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A novel viewpoint of an imidazole derivative ionic
liquid as an additive for cobalt and nickel
electrodepositiont

Inam M. A. Omar,?® Khadijah M. Emran, {2 *® Madzlan Aziz* and Abdo M. Al-Fakih?

Thin films of Co and Ni electroplated onto a copper electrode from acidic sulfate and Watts baths,
respectively, were investigated. The use of an ionic liquid additive in the electrolyte is widespread for
producing thin films by electrodeposition. In the present work, the influence of a new ionic liquid,
namely, 1-methyl-3-((2-oxo-2-(2,4,5-trifluorophenyllamino)ethyl)-1H-imidazol-3-ium iodide (Im-IL), in
(CP), cyclic
voltammetry (CV), and anodic linear stripping voltammetry (ALSV) measurements and cathodic current

the electrodeposition of two metals was investigated using cathodic polarization
efficiency (CCE%). The surface morphology of the Co- and Ni-coated samples was examined using
Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD)
and atomic force microscopy (AFM). The corrosion protection of the Co and Ni samples in a marine
environment (3.5% NaCl solution) was studied by the potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) techniques. The results show that the addition of Im-IL inhibits Co®* and
Ni2* deposition, which leads to more fine-grained deposits, especially at low Im-IL concentrations. The
inhibition of Co?* and Ni%* reduction in the presence of Im-IL ions occurs via adsorption, which obeys
the Langmuir adsorption isotherm. The CCE% is higher in the presence of Im-IL. SEM images show
smoother deposits of Co and Niin 1 x 107> M and 1 x 10~* M Im-IL solution respectively. The results
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1. Introduction

Nickel (Ni) and cobalt (Co) are important engineering materials
among the wide range of available electroplating materials that
are commonly used in many industrial applications. The
widespread use of these materials is due to their unique prop-
erties, such as excellent corrosion resistance, high heat resis-
tance, thermal stability, high hardness value, high strength,
high electrical conductivity, heat conductivity, good welding
ability and good paint and formation ability.*”* Electrodeposited
nickel is highly resistant to tarnishing, and due to its high
hardness value, nickel has become an alternative to electro-
plated chromium in hardware, automotive, electrical and elec-
tronics applications.® Electrodeposited alloy films of Ni are used
in the fabrication of anodes for Li-ion batteries’ and protein
microarray fabrication technologies.® Similarly, cobalt and its
alloys are used in various magnetic and storage devices,

“Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia, Johor
Bahru, Johor, Malaysia. E-mail: emomar@taibahu.edu.sa; madzlan@utm.my;
aalfakih2011@gmail.com

*Chemistry Department, College of Science, Taibah University, Al Maddinah Al
Mounwara, Saudi Arabia. E-mail: kabdalsamad@taibahu.edu.sa

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d0ra06510b

This journal is © The Royal Society of Chemistry 2020

prove that Im-IL acts as an efficient additive for electroplating soft Co and Ni films.

especially in microsystem technology for the production of
sensors, actuators, microrelays, inductors and magnetic devices
in the computer industry.>**

Investigations have studied the effects of a variety of baths,
including sulfate, chloride, sulfamate, acetate, citrate, glycine
and gluconate baths as well as Watts-type nickel baths, with or
without additives on Ni deposits.'*"** Moreover, cobalt deposits
have been obtained from different baths containing chloride,"
sulfate," chloride and sulfate,’® gluconate,” acetate®® and
citrate' electrolytes. However, the use of an acid sulfate bath is
increasingly common due to its relatively low cost, safety
features and pollution control characteristics.”® Smoother and
finer surfaces were obtained with sulfate baths than with other
baths.*

Electrodeposited Ni and Co in the presence of some organic
and inorganic additives exhibit granular, nonuniform
features®*® with extensive microcracking on the surface,“******
low hardness and yield strength,® lack of brightness, low
corrosion resistance,”” poor cathodic current efficiency,"***
insufficient thermal stability and poor throwing power.*'> Some
additives, such as sodium citrate and glycine, that have been
used as additives in the electrodeposition of Co and Ni required
high temperatures and high current densities to obtain crack-
free deposits.>*® In addition, in some previous studies, expen-
sive substrates, such as Au, Pt and Si, have been used.**** In
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other investigations, preparing the electroplating baths was
expensive because the process consumed high concentrations
of metal sources and additives.>***® The use of additives in
aqueous electroplating solutions is extremely important to
improve the surface morphology of the deposit and crystal-
building processes and to enhance the precision, durability
and stability of the coating.**** The importance of the additives
comes from interesting effects on the growth and structure of
the deposits.** The additives can be organic or metallic and
ionic or nonionic. The additives act through adsorption on the
plated surface and often are incorporated into the deposit.*
Organic additives tend to favor the development of most crys-
tallites with certain dominant textures, mostly inhibiting crystal
growth towards other crystallographic axes.***” However, some
additives are noneco-friendly due to high toxicity, such as Cd**
compounds*® and thiourea,* as well as additional properties,
such as high flammability, high volatility,* easy decomposi-
tion,” nonthermal stability and poor chemical properties.*
Therefore, ionic liquids (ILs) have become an alternative
chemical group for many existing materials for use in a variety
of industrial applications, including electrochemistry and
electrodeposition.** Ionic liquids are organic salts that are
liquids at ambient temperature and are comprised of organic
cations and organic/inorganic anions.** The most important
advantage of ionic liquids is their large electrochemical
windows (>5 V), which allows access to elements that cannot be
electrodeposited from aqueous or organic solutions, such as Al,
Mg, Ti and Ta, at moderate temperatures.**** Many researchers
have used ionic liquids as electroplating baths in electrodepo-
sition processes.*»**~** However, a few studies have used ionic
liquids as additives in electrodeposition processes.?®*"*
Therefore, in the current work, the effect of a novel ionic liquid,
namely, 1-methyl-3-(2-ox0-2-((2,4,5 trifluorophenyl)amino)eth-
yle)-1H-imidazol-3-ium iodide (Im-IL), on the coating and elec-
trodeposition qualities of Co and Ni from sulfate and Watts
baths were studied. Scanning electron microscopy (SEM),
combined with energy dispersive X-ray spectroscopy (EDX), X-
ray diffraction (XRD) and atomic force microscopy (AFM) were
used to analyze the structures, morphologies and compositions
of the coatings. For more in-depth investigation, the electro-
deposition behavior and the nucleation mechanisms were
investigated using cyclic voltammetry (CV) and anodic linear
stripping voltammetry (ALSV). The effects of the potential
scanning rate for Co and Ni deposition were determined.

