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shows a higher inhibition efficiency (IE%) of 53.05% than [FPIM]Br, at 44.3%. The results show
that the calculated values of the quantum parameters are consistent with the experimental findings.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal corrosion is a serious issue because corrosion causes a
waste of resources, reducing the lifetime of equipment and neg-
atively affecting the environment (Al-Fakih et al., 2019).
Therefore, the protection of industrial materials from corro-
sion processes is of paramount importance, not only to maxi-
mize the durability of appliances but also to diminish the
transfer of toxic metals from industrial materials to the envi-
ronment (Kumar et al., 2019). The demand for increasing
the longevity of metals or alloys is drastically increasing due
to their wide applications in engineering practice (Al Radadi
and Ibrahim, 2020; Omar et al., 2020). Ni-Co alloy coatings
achieved by the electrodeposition method have been widely
studied due to their promising features, such as their superior
corrosion resistance, low expense, ease of maintenance, uni-
form coating thickness and use in the production of high qual-
ity alloys. The electrodeposition technique can handle complex
geometries and shows low toxicity, unlike other coating tech-
nologies, e.g., physical and chemical vapor deposition (Al
Radadi and Ibrahim, 2020). Nanocrystalline Ni-Co alloy as
a surface coating is receiving considerable attention because
its potential applications are multitudinous (Ibrahim et al.,
2016).

Ionic liquids (ILs) are salts composed of highly asymmetric
ions consisting of an organic cation with an organic or inor-
ganic anion that remain in the liquid state at temperatures less
than 100 °C and even, in many cases, at room temperature
(Carlesi et al., 2016). The use of ILs as electrolytes for metal
or alloy electrodeposition has increased in recent years
(Anicai et al., 2019; Bakkar and Neubert, 2020; Sun et al.,
2020; Alesary et al., 2019; Vijayakumar et al., 2013). Particular
attention has been paid to ILs as promising alternatives due to
their unique physicochemical properties (Ibrahim et al., 2016;
Anicai et al., 2019). However, a few published works have dis-
cussed using ILs as additives in Ni-Co alloy electrodeposition
processes (Carlesi et al., 2016; Qibo and Yixin, 2017). The
importance of additives in the electrodeposition process comes
from their roles in efficiently improving the surface morphol-
ogy and in crystal-building of the deposit by inhibiting crystal
growth towards other crystallographic axes (Hashemi et al.,
2017). In the current work, the effect of two novel synthesized
ILs namely 1-methyl-3-(2-0x0-2-((2,4,5 trifluorophenyl)
amino) ethyl)-1H-imidazol-3-ium iodide ([MOFIM]I) and
1-(4-fluorobenzyl)-3-(4-phenoxybutyl)imidazol-3-ium bromide
([FPIM]Br) on the Ni-Co alloy coatings from a sulfate bath
was studied for the first time as new ionic liquid addition
agents in Ni-Co alloy electrodeposition.

Traditionally, experimental techniques are mainly used to
study the performance of additives in the electrodeposition
field. However, experimental procedures are expensive, time
consuming and harmful to the environment (Al-Fakih et al.,
2019). Therefore, it is economical, fast, and ecofriendly to

apply computational techniques, such as quantum chemical
calculations, as predictive techniques. Density functional the-
ory (DFT) is a quantum chemical approach that is considered
a powerful tool to calculate several quantum parameters of
molecules with reasonable accuracy. Several quantum param-
eters, such as highest occupied molecular orbital energy
(Euomo), lowest wunoccupied molecular orbital energy
(ELumo), energy gap (AE), ionization potential (1), electron
affinity (A), electronegativity (), hardness (n), softness (S)
and fraction of electrons transferred from the inhibitor to
the metal surface (AN), can be calculated using DFT (Al-
Fakih, 2017). The quantum parameters are calculated to be
used for theoretical investigations of corrosion inhibition
properties and to predict the inhibition efficacies of additives
as corrosion inhibitors based on their electronic/molecular
properties and reactivity indices (Al-Fakih, 2017). Most stud-
ies use quantum chemical parameters of organic compounds
as corrosion inhibitors (Al-Fakih et al., 2019; Al-Fakih,
2017; Murulana et al., 2016; Lukovits et al., 2001; El-Raouf
et al., 2018; Sulaiman et al., 2019). However, the understand-
ing of the behavior of ILs when used as additives in electrode-
position processes is limited and insufficient (Deng et al., 2018;
Ren et al., 2015). Moreover, the natural atomic charge, i.e.,
Mulliken population analysis, has been calculated to deter-
mine the active sites and the adsorption mode of additives or
inhibitor molecules, which can offer or accept electrons (El-
Raouf et al., 2018). There is a general consensus that the more
negatively charged the heteroatom is, the more adsorption cen-
ters there are on the metal surface through donor—acceptor
interactions (El-Raouf et al., 2018). The use of Mulliken pop-
ulation analysis has been widely reported for calculation of the
charge distribution over the whole skeleton of inhibitor mole-
cules (Al-Fakih et al., 2019; Kumar et al., 2019).

