolyte composition.

https://doi.ore/10.48317/IMIsT.  HOwever, in nitrate solution the formation of a nickel oxide was identified.
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1. Introduction

Thanks to its electrical, magnetic, mechanical, structural and morphological properties, nickel
occupies an important place on an industrial scale for applications in catalysis, energy storage and
dihydrogen storage, and protection against corrosion (Abbasi-Amandi et al., 2021; Boumezzourh et
al., 2019; Jamshidi et al., 2018). Nickel can be mass-produced by conventional processes (thousands
of tons obtained by pyrrometallurgy and electrolysis) whose control of the structure is not accessible
(Chat-Wilk et al., 2021). New physical (PVD) and chemical (CVD) and electrochemical techniques
such as electrodeposition have allowed access to nanoscale structures (Sivasakthi ef al., 2021). Among
these numerous techniques, electrodeposition has received considerable attention as an alternative
approach for the production of metallic films. Indeed, the electrodeposition is a less expensive
technique, and allows the simple elaboration of metallic films and controls the mechanisms of their
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growth (Chat-Wilk ef al., 2021). It is also noteworthy that by simply changing the electrodeposition
parameters, the properties and characteristics of the deposited films, like nickel coatings, can be
modified (Janjan et al., 2011; Deng et al., 2008; El-Hallag et al., 2021; Ibrahim, 2006; Wang et al.,
2019). In particular, small variations in bath composition and pH can affect deposit morphology,
coating properties and adhesion. These physico-chemical properties are highly dependent upon the
mechanism of the early stages of electroplating known as nucleation and growth (Hu et al., 2023; Yue
et al., 2022a; Yue et al., 2022b). Various electrolytes are used for the electrodeposition of thin nickel
layers such as aqueous solutions, ionic liquids and deep eutectic solvents (DES). In this work, a
comparative investigation of the electrochemical deposition of nickel on indium tin oxide (ITO)
substrate was carried out using electrochemical techniques in nitrate and chloride electrolytes.

2. Materials and Methods
2.1. Electrodeposition

The electrodeposition of Nickel was studied by cyclic voltammetry (CV) and chronoamperometry
(CA) using a three-electrode cell connected to a Versa STAT 3 potentiostat-galvanostat combined with
Versa Studio software.

The glass substrate pre-coated with transparent and conducting layers of indium tin oxide (ITO)
was used as a working electrode, platinum (Pt) grid was used as the counter electrode and the saturated
calomel electrode (SCE) as the reference electrode (all potentials are given relative to this
reference).The surface area of the working electrode has been fixed at 1 cm?. At the beginning of each
experiment, the ITO substrate was cleaned in an ultrasonic bath using acetone for 15 minutes, ethanol
for 10 minutes and finally with distilled water for 5 minutes.

The electrolyte used is an aqueous solution containing 0.01M nickel nitrate Ni(NO3)..6H,O+ 0.1M
potassium nitrate KNO; for nitrate medium and 0.01M nickel chloride NiCl,.6H>O+ 0.1M potassium
chloride KCI for chloride medium. All experiments were carried out at a neutral pH (around 7) and
ambient temperature (T=20° C).

2.2. Characterization

The nickel electrodeposited thin films were characterized by X-ray diffraction (XRD) analysis,
using a Broker D8 Advance diffractometer, equipped with a graphite monochromator, a Lynx-Eye
detector, and parallel beam optics Cu Ko radiation (A = 1.5411 A). The surface morphology was
investigated using the scanning electron microscopy (SEM) Philips XL30FEG.

3. Results and Discussion
3.1 Cyclic voltammetry

Cyclic Voltammetry (CV) is an electrochemical potentiodynamic technique, which measures the
current that develops in an electrochemical cell by cycling the potential of a working electrode, ramped
linearly versus time. This technique was also used in order to identify the potential region, the
reversibility and the kinetic of redox reactions involved in the nickel electrodeposition.

Firstly; a preliminary study was necessary to investigate the substrate stability on different used
mediums; then, the redox systems were identified simultaneously. The figures 1a and b illustrated the
obtained result for nickel electrodeposition in nitrate and chloride electrolytes, accompanied by blank
solution voltammograms (supporting electrolyte alone), for a scan rate of 20 mV.s! in the potential
window of -0.6 V to -1.5 V vs SCE.

Sahlaoui et al., Mor. J. Chem., 2023, 11(2), pp. 541-552 542



0.0000

0.0000

-0.0005 |
-0.0005
o |
£ 0.0010 ~ -0.0010
< 5
= <
-0.0015 = -0.0015
-0.0020 (a) Chloride solution -0.0020 (b) Nitrate solution
= —emwo
_ LM ——Ni(NO),, 6H,0 + KNO;|
0.0025 T T T T -0.0025 -
1.4 1.2 1.0 -0.8 -0.6 : g g 40 08 06
E vs SCE/V E vs SCE/ V

Figure 1. Cyclic voltammograms of Ni electrodeposition on ITO substrate and supporting electrolytes (Blanks)
at scan rate 20 mV s™': (a) from chloride solution and (b) from nitrate solution.