2. Material and methods
2.1 Chemicals and reagents

All the chemicals and reagents were of analytical grade and were
obtained from Sigma-Aldrich, Germany, and the electrolytes
were freshly prepared using double-distilled water. The imida-
zolium iodide incorporating aromatic amide, namely, 1-methyl-
3-(2-o0x0-2-((2,4,5-trifluorophenyl)amino)ethyle)-1 H-imidazol-3-
ium iodide (Im-IL), M.W. = 397.15 g mol ', was synthesized
through the simple quaternization of methylimidazole with
fluorinated aromatic acetamide bromide in acetonitrile, Fig. 1.
The newer imidazolium Im-IL ionic liquid design, synthesis
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Fig.1 The molecular structure of the ionic liquid namely 1-methyl-3-
(2-ox0-2-((2,4,5 trifluorophenyllamino)ethyle)-1H-imidazole-3-ium
jodide (Im-IL).

steps, melting point, purity and characterization are reported in
detail in ref. 51. Moreover, the newly synthesized Im-IL was fully
characterized using several spectroscopic methods, such as 1H,
13C, 11B, 19F, 31P NMR, and mass analysis.™

2.2 Electrolyte for electrodeposition

Cobalt electrodeposition onto Cu substrates was achieved using
an acidic sulfate bath containing 100 g L' of CoSO,-7H,0,
17.02 g L' of Na,SO,, and 30 ¢ L™ of H3BO; (ref. 1) in the
absence and presence of Im-IL. The Watts bath for Ni electro-
deposition onto Cu substrates contained 165.6 g L~! of NiSO,-
-6H,0, 21.4 ¢ L " of NiCl,-6H,0, and 18.6 ¢ L ™" of H;BO; (ref.
12 and 52) in the absence and presence of Im-IL. The pH was
adjusted using 1:1 (H,SO,: H,0) and was measured using
a pH meter (HANNA, IH 2210, ITALY).

2.3 Preparation of copper (Cu) electrode substrates and
counter electrode

Copper (Cu) sheet (6.25 cm?, 0.25 cm thick, 99.99%, Advent
Research Materials) was used as the substrate. The counter
electrode (CE) was a large-surface platinum sheet (6.25 cm?,
0.25 cm thick, 99.95% metals basis, Alfa Aeser). Before each
experiment, the electrodes were cleaned in pickling solution
(300 ml H,SO,, 100 ml HNO3, 5 ml HCI and 595 ml H,0)” then
dried in a desiccator.

2.4 Measurement procedures and equipment

To guarantee the accuracy of the analyses and results, the
experiments were performed in duplicate using unstirred
solutions, with a 10 min plating duration at a temperature of
25 °C. The electrochemical experiments were carried out in
a three-electrode cell using a Gamry potentiostat/galvanostat
(Gamry Interface 1000) connected to a PC and were analyzed
using Gamry Echem software. Platinum and saturated calomel
electrodes (SCE, HANNA, HI5412, ITALY) were used as the
counter and reference electrodes, respectively. A Cu sheet or
glassy carbon electrode (GCE) was used as the working electrode
according to the particular technique.

2.4.1 Potentiodynamic cathodic polarization (CP) curves.
Potentiodynamic cathodic polarization (CP) curves were

This journal is © The Royal Society of Chemistry 2020
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recorded using Cu substrates by sweeping the potential from
the rest potential toward the negative direction with a scan rate
of 10 mv s "

2.4.2 Cyclic voltammetry measurements (CV). Voltam-
metric measurements were performed in the potential range
from 1.0 to —1.5 Vgcg, with a scan rate of 100 mV s~ '. The
working electrode was a GCE (a disk shaped area = 0.07 cm2, 6
mm, reorder ET 051). GCE was polished with a polishing kit
using an alumina slurry (a-alumina polishing powder 0.05 mm)
until a mirror surface was obtained. Then GCE was rinsed with
deionized water, and sonicated in ultrasonic bath for 5 min
then dry the electrode under a stream of pure nitrogen. After
electrodeposition, the produced coatings were rinsed by
deionized water and ultrasonically treated to remove the
deposits from the surface.

2.4.3 Situ-anodic linear stripping voltammetry (ALSV)
measurements. For situ-anodic linear stripping voltammetry
measurements, Co or Ni deposition was carried out at
a constant potential (—1.0 Vgcg) on the GCE for a constant
plating time (100 s) at 25 °C. Potentiodynamic polarization
resistance (PPR) analysis and chemical composition analysis
were performed immediately after potentiostatic deposition
from the potential (—0.4 V) toward more anodic potentials (0.5
V) at a scan rate of 10 mV s " (ref. 1, 12 and 52) without
removing the working electrode from the solution.

2.4.4 Cathodic current efficiency (CCE%). A direct current
was supplied using a DC power supply unit (QJ3005A, ITALY) to
measure the CCE% of the Co and Ni electrodepositions at
different current densities, times, pH and potentials without
and with different concentrations of Im-IL. A Cu sheet cathode
and Pt sheet anode (6.25 cm”) were used to generate
a composite coating. The CCE% is calculated from eqn (1)*

CCE% = % x 100 6))]
where W, is the practical weight of the deposit, and W, is the
theoretical weight of the deposit calculated using Faraday's law.