In our recent study (Omar et al., 2020); The Ni-Co alloy co-
electrodeposit from a sulfate bath including two new ionic lig-
uids [MOFIM]I and [FPIM]Br as additives under three differ-
ent [Ni2"] and [Co> "] concentrations was characterized using
the SEM, EDS, EDS mapping, XRD, AFM and microhard-
ness measurement techniques. The addition of 1 x 107> M
[MOFIM]I and [FPIM]Br in a bath with a composition of
Ni70%-Co030% led to optimal Ni-Co alloy coatings, which
exhibited characteristics such as finer grains, and a more coher-
ent and compact deposit, as verified by SEM and AFM mea-
surements. However, [MOFIM]I served as more effective
leveling agents by obtaining finer grains and more oriented
crystals than [FPIM]Br. The optimal bath conditions that led
to the highest CCE% values for the co-electrodeposition of
the Ni-Co alloys involved a current of 20 mA cm™2, deposit
potential of 6.5 V, pH of 4.5, temperature of 20 °C and deposit
time of 10 min. The CCE% values attained maximum values
of 99.8% and 97.07% in the presence of [MOFIM]I and
[FPIM]Br, respectively, under the composition of Ni 70%
and Co 30%. In all the considered Ni-Co alloy coatings corre-
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sponding to baths 1-9, the Co content (the less noble metal) in
the alloy was higher than that in the bath, thereby indicating
that the codeposition of Co and Ni corresponded to anoma-
lous plating.

Although the characterization and microhardness of Ni-Co
alloy co-electrodeposit from bath including [MOFIM]I and
[FPIM]Br was achieved using variety techniques, but Ni-Co
alloy is lack to investigated the corrosion resistance which is
considered as more important properties of coating in many
industrials fields. Moreover, the favorable morphology of
Ni-Co alloy deposits is resulted of an effective role of both
considered ILs during co-electrodeposition process. In our
lasts work (Part I) (Omar et al., 2020); it was expected that
both the considered ILs led to favorable results as they inhib-
ited the Ni** and Co" reduction owing to the adsorption of
the IL cations on the energetically favorable surfaces on the
substrate and the first stages of the Ni-Co alloy deposits.
Owing to this adsorption, the ILs hindered the H, evolution,
controlled the grain growth and increased the nucleation rate.

Therefore, the present study aims to investigate the inhibi-
tion efficiencies of two novel imidazole derivatives, [MOFIM]I
and [FPIM]Br, and the corrosion resistance of Ni-Co alloy
coatings on Cu substrates from a sulfate bath using potentio-
dynamic polarization and EIS. Moreover, potentiodynamic
cathodic polarization, cyclic voltammetry (CV) and anodic lin-
ear stripping voltammetry (ALSV) were used to determine the
nucleation mechanism of Ni-Co alloy electrodeposition. The
study also evaluated the experimental inhibition efficiencies
of two ILs via quantum chemical calculations as a computa-
tional approach. DFT was used to optimize the molecular
structures of [MOFIM]I and [FPIM]Br. The quantum chemi-
cal parameters and natural atomic charge of [MOFIM]I and
[FPIM]Br were also calculated to investigate their active sites
and the electronic interactions between the studied ILs and
Ni-Co alloy coating surface.

2. Experimental and theoretical details

2.1. Coating fabrication

Electrodeposition of the Ni-Co alloy onto a Cu substrate
(99.9% in purity) was performed using an acidic sulfate bath
with three different compositions of [Ni*>*] and [Co?"] in the
absence and presence of [MOFIM]I and [FPIM]Br (Table 1).
All chemicals and reagents were of analytical grade, and the
electrolytes were freshly prepared using doubly distilled water.
pH was adjusted using 1:1 (H,SO4:H»,O) and was measured

Table 1
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Fig. 1 Ionic liquids (a) (1-methyl-3-(2-0x0-2-((2,4,5 trifluoro-

phenyl)amino)ethyle)-1H-imidazol-3-ium iodide) [MOFIM]I, (b)
1-(4-fluorobenzyl)-3-(4-phenoxybutyl)imidazol-3-ium bromide
[FPIM]Br.

using a pH meter (HANNA, IH 2210, ITALY). Before each
experiment, the Cu sheets were cleaned in a pickling solution
(300 ml H,SOy4, 100 ml HNO3, 5 ml HCI and 595 ml H,O)
(Al Raddadi, 2014) for 20 s and then rinsed with distilled water
and dried in a desiccator. A rectangular trough was used as a
deposition cell, supplementary material (T1).