In nitrate and chloride blanks, curves (1) in Figure 1a and b, we noted, the stability of ITO
substrate in all the range potential used, with the absence of any reduction or oxidation peaks of the
indium tin oxide substrate. However, the cathodic reduction system observed in both solutions
corresponds to water reduction according to Eqn. 1, and in nitrate medium, this reduction is
accompanied by the nitrate reduction (Eqn. 2).

H;0" + le= Y. Ho+ H20 (Eqn. 1)
NOs + H20 + 2e= NOy + 2HO" (Eqn. 2)

The presence of nickel(Il) ions in solution is subject to a reduction of one peak at -1.27 V/SCE for
the nitrate medium and a reduction two peaks in a chloride medium -1.1 and -1.16 V/SCE, these peaks
correspond to the electrodeposition of Nickel on the ITO substrate. According to the literature (Chat-
Wilk et al., 2021; Oluranti et al., 2012), the electrodeposition mechanism in chloride medium involves
two consecutive one-electron charge transfers with adsorption of intermediary nickel cationic complex
as shown in the following equations (3) , (4) and (5) :

Ni?*+ CI- = NiCI* (Eqn. 3)
NiClI" + e = NiClags (Eqn. 4)
NiClags + €= Ni+ CI (Eqn. 5)

Then, the first cathodic pic at-1.1 V vs SCE can be attributed to NiCl" reduction; it is also followed
by the deposition of Ni according to the reaction 4 at the potential -1.16V vs SCE literature (Chat-Wilk
et al., 2021; Oluranti et al., 2012).

Ni* (aq) + 2¢" = Ni/ITO (Eqn. 6)

It should be noted that the nickel deposition is very close to the electrochemical solvent wall, it
then interferes with the reduction of nitrate and hydrogen ions and this facilitates the formation of oxide
or hydroxide by passivation according to equations (7) and (8) (Badea et al., 2010; Ritzert and Moffat
2016).

NOs5" (agp + NVITO + H20 (= Ni(OH)2 + NO2"(aq) (Eqn. 7)
Ni(OH)2 = NiO + H>O ¢ (Eqn. 8)
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To study the reversibility and the type of control involved during nickel electrodeposition, a series
of voltammograms have been recorded for nitrate and chloride solutions in potential range between 0
and -1.5 V/SCE with different scan rates (5, 10, 15, 20 and 25 mV s!). Figure 2a and b shows the
obtained result. It was found that nickel can be deposited on ITO substrate in two mediums through
cathodic reaction and a slight shift in the nickel deposition potential was observed when changing from
the chloride medium (started at -1.0 V /SCE) to the nitrate medium (started at -1.1 V /SCE):
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Figure 2. Cyclic voltammograms for Nickel electrodeposition on ITO substrate at different scan rates: (a)
from chloride solution, (b) from nitrate solution.

In addition, we noted that the cathodic peaks become more intense upon increasing the scan rate,
and are shifted to the negative potentials. Such a shift is typically associated with quasi-reversible
electrochemical reactions. The peak currents density jpeak are represented as a function of square root
of the scan rate (v!’?) in Figure 3, a good linear relationship with correlation coefficient (R?=0.99) is
obtained indicating the diffusion-controlled process (Bottoni et al., 2023; Lghazi et al., 2021; Lghazi
et al., 2018; Grujicic and Pesic 2005).
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Figure 3. The plot of the cathodic peak current density (jpeax) Versus the square root of the sweep rate (v'’%): (a)
in chloride solution and (b) in nitrate solution.

This result is in agreement with other studies carried out on the nickel electrodeposition. Therefore,
the Nickel diffusion coefficient in two mediums can be calculated using the equation 9 (Youbi et al.,
2020; Aynaou et al., 2022; Wu et al., 2023):
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'jpeak =367.n%2.C.D"2.v!? (Eqn. 9)

C: is the concentration of species in the bulk of the solution (mol.L!), jpeax: is the peak current density
(A.cm™), n: is the number of electrons, D: is the diffusion coefficient (cm?.s™"), and v: is the scan rate.