2.4.5 Characterization techniques. The surface
morphology of the Co- and Ni-coated samples was examined
using a scanning electron microscope (SEM, JEOL JSM-6000,
Shimadzu, Japan) equipped with energy dispersive X-ray spec-
troscopy (EDX) microanalysis hardware using an accelerative
voltage of 15 kV. The phase and crystal structure of the Co and
Ni films were analyzed by X-ray diffraction (XRD, Shimadzu,
XRD-7000, Japan) using monochromatic Cu Ka radiation (k =
1.5406 A) operated at 40 kV and 30 mA with a 26 angle pattern.
To provide superior topographic images, atomic force micros-
copy (AFM, digital instrument CP-II, Veeco Company, USA)
measurements were carried out in contact mode.

2.4.6 Corrosion resistance measurements. The corrosion
protection performance of the Co and Ni samples in a marine
environment (3.5% NaCl solution) was studied by the poten-
tiodynamic polarization and electrochemical impedance spec-
troscopy (EIS) techniques. These electrochemical experiments
were carried out at 25 °C using a classic three-electrode cell with
a platinum sheet as the counter electrode and a saturated
calomel electrode (SCE) as the reference. The electrodeposited
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Co or Ni samples were used as the working electrode. Before the
corrosion experiments, the samples were first immersed into
the 3.5% NacCl solution for approximately 30 min to stabilize the
open-circuit potentials (OCPs). The EIS measurements were
carried out in the frequency range between 100 kHz and 0.01 Hz
with an amplitude of 10 mV with a superimposed AC signal, and
the corresponding Nyquist plot was obtained. Then, potentio-
dynamic curves were recorded by scanning with a scan range of
4700 mV and a scan rate of 1 mV s~ with respect to OCP.

2.4.7 Microhardness measurements.  Microhardness
measurements were performed on some Co or Ni as-plated
samples. The time of plating was 60 min to obtain thick
deposits. In all the tests, 25 grams-force load was employed, and
the indentations were made directly on the plated surface
parallel to the base metal. The microhardness of the electro-
deposited coatings is usually determined using a conventional
microhardness technique in which a Vickers indenter is used
(Model Hysitron TI 725 Ubi., USA). The average of five readings
was taken along the circumference of a circle as a measure of
the microhardness of each sample. The results are expressed as
Vickers hardness number (VHN).

3. Results and discussion
3.1 Cathodic polarization (CP)

Cathodic polarization (CP) curves are important for under-
standing the nature of electrodeposition. This method is
considered a useful technique for characterizing the influence
of additives on the electrodeposition process. To improve the
nature of the Co and Ni deposits, Im-IL was added to the bath
solutions. The effects of Im-IL on the cathodic polarization
curves of the Co and Ni electrodeposits at pH 4.5 (ref. 1) are
shown in Fig. 2a and b. The cathodic branch curves were swept
from the rest potential of approximately —0.3 Vgcg to —1.6 Vgcg.
In free solution, a high polarization accompanies the deposi-
tion of Co and Ni from aqueous solutions. Im-IL causes a slight
shift toward more a negative overpotential in the polarization
curves of Co electrodeposition, whereas the effect of Im-IL is
more pronounced for nickel electrodeposition. A high polari-
zation shift toward a more negative overpotential and a signifi-
cant decrease in the cathodic current was observed. The
cathodic polarization potential (CPP) of Co and Ni electrode-
position in free solution was approximately —0.83 Vgcg and
—0.97 Vgc, respectively, at 2.0 x 10> mA cm 2. The simulta-
neous discharge of hydrogen ions was observed during the
deposition of the Co®>" and Ni*" ions. As the Im-IL concentration
increased from 1 x 10 ®* M to 1 x 10~ M (Fig. 2a and b), the
cathodic polarization potential of both metals became
increasingly negative, T1. The higher inhibition effect of Im-IL
on Ni electrodeposition was confirmed from the high CPP
value. The presence of Im-IL increased the polarization of the
cathode toward a more negative overpotential, i.e., it decreased
the current density obtained for a given electrode potential. The
influence of Im-IL on hydrogen liberation may be explained
according to the hydrogen release mechanism. This mechanism
is shown in the following eqn.*

RSC Adv, 2020, 10, 32113-32126 | 32115
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Fig.2 Potentiodynamic cathodic polarization (CP) curves for (a) Co and (b) Ni electrodeposition in the absence (blank) and presence of different

concentrations of Im-IL at pH 4.5.

HJr +e — Hads (2)

2H,4, — H, 3)

Im-IL is supposed to block the association of the electro-
Iytically generated hydrogen atoms, eqn (2), allowing the
concentration of H,qs to decrease and thus decreasing the rate
of hydrogen evolution, eqn (3). The inhibitory effect of Im-IL
could be attributed to its adsorption on the metal surface.*
The mechanism for Im-IL adsorption on the surface of the
metal electrodes can be explained based on the Im-IL struc-
ture. As shown in Fig. 1, the Im-IL molecule contains a positive
charge on the quaternary nitrogen atom of the imidazole ring.
When electrical current is applied to the working electrode,
the positively charged Im-IL is reduced on the surface of the
electrode and is then adsorbed to energetically favorable
surfaces of the metal electrode (low energy surfaces), thus
leaving only the high energy surfaces available for metal
deposition.*” This process creates a network of the cationic
ionic liquid on the electrode surface and hinders the forma-
tion of large Co and Ni crystals.

The explanation of imidazole derivatives Im-IL ionic liquids
as additives performance during electrodeposition of Ni and Co
based on its molecular structure properties as shown in Fig. 1.
The inhibiting effect of the studied Im-IL can be attributed to its
parallel adsorption on the Cu substrate surface. The parallel
adsorption of this molecules is attributed to the presence of
more than one active center for adsorption. These active centers
in the Im-IL chemical structures, Fig. 1, are as the following:

- Imidazole ring consists of two nitrogen atoms as hetero-
atom that have lone pair of electrons and 4 m-electrons of two
conjugated double bonds in the imidazole ring in the chemical
structures of Im-IL.

- Six Tr-electrons of three conjugated double bonds in phenyl
ring of ionic liquid Im-IL.

- Amid function group in Im-IL which have two Tt-electrons of
one double bond as well as nitrogen and oxygen heteroatoms
with one and two lone pair electrons, respectively.

32116 | RSC Adv, 2020, 10, 32113-32126

- Three fluorine atoms as heteroatoms contain nine lone pair
electrons on phenyl group in Im-IL.

In general, as the number of double bond increase, w-elec-
trons increase and adsorption on the cathode surface becomes
easier.* As Ni and Co plating ionic liquid additives, Im-IL with 6
m-electrons can be better adsorbed on the cathode surface and
consequently increase the polarization of the Ni and Co elec-
troplating the most. Moreover, oxygen atoms have the property
of electron donation, which is associated with its strong
adsorption ability on the metal surface.”® Nitrogen atoms
among the nitrogen heterocyclic compounds were preferred
active sites for accepting electrons from Cu substrate.>®

The inhibitory effect of the Im-IL molecule can also be
attributed to the specific adsorption of iodide ions on the
cathode surface, as reported in ref. 40. Iodide anion adsorption
leads to an increased density of the negative charges on the
substrate surface, which results in an increase in the attraction
of Im-IL cations. It can be concluded that the adsorption
processes increase the overpotential by decreasing the sites
available for the discharge of Co*" and Ni** ions.*

3.1.1 Tafel lines and electrode kinetics. Measurements of
cathodic polarization curves under carefully controlled condi-
tions can yield information about coatings, films, passivity and
kinetics. In an acidic medium, hydrogen gas evolves at the
cathode, which always competes with the Co*" and Ni** reduc-
tion process. Important information regarding the mechanism
of hydrogen reduction in the presence of additives can be ob-
tained from the current-potential relationship, Fig. 2. Table 1
summarizes the kinetics data (n, overpotential (V); a, constate;
b, cathodic Tafel slope (mV dec™"); i, cathodic current density
(A cm™?)) extract by applying the Tafel equation.

n.=a+ b.logi. (4)

The transfer coefficient () can be determined from eqn (5).

b = RT/anF (5)

This journal is © The Royal Society of Chemistry 2020
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Table 1 Tafel kinetic parameters obtained for Co and Ni deposits in the absence and presence of different concentrations of Im-IL

Co Ni
b, (mVv b. (mv

[Im-IL] (M) per decade) i, (A cm?) Qe [Im-IL] (M) per decade) i (A cm?) Qe

0 —347 1.90 x 10 0.0371 0 —266.0 3.16 x 10° 0.0482
1x10°° —271 3.91 x 107° 0.0474 1x10°° —253.4 2.85 x 107° 0.0507
1x10°° —268 4.08 x 1073 0.0479 1x107° —253.6 2.79 x 10 0.0506
1x10* —246 4.87 x 107° 0.0521 5% 107° —253.7 2.50 x 107° 0.0506
1x10° —202 7.32 x 1073 0.0636 1x10°* —147.0 7.17 x 1073 0.0873
— — — — 5x107* —141.0 6.05 x 107° 0.0909

where n is the number of electrons and R and F are always the
gas constant and Faraday's constant, respectively.”® The slight
change in b, in either the absence or presence of Im-IL in Table
1 confirms that there is no change in the mechanism of the
reduction process. Moreover, Table 1 shows that as the Im-IL
concentration increases, the cathodic current density, i, is
notably decreased. In general, the current density decreases
when the electrochemical reaction is inhibited."*® This finding
implies that Im-IL decreases and inhibits the rate of Co®>" and
Ni*" transfer across the electrical double layer. The inhibitory
effect of Im-IL could be due to its adsorption to energetically
favorable sites of the metal electrode (low energy surfaces), thus
leaving only the high energy surfaces available for metal depo-
sition on the metal surface.”” The presence of an adsorbate
alters the double-layer structure and decreases the rate of the
electrochemical reaction.*®*>” The increase in the values of the
transfer coefficient, ., in the presence of Im-IL implies that the
charge transfer reaction is affected by the presence of Im-IL"
and is associated with differences in the morphological char-
acteristics of the deposits.*® The increase in the i for the Ni**
electrodeposition at low Im-IL concentrations could be attrib-
uted to the induction of hydrogen evolution due to the adsorbed
Im-IL ions on the Cu substrate and Ni deposit at high energy sits
and lower the hydrogen overpotential. Similar observations
were obtained during Zn electrodeposition in the presence of
copper as an impurity from an acidic sulfate electrolyte.>”

3.2 Adsorption isotherms

Adsorption isotherms provide information regarding the
interaction between the Im-IL additive and metal deposited
films. The adsorption of Im-IL molecules at cathodic sites
increases the overpotential by decreasing the sites that are
available for the discharge of Co** and Ni**. The experimental
data from potentiodynamic cathodic polarization curves were
used for the adsorption isotherm study. The surface coverage ()
can be estimated from eqn (6).*

0= — iyaali) (6)

where i and i,qq are the current density in the absence and
presence of the additive, respectively, at a constant potential
(—1.4 Vgcg) for Co and Ni. According to the data in T1, the 6
values increase with the increasing concentration of Im-IL as

This journal is © The Royal Society of Chemistry 2020

both ions deposit. The surface coverage is high for Ni** reduc-
tion, which indicates a greater adsorption rate of Im-IL ion on
the cathode surface.

The data are fitted by the Langmuir adsorption isotherm,
eqn (7).*

0/1 — 6 = K[C] (7)

where K is the equilibrium constant of the adsorption reaction,
and C is the Im-IL concentration in the bulk of the solution.
From S1,7 the calculated K value is 229.5 M~ " and 11 625.8 M ™!
for Im-IL adsorption for the Co®" and Ni** baths, respectively.
The larger value of K indicates higher adsorption of a given
compound, ie., stronger electrical interactions between the
double layer existing at the phase boundary and the adsorbing
molecules. The adsorption constant, K, is related to the stan-
dard free energy of adsorption (AG,) based on eqn (8).%