The obtained values of diffusion coefficient in nitrate solution is D=1.01 10%cm?.s"! and in chloride
solution is D= 1.04 10°cm’s’'. In addition, various information can be extracted from those
voltammograms such as cathodic peak and half-peak potentials of nickel reduction for different scan
rates, which makes the possibility to investigate the reversibility of this redox system. Tables 1 and 2
show the values of the peak Epc and half-peak Epc/2 potentials and the calculated difference | Epc-
Epc/2 | . This last difference increases as the scan rate increases and the obtained values are higher in
all cases than the theoretical value of 2.2RT/zF, which confirms the quasi-reversibility of the system
Ni?"Ni in the two electrolytes (Sharma et al., 2023;Szymczak, 2013; Sandnes et al., 2007).

Table 1. Current density, potential and half-peak potential of cathodic peak as a function of scanning speed
deduced from voltammograms in chloride solution (Figure 2a).

V (mV/s) E . (V/ECS) J . (mA em’) E% (V/SCE) |Epc-%| (V/SCE)
5 -1.09 -1.22 -1.02 0.07
10 -1.15 -1.62 -1.04 0.11
15 -1.14 -1.82 -1.03 0.11
20 -1.15 2.02 -1.05 0.10
25 -1.18 2.1 -1.04 0.14

Table 2. Current density, potential and half-peak potential of cathodic peak as a function of scanning speed
deduced from voltammograms in nitrate solution (Figure 2b).

5 -1.24 -1.03 -1.15 0.09
10 -1.28 -1.39 -1.17 0.11
15 -1.31 -1.63 -1.19 0.12
20 -1.32 -1.82 -1.19 0.13
25 -1.38 -1.98 -1.21 0.14

3.2. Chronoamperometry

To study the nucleation and growth mechanism of nickel on the ITO substrate from nitrate and
chloride electrolytes, the chronoamperometry was used at different deposition potentials. The obtained
transient’s current density curves are shown in Figure 4a and b. Two parts can be distinguished in
each transient curve. The ascending part corresponds to the formation and growth of nickel nuclei on
the substrate which induces that the current density increases rapidly, reaching a maximum jmax at a
given time tmax. With the rising cathodic potential, the maximum current of these transients (jmax)
increases while the time (tmax) decreases because of the increase of the nucleation density with the
applied potential. The descending part was attributed to the intervention of a diffusion process. We can
conclude that all these current transients are a characteristic response of three-dimensional (3D)
multiple nucleation with diffusion-controlled growth.
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Figure 4. Transients current density for Ni electrodeposition on ITO substrate at different deposition
potentials: (a) in chloride solution and (b) in nitrate solution.

To further discuss the nickel electrodeposition mechanism and to identify the type of the process
controlling deposition the last part of theses current transits are exploited using Cottrell model (Bahar
et al., 2021; Youbi et al., 2020) (Eqn. 10) by plotting the j=f(t"'’?) evolution in Figure 5a and b for two
case.

-j=n.F.C(D/n)” (t)!? (Eqn. 10)

Where nF is the molar charge transferred during electrodeposition, C is the bulk concentration of
the electroactive species, D is the diffusion coefficient, and t is time.
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Figure 5. Transients current density (j) versus t'“ of the last part at different potentials: (a) in chloride

solution and (b) in nitrate solution.

These plots show a good linearity between j and t'? at different applied potentials, which
illustrates the behavior of the redox systems controlled by the diffusion process. It can be concluded
that the nickel electrodeposition on ITO substrate in two electrolytic solutions is controlled by the
diffusion of the Ni**. Using the Cottrell equation, the diffusion coefficient values are extracted and
illustrated in Tables 3 and 4.

Table 3. Diffusion coefficient D of Ni*'in chloride electrolyte at different potentials.

E(V/ECS) -1.1 -1.12 -1.14 -1.16
D(x10°cm’s™) 0.16 0.2 0.2 0.23

Sahlaoui et al., Mor. J. Chem., 2023, 11(2), pp. 541-552 546



Table 4. Diffusion coefficient D of Ni*"in nitrate electrolyte at different potentials.

E(V/ECS) -1.2 -1.22 -1.24 -1.26

D(x10%cm?s™) 0.48 0.54 0.44 0.14

Under this diffusional control, the kinetic theory of electrodeposition makes it possible to describe
the mechanism of nucleation and growth using the first part of current transits curves. To further
explore the characteristics of the nucleation mode of the first stage of electrodeposition we have drawn
j=f(t"?) in Figure 6 and j=f(t*?) in Figure 7 of ascending part of current transients (Figure 5),
according to the following equations (Mashreghi and Zare 2016; El Haimer et al., 2022):

3 1 1
For instantaneous 3D nucleation i = nFm (ZDC )2z ) (M / p)z Nytz  (Eqn. 11)

For progressive 3D nucleation i = —nFn (ZDC) ) (M/p) Ny ANtz (Eqn. 12)

No is the density of the nuclei, M is the molar mass of the deposit and p is the density of the deposit.