AG, = —RT In(55.5K) (8)

where R is the gas constant, T is the absolute temperature and
the value 55.5 is the molarity of water. The negative value of AG,
indicates a spontaneous process for the adsorption of Im-IL
molecules on the copper surface. In general, values of AG, as
great as —20 kJ mol " are compatible with physical adsorption
via electrostatic interaction between the charged molecules and
charged metal, whereas values that are more negative than
—40 kJ mol ™" are consistent with chemical adsorption via the
sharing or transfer of electrons from inhibitor molecules to the
metal surface to form a coordination bond.*® The calculated
AG, values of Im-IL in the presence Co®" and Ni** are equal to
—23.4 and —33.1 k] mol™ ", respectively, which fall between
these two values for physical and chemical adsorption. This
result indicates that the adsorption of Im-IL onto the copper
substrate surface during the Co and Ni electrodeposition
process involves both chemical and physical adsorption (a
mixed type) mechanisms.* However, the higher value of AG, in
the presence of Ni indicates that this metal experiences higher
adsorption on the copper substrate surface. These results agree
well with the high overpotential in the cathodic polarization
curves of Ni electrodeposition in the presence of Im-IL. Similar
results were reported for other ionic liquid molecules.*** The
results also show that the inhibition of Co and Ni deposition
could be due to the specific adsorption of iodide ions on the Cu

RSC Adv, 2020, 10, 32113-32126 | 32117
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substrate surface, which creates an excess negative charge
toward the solution and favors the increased adsorption of Im-
IL cations. In short, the adsorption of Im-IL cations between the
metal and solution interface is usually accepted as the forma-
tion of electrostatic or covalent bonding between the adsorbate
and the metal surface atoms. In other words, halide ions adsorb
on the metal surface by creating oriented dipoles with their
negative ends toward the solution, thus increasing the adsorp-
tion of the Im-IL cations on the dipoles.

3.3 Cyclic voltammetric behavior of the deposition process

Cyclic voltammetry (CV) was used to define the reduction
potential regions and to provide qualitative information and
characterization of the metal deposition processes under
various conditions, such as the presence of intermediates in
oxidation-reduction reactions.*® The cyclic voltammetry
measurements were carried out on a GCE for the electrodepo-
sition of Co”" and Ni** from acidic media baths over a potential
range of 1.0 to —1.5 Vgcg with a scan rate of 100 mV s~ in the
absence and presence of Im-IL (Fig. 3a and b). In the negative
direction, the cathodic current commences at approximately
—0.9 associated with the onset of Co and Ni nucleation at point
A and reduction in the sulfate and Watts baths, respectively.
The current increases sharply when the scan proceeds toward
more negative potentials (>—1.0 Vgcg), corresponding to Ni and
Co depositions with metallic light gray deposits and the
coevolution of H,. The coevolution of H, becomes visible with
the formation of H, gas bubbles at the edges of the deposited
layer on the WE beyond —1.4 Vgcg. The current then increases to
its highest value at point B. On reverse scan, the current
decreases and consequently reaches zero current at the cross-
over potential (—0.5 Vgcg), point C. The current then becomes
anodic, corresponding to the dissolution of the cathodically
deposited Co, point D, as shown in Fig. 3a. No oxidation current
was observed in the anodic scan, Fig. 3b, indicating that the Ni
electrodeposit cannot be dissolved in the bath. This observation
proves that Ni deposits strongly adhere copper.'>'®*>' The
presence of Im-IL in the range of 1 x 10 ®to 1 x 10~ * M shifts
the deposition overpotential to more negative values and
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inhibits Co** and Ni*? deposition, as illustrated in Fig. 3a and b.
This behavior is due to the adsorption of Im-IL on the low-
energy active sites, leaving the high-energy sites for metal
depositions, as confirmed in the results of the cathodic polari-
zation curves. A similar additive behavior was reported for Ni®>%
and Zn electrodeposition.***

In the electrodeposition process, the CV technique is
considered mainly to determine the formal reduction and
nucleation overpotential (NOP).** NOP is used to explain the
extent of polarization of a cathode. From the nucleation over-
potential, it can be observed that an additional potential is
necessary before starting the first reduction. The potential
difference between the reduction potential at point A and the
crossover potential at point C is a measure of NOP. The high
NOP values in T2 indicate strong polarization.*® This observa-
tion supports the other obtained results, i.e., no anodic peak in
CV, high value of K, AG° and substantial shift to a more negative
potential in the cathodic polarization curves, especially in the
case of Ni.

The effect of the scan rate on the electrodeposition behavior
of Co and Ni in the presence of 1 x 10> M Im-IL is displayed in
S2a and b.} As expected, the increase in the scan rate shifts the
Co and Ni reduction peaks to more negative potentials and
produces a higher current contribution. This result explains
why the electrodeposition behavior is qualitatively affected by
the scan rate. A current crossover also occurs in the cathodic
branches when the nucleation overpotential increases with the
scan rate, indicating a typical nucleation process for deposition.
For a diffusion-controlled system, the Randles-Sevcik equation
best describes the electrochemical behavior of an irreversible
process. For an irreversible process, the cathodic peak current
(ipe) is proportional to the square root of the scan rate (v*/?), eqn
(9):54

ine = (2.99 x 10°)D"2a2C ARy (9)

where D is the diffusion coefficient (cm” s~ '), « is the electron
transfer coefficient, C is the concentration in mol dm ™2, 4 is the
electrode area (cm?), and n is the number of electrons trans-
ferred in the redox event. The linear relation between i., and Y
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%, S2a and b,T suggests that the rate of growth is controlled by
the mass transfer of Co>* and Ni** to the growing center. Similar
electrochemical results have recently been reported for Co>* in
a reverse micellar solution,® for Zn in an acidic bath in the
presence of ninhydrin as an organic additive,* in 1-butyl-3-
methylpyridinium bromide [BMPy| Br ionic liquid additive®
and for brass alloy in an ammonia bath.*

3.4 In situ-anodic linear stripping voltammetry (ALSV)

Anodic stripping voltammetry is a voltammetry method for the
quantitative determination of specific ionic species. This
method is particularly useful as a simple and easy ‘in sitw’
electrochemical method for identifying the phase and compo-
sition of metals and alloys. The analyte of interest is electro-
plated on the working electrode during a deposition step and
oxidized from the electrode during a stripping step. The current
is measured during the stripping step. The oxidation of the
species is registered as a peak in the current signal at the
potential at which the species begins to be oxidized.*® After the
plating of Co®>" and Ni** on the GCE at —1.0 Vg¢g for 100 s, the
potential was immediately swept linearly in the positive direc-
tion at a scan rate of 10 mV s, and an anodic stripping vol-
tammogram was recorded without removing the electrode from
the solution. As shown in Fig. 4a and b, the voltammograms
have only one oxidation peak, which results from the oxidation

0.05
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of only the Co or Ni that was previously potentiostatically
deposited on the GCE. Visual observation of the GCE after
reaching the anodic peak did not show any residual Ni or Co.
Therefore, the charge used for anodic stripping can be taken as
an estimation of the current efficiency of the Co or Ni deposition
process, ie., the area under the peak is equivalent to the
amount of Co or Ni deposited. From Fig. 4 and T2, it is clear that
both the stripping current and the area under the stripping
peak have been greatly suppressed in the presence of Im-IL for
both Co and Ni. This result indicates that Im-IL acts as an
inhibitor for Co®" and Ni** deposition. The inhibition process
increases with increasing Im-IL concentration. These results
agree well with the data of the polarization curves in Fig. 2.
However, it is obvious that the electrical charge consumed with
the potential of the anodic peak of Ni is very small when
compared with that of Co, confirming the small amount of Ni
deposited on the GCE." The easier oxidation of the Co depos-
ited in the presence of Im-IL led the potential shift to the less
noble direction."* The opposite behavior of the stripping
potential for the Ni deposited in the presence of Im-IL was due
to the difficulty of Ni dissolution.*?

3.5 Cathodic current efficiency

The current efficiency is the ratio of the actual mass of
a substance liberated from an electrolyte by the passage of
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Fig. 4 ALSVs for (a) Co and (b) Ni electrodeposition in absence and presence of different concentrations of Im-IL.
Table 2 The operating and best conditions of Co and Ni electrodepositions which used at CCE% studies
Best conditions
Operating conditions Range Co Ni
Current density/mA cm ™2 6-24 20 20
pH 3.5-4.5 4.5 4.5
Deposit potential/V 3-9 6.5 6.6
Deposit time/mint 3-15 10 10
[Im-IL)/M From1 x 10 °to1 x 10°° 1x10°° 5x10°°
1x107* 1x107"

This journal is © The Royal Society of Chemistry 2020
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current to the theoretical mass liberated according to Faraday's
law. The cathodic current efficiency, CCE%, was calculated
during metal electrodeposition at different operating condi-
tions, including current density, pH, plating time and deposit
potential, in the absence of Im-IL to determine the optimal bath
conditions. The operating conditions and best conditions for
Co®" and Ni*" electrodeposition are given in Table 2. At the
optimal conditions, the CCE% value was nearly 100%. T3
presents the CCE% values of Co and Ni electrodeposition with
different Im-IL concentrations. Interestingly, a slight improve-
ment in the CCE% values in the preferred Im-IL concentration,
Table 2, supported the effective role of Im-IL in the Co and Ni
electrodepositions in contrast to glycine, which decreased the
CCE% during Co and Ni electrodepositions, as reported in ref. 1
and 12. In general, most additives have no significant effect on
the CCE% of metal deposition. However, additives did affect the
surface morphology and crystallographic orientation.

At the optimal bath conditions, visual observation of the Co
coatings deposited from acidic sulfate baths showed that the
deposit had lustrous appearance with a light gray color in the
presence of Im-IL, T3, compared to the pale and hollow gray
deposit obtained in the absence of Im-IL. Moreover, a very
bright silver Ni deposit was obtained in the presence of Im-IL,
T3. It can be concluded that the electrolytes in this work can
be used to obtain bright Co and Ni deposits without the

Cu fraction
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addition of brightening agents such as saccharine, sodium
saccharin and boric acid. For instance, in contrast to this
present work, other studies used brightening agents in the
electrodeposition of Co and Ni from a hydrophobic room-
temperature ionic liquid, 1-butyl-1-methylpyrrolidiniumbis
(trifluoromethyl sulfonyl) amide (BMPTFSA)* and acidic
sulfate bath.?

3.6 Crystal structure and surface morphology

The surface morphology in Fig. 5 and 6 was determined using
SEM imaging of the Co and Ni deposits from the aqueous acidic
sulfate and Watts baths, respectively. The test conditions were
20 mA cm 2, pH 4.5, 20 °C and ¢ = 10 min in the absence and
presence of Im-IL. The Cu substrate has a flat and smooth
surface in Fig. 5a and a’. In the Im-IL-free bath, the Cu substrate
is almost covered by granular, nodular and large spherical
grains of Co deposited (grain size of 1.08 um) with some
dimples, as can clearly be seen in Fig. 5b and b’, whereas the
mud-like structure of larger grains sizes can be seen for the Ni
deposit in Fig. 6a and a’ (grain size of 1.457 pm). This surface
was unfavorable for deposits due to the coevolution of H,, as
clarified in the cathodic polarization curves and CV measure-
ments. The presence of appropriate Im-IL concentrations in the
electrolyte (1 x 10> M and 1 x 10~ * M in the Co and Ni baths,

wam
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" 0 115 988 cores
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Fig. 5 SEM images, high magnification SEM and EDX spectra of (a, a’ and a”) Cu substrate, Co deposited from bath (b, b’ and b"”) free Im-IL, (c, ¢’

and ¢”) 1 x 107> M Im-IL, (d, d’ and d”) 1 x 107> M Im-IL.
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Fig.6 SEM images, high magnification SEM and EDX spectra of Ni deposited from bath (a, & and a”) free Im-IL, (b, b’ and b”) 1 x 10~* M Im-IL, (c,

¢’ and ¢”)5 x 107® M Im-IL.