As can be seen, the plots of (j)vs(t'?) are linear for two mediums, but those of (j)vs(t*?) deviates
from linearity. This implies that the electrochemical deposition of Ni exhibits instantaneous 3D
nucleation. In order to confirm the type of nucleation mechanism, the theoretical Scharifker and Hill
models (Himi et al., 2020; Aynaou et al., 2022) was used according to the equations (3) and (4) related
to instantaneous and progressive 3D nucleation respectively (Cai et al., 2023; Scharifker and Hills
1983; Gunawardena et al., 1982):
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Figure 6. (a)Transients current density (j) versus t'? of the second part at different potentials and (b) transients

current density (j) versus t¥ of the first part at different potentials in chloride solution.

The comparison between the transients of the experimental curves at different potentials during
the nickel electrodeposition on ITO substrate, with the theoretical dimensionless transients of j/jmax
versus t/inax, in Figure 8 shows that the Ni germs grow according to an instantaneous 3D nucleation
mechanism in two mediums (Hu et al., 2023; Bahar et al., 2022; El Haimer et al., 2022).
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progressive nucleation to experimental transients current density of different potentials. (a) in nitrate solution
(b) in chloride solution.

3.3. Characterization
3.3.1. X-ray diffraction (XRD)

The X-ray diffraction patterns of the electrodeposited nickel thin films on ITO substrate at -1.2 V
/SCE 1in nitrate solution, and -1.1 V/ SCE in chloride solution are also investigated. It was found the
nickel electrodeposited on ITO substrate has a cubic crystal structure whatever the electrolyte
composition (Figure 9).

8000 6000

A = Chloride medium w— Nitrate medium
7000 - A *Ni
: 5000 & NiO,
6000 - A H
f A:ITO
o ] o
= 5000 2 4000
= =
£ 4000 - . £ ‘o
7] &z /
5 / S 3000 4 /
2
£ 3000 / = *A A
A A
2000 2000 d\g‘
1000 MJ\\/\.J»M_
T 1000 M
0 T T T T T T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
A/nm A/nm

Figure 9. XRD of Ni film deposited on ITO substrate by chronoamperometry: (a) chloride medium and
(b) nitrate medium.
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The diffractograms of nickel electrodeposited from nitrate and chloride solution present the same
peaks. The diffraction peaks at 20 = 44.833° and 53.045° are characteristic of hexagonal and cubic
nickel (Ni) which orientations have been preferred (111) and (200) at two electrolytes (nitrate and
chloride). Moreover, in the nitrate medium, new diffraction peaks are observed at 20 = 61.131° which
can be attributed to a new phase that has been formed. According to the literature, these diffraction
peaks are characteristic of nickel oxide (NiO2) whose orientations was preferred (201). These results
are in good agreement with those reported in other studies of nickel electrodeposition film. The
appearance of some XRD peaks reflections corresponding to ITO substrate.

3.3.2 Scanning electron microscopy (SEM)

Morphological properties of samples nickel thin film are determined and investigated by Scanning
Electron Microscopy (SEM) observation. The micrographs of thin films deposited in different
mediums (chloride and nitrate) at temperature 25 °C and for 15 min are shown in Figure 10. The
sample in Figure 10a exhibited the only one type of nuclei that correspondent of the Ni.

It can be observed, in this case, that the 3D nucleation takes place at some active sites of the ITO
substrate surface and then all nuclei grow three-dimensionally until they collide with each other to form
a metallic film. However, the morphological surface shown in Figure 10b is completely covered with
the uniform nuclei corresponding to the Ni and NiO, this explain that the all-active nucleation sites on
the surface are filled.

Figure 10. SEM image of Ni electrodeposited on ITO substrate in: (a) Chloride medium, and (b) Nitrate
medium.

Sahlaoui et al., Mor. J. Chem., 2023, 11(2), pp. 541-552 549



Conclusion

To sum up, the present work was dedicated to studying the effect of electrolyte composition
(nitrate and chloride) on the electrodeposition mechanism of nickel on ITO substrate. First, the cyclic
voltammetry and chronoamperometry has shown that the electrodeposition process of nickel from the
two mediums is a quasi-reversible reaction controlled by the diffusion. The obtained values of diffusion
coefficient in nitrate solution is D=1.01 10 cm2.s™! and in chloride solution is D = 1.04 10-6 cm?.s™!.
The analysis of chronoamperometric measurements according to Scharifker-Hills model has confirmed
that the electrodeposition mechanism of nickel on ITO substrate follows the 3D nucleation
instantaneous in the two solutions. In conclusion, we note that the formation of oxide in a nitrate
medium makes the chloride electrolyte more preferable to the electrodeposition of nickel on the ITO
substrate.
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