respectively) favored the formation of compact, smoother, more
leveled and brighter Co, Fig. 5¢ and ¢/, with a grain size of 0.5
pm, and of Ni, Fig. 6b and b/, with a grain size of 0.93 um, which
formed a layer with finer, less granular and more ordinated
crystals that were homogeneously distributed on the surface of
the cathode. The enhancement in the morphology of the metal
deposits can be explained based on the effective role of Im-IL
during the electrodeposition processes. Co and Ni electrode-
position processes are associated with growth and nucleation
processes. The addition of Im-IL restricts the growth of Co and
Ni nuclei, favoring nucleation events. This is due to the
adsorption of Im-IL on the energetically favorable surfaces (the
low-energy surfaces), which leads to significant hindrance for
H, evolution as the H, evolution process causes pitting and
cracks in the deposits surface. Thus, the adsorption of Im-IL
leaves only the high-energy surfaces available for metal depo-
sition.”” Interestingly, microcrack-free Co and Ni deposits were
obtained in current work. In previous studies, cracked Co films
were obtained by adding coumarin and thiourea®®” as organic
additives and sodium gluconate® and glycine" as complex agents
in similar conditions. Likewise, cracked Ni deposits were ob-
tained with a combination of vanillin, sodium lauryl sulfate and
gelatin in Re-Ni alloys from aqueous solutions® and facile from
alkaline media.®® However, at a higher Im-IL concentration (1 X

This journal is © The Royal Society of Chemistry 2020

103 M), the grain shape changes completely from spherical to
a larger elliptical shape (grain size of 1.6 um) and many creaks
appear at the surface of the Co deposit, as shown in Fig. 5d and
d’. Furthermore, at a lower Im-IL concentration (5 x 10~° M),
a darker layer of Ni with a scaly appearance (grain size of 1.677
pm) characterized by submicron pores and pits appeared
(Fig. 6¢ and ¢). This phenomenon appeared due to the increase
in H, evolution as a result of the higher overpotential, which is
not favorable for deposit quality. In general, the cracks and pits
were probably caused by the increased overpotential and the
consequent internal stress produced.*

Typical EDX patterns of the Cu substrate and Co and Ni
coatings deposited from the various Im-IL concentrations are
displayed in Fig. 5a”-d” and 6a”-c”, respectively. As it can be
seen, the Cu fractions before electrodeposition processes were
100%, indicating a pure substrate, Fig. 5a”. After coating, the
substrate surface was nearly completely covered with Co deposit
(98.80%), whereas slightly less was covered with the Ni deposit
(93.20%). The addition of Im-IL at different concentrations
decreased the Co fraction and increased Ni fraction, as shown
in Fig. 5¢”, d”, 6b” and c”. As the Im-IL concentration was
increased, the Co fraction decreased while the fraction of other
elements increased due to the adsorption of Im-IL on the Cu

RSC Adv, 2020, 10, 32113-32126 | 32121
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surface. Even so, Im-IL enhanced the surface coverage of the Ni
deposits.

To provide more surface structural details of the formed
electrodeposited films, AFM was used. Three dimensional (3D)
and two dimensional (2D) topographical images and roughness
parameters of the Cu substrate and Co and Ni deposits in the
absence and presence of Im-IL are depicted in S3 and S4.f The
morphology of the Cu substrate as recorded in 3D nuclei
imaging was found to be a flat surface. As shown in S3(a and
a’),t the average roughness, R,, and the total roughness, R,
values were 13 nm and 16.46 nm, respectively. The high
roughness of the Im-IL-free deposits, S3b, b’, S4a and a/,} is
evidenced by greater variation between the peaks and valleys of
the topography, with R, = 0.137 um, R, = 0.178 um in the Co
film and R, = 66.9 nm and R, = 86.9 nm in the Ni film. This
variation is due to irregular growth and the random distribution
of grains during electrodeposition due to the degree of high
polarization and coevolution of H,, as documented by SEM. In
contrast, the coatings showed the lowest roughness, with R, =
59.6 nm, R, = 74.3 nm in the Co film when in the presence of 1
x 107> M Im-IL and R, = 36.7 nm and R, = 45.1 nm in the Ni
film when in the presence of 1 x 10~* M Im-IL (S3c, ¢/, S4b and
b’f). The least roughness and lowest nucleation rate of the
grains during electrodeposition allowed for good lateral growth,
making the coating more compact and uniform than in the Im-
IL-free coating. This result occurs due to the adsorption of Im-IL
on the energetically favorable surfaces and the fact that H,
evolution was significantly blocked. S3d, d’, S4c and ¢'t show
the surfaces with the greatest roughnesses, obtained at 1 x
1073 M for Co and 5 x 10~°® M for Ni, with variation between the
peaks and valleys measured to give R, = 83.6 nm, R, =
104.99 nm in the Co film and R, = 66.15 nm, R, = 83.8 nm in the
Ni film. This appearance can be explained by the low cathodic
current densities in the presence of Im-IL in the CV measure-
ments of both Co and Ni during electrodeposition, which
contributed to an increase in the activation overpotential of
both H, evolution and Co and Ni reductions.?” This result is also
in good agreement with the obtained findings by visual obser-
vation from the SEM analysis. Similar behaviors were obtained
for saccharin as an additive® and glycine as a complexing agent”
in other Co and Ni electrodeposition experiments.

The XRD patterns in Fig. 7 agree well with the face-centered
cubic (FCC) Cu substrate (JCPDS 00-004-0836), Co (JCPDS 00-
015-0806) and Ni (JCPDS 00-004-0850) in the absence and
presence of 1 x 10> M of Im-IL in the Co and Ni baths. The
same FCC pattern with a strong (2 2 0) diffraction peak in Fig. 7
is present at nearly 26 = 75.8°. THus, most of the Co and Ni
crystallites are oriented parallel to the (2 2 0) plane. It is worth
mentioning that although Im-IL significantly affects crystallo-
graphic orientation (texture) in the metals deposited only, (no
chemical change occurs), no shifts occur in the diffraction
peaks relative changes in the peak brightness. The average
crystal sizes of the FCC (2 2 0) calculated using the Scherrer
equation for the Ni and Co films electrodeposited in the pres-
ence of Im-IL were 21.55 nm and 20.70 nm respectively, which
are smaller than the FCC (2 2 0) crystal size of both metal films
deposited from the Im-IL-free baths (30.86 nm for Ni and
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Fig. 7 XRD patterns of Cu substrate, (a, a’ and a”) Co deposits, (b,
b’ and b”) Ni deposits in absence and presence of 1 x 107> M Im-IL.

23.46 nm for Co). This result indicates that Im-IL is more
affective in improving the surface morphology of Ni deposits
than Co deposits. It has been reported that the inclusion of
multiwalled carbon nanotubes (MWCNTSs),” nicotinic acid
(NA), boric acid (BA) and benzoquinone (BQ),* ionic liquid 1-
butyl-3-methylpyridinium bromide,* 2,2-bipyridine”™ and
sodium thiosulfate” as additives on the metal matrix can
modify the grain orientation.

The Vickers microhardness Hv (kg f mm~?) for the Co and Ni
deposited from the Im-IL and Im-IL-free baths was measured.
The data in T4 reveal hardness values of approximately 368.5 Hv
and 270 Hv for Co and Ni, respectively, in the 1 x 107> M Im-IL
bath compared to 342.5 Hv and 211.25 Hv for Co and Ni,
respectively, from the Im-IL-free bath. According to the data
above, the hardness of Co deposits is greater than that of Ni

This journal is © The Royal Society of Chemistry 2020
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deposits in the absence and presence of Im-IL, and Im-IL effi-
ciently improves the hardness of both the Co and Ni films.
Interestingly, the microhardness of the Co deposits from the
Im-IL baths is greater than that of the Co deposits in the pres-
ence of gluconate (341 Hv)* or sodium dodecyl sulfate (SDS) (343
Hv)”® and Ni deposits in the presence of Natural Kermes Dye
(NKD) (225 Hv)** from acidic baths.

The ongoing interfacial reactions and characteristics of the
coating corrosion properties were detected using EIS measure-
ments. The measurements were conducted for Co and Ni
deposits in the absence and presence of Im-IL in the frequency
range from 100 kHz to 0.01 Hz. The Nyquist plots for Cu and the
Co and Ni films in 3.5% NacCl in the absence and presence of 1
x 107> M Im-IL are shown in S5a and b, while S5¢ and df shows
the compatible equivalent circuit for the Nyquist plots with the
parameters for the impedance spectra. The solution resistance
(Rs), charge transfer resistance (R.), constant phase element
(CPE), degree of roughness (1) and the Warburg impedance (W)
parameters are listed in T4, with a x* of approximately 1 x 107>
to 1 x 10~°. From S5a, for the Co deposit, the plots show one
depressed capacitive loop, which is often attributed to
frequency dispersion resulting from inhomogeneity or surface
roughness.*®*”® The Im-IL significantly affects the high- and low-
frequency loop. The diameters of the capacitive loops of Co and
Ni in the presence of the Im-IL additive are greater than those
for the Im-IL-free baths. This result occurs due to formation of
a protective layer on the metal deposit surfaces, which happens
without changing the corrosion behavior of the surface.”®”* In
the case of the Co deposit, the corrosion behavior does not
change due to the presence of the additive in the bath, S5a.f
Diffusion behavior is clearly observed on the Ni film in the
presence Im-IL. S5¢ and df shows the compatible equivalent
circuits used to extract the electrokinetic data listed in T4. The
higher value of R of 2184 Q c¢cm” for Im-IL at 1 x 107> M
compared to 500.1 Q cm” for the Im-IL-free bath indicates the
adsorption of Im-IL onto the Co deposit surface. The Cu
substrate shows a low R due to the highly aggressive NaCl
solution. As shown in T4, the Ni-coated Cu substrate revealed
higher resistance with diffusion properties that can be ascribed
to the formation of a porous protective layer at the metal/
solution interface.*®”® This is also associated with a decrease
in CPE due to the adsorption of the additive molecules onto the
metal surface. The presence of 1 x 10> M of Im-IL increased
the resistivity of the Ni deposit in the NaCl solution from 7.26 x
10 kQ cm? to 22.3 x 10° kQ cm?, which resulted from
a protective layer on the electrode surface.

S61 shows the potentiodynamic polarization curves for (a)
the Co and (b) Ni deposits on the Cu substrate in the absence
and presence of 1 x 10> M Im-IL using a 3.5% NaCl solution.
The corrosion current density (ico;) and corrosion potential
(Ecorr) of the Co and Ni samples deposited without and with Im-
IL were obtained from the analysis of the recorded Tafel lines
and are listed in T4. As it can be observed from S6t1 and T4, the
i.orr decreases and the E,,, is shifted to more negative potential
values for both the Co and Ni samples in the presence 1 x
107> M Im-IL. This result indicates that the Co and Ni coatings
from the Im-IL solution have an increased and better corrosion

This journal is © The Royal Society of Chemistry 2020
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resistance compared to the Co and Ni coatings from the Im-IL-
free solution.

4. Conclusion

A new ionic liquid 1-methyl-3-((2-ox0-2-(2,4,5 trifluorophenyl)
amino)ethyl)-1H-imidazol-3-ium iodide (Im-IL) was used as an
additive during Ni and Co electrodeposition from acidic sulfate
and Watts baths, respectively. Im-IL in the appropriate
concentration (1 x 10~* M for Ni, 1 x 10> M for Co) showed
a greater improvement in the surface morphology and corrosion
resistance properties of the Ni deposit compared to the Co
deposit. A substantial shift in the polarization curves toward
more negative potentials was observed during the electrode-
position of Ni than Co in the presence of Im-IL. Cyclic voltam-
metric measurements showed an increase in the nucleation
overpotential in the presence of Im-IL, which indicated the
inhibition of the Ni and Co electrodeposition process due to the
adsorption of Im-IL ions on the cathode surface. The adsorption
of Im-IL ions on the cathode surface during Ni and Co elec-
trodeposition obeyed Langmuir adsorption. Im-IL led to the
formation of a fine-grained and more compact deposit due to
the inhibition of the ions of both metals during deposition, as
shown by SEM and AFM studies. X-ray diffraction spectra
revealed that the addition of Im-IL did not change the crystal
structure of either of the electrodeposited metals. The CCE% of
electrodeposition of both metals was very high (nearly 100%).
From corrosion studies, a higher corrosion resistance of the Ni
film than the Co film following deposition in the presence of 1
x 107> M Im-IL was inferred.
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