The imidazolium iodide incorporating aromatic amide,
namely, 1-methyl-3-(2-0x0-2-((2,4,5-trifluorophenyl) amino)
ethyle)-1H-imidazol-3-ium iodide (MOFIM]I), M.W = 397.1
5 g/mol, was synthesized through simple quaternization of
methylimidazole with fluorinated aromatic acetamide bromide
in acetonitrile (Rezki et al., 2020), as shown in Fig. la. The
imidazolium bromide, namely, 1-(4-fluorobenzyl)-3-(4-phenox
ybutyl)imidazol-3-ium bromide ([FPIM]Br), M.W = 405.31 g/
mol, was ultrasonically synthesized as reported in (Omar et al.,

The composition of Ni-Co alloys baths in absence and presence of [MOFIM]I and [FPIM]Br, at 30 g/L [H;BOs].

Ni70%-Co30% bath

Ni50%-Co50% bath

Ni30%-Co70% bath

Bath composition Bathl Bath2 Bath3 Bath4 Bath5 Bath6 Bath7 Bath8 Bath9
g/L (Deng et al., 2018)

NiSO,4-6H,0 70 70 70 50 50 50 30 30 30
C0S0,-7H,0 30 30 30 50 50 50 70 70 70
[MOFIM]I 0 1 x107° 0 0 1 x107° 0 0 1 x107° 0
[FPIM]Br 0 0 1 %1073 0 0 1 %1073 0 0 1 %1073
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2020) and as shown in Fig. 1b. The newly synthesized
MOFIM]I and[FPIM]Br were characterized using several spec-
troscopic methods, such as 1H and 13C, as reported in (Rezki
et al., 2020; Omar et al., 2020).

Electrodeposition of the Ni-Co alloy was carried out
cathodically by supplying direct current using a DC power
supply unit (QJ3005A, ITALY) under three different bath
compositions, Table 1, and the conditions, at different current
densities, potentials, 10 mints, 25 °C and pH 4.5 without and
with different concentrations of [MOFIM]I and [FPIM]Br,
supplementary material (T1). A Cu substrate flat sheet and a
platinum (Pt) sheet were used as the cathode and anode,
respectively, with the same dimensions. Both cathode and
anode were fixed at rectangular deposition cell.

2.2. Corrosion resistance measurements

The corrosion behavior of the Ni-Co alloy codeposits in a mar-
ine environment (a 3.5% NaCl solution) at 25 °C was evalu-
ated using open circuit potential (OCP), potentiodynamic
polarization and electrochemical impedance spectroscopic
(EIS) tests. In this regard, a three-electrode corrosion cell
was used for electrochemical measurements as well. A Pt sheet
was used as the counter electrode (CE), SCE as the reference
electrode (RE) and Ni-Co alloy coated samples as the working
electrode (WE). All samples were first immersed in the 3.5%
NaCl solution for approximately 30 min to stabilize the OCPs.
EIS measurements were carried out over a frequency range
between 100 kHz and 0.01 Hz with a 10 mV amplitude super-
imposed AC signal, and the corresponding Nyquist plot was
obtained. Then, potentiodynamic curves with 1 mVs™' were
recorded by scanning from = 700 mV from OCP. The inhibi-
tion efficiencies (IEg.) were calculated from the charge trans-
fer resistance values using the following eq. (Al-Fakih, 2017):

RCI([L) — R

ct(IL)

IEg, = x 100 )
where Ry and R, are the charge transfer resistances with
and without ILs, respectively.

2.3. Voltammetric measurements

All voltammetric measurements were carried out in a bath with
a composition of Ni70%-Co030%, Table 1, at pH 4.5 (Ibrahim
et al., 2016). Electrochemical experiments of the Ni-Co alloy
were carried out in a three-electrode cell using a Gamry poten-
tiostat/galvanostat (Gamry Interface 1000) connected to a PC
and were analyzed using Gamry Echem software. Pt and SCE
were used as the CE and RE, respectively. The Cu sheet or
glassy carbon electrode (GCE) was used as the WE; the
GCE was prepared as reported in (Omar et al., 2020). Poten-
tiodynamic cathodic polarization curves were generated using
the Cu sheet as the WE by sweeping the potential from the rest
potential toward the less noble potentials, i.e., from —0.5 to
—1.5 Vgcg, with a scan rate of 10 mV s~ (Al Radadi and
Ibrahim, 2020; Al Raddadi, 2014; Ibrahim and Al Radadi,
2020). The cyclic voltammetric (CV) measurements were per-
formed in a three-electrode cell using a Gamry potentiostat/-
galvanostat (Gamry Interface 1000) connected to a PC and
were analyzed using Gamry Echem software. Pt and SCE were
used as the CE and RE, respectively. GCE was used as the WE

in the potential range from 1.0 to —1.5 Vgcg with a scan rate of
100 mV s~ ! (Al Radadi and Ibrahim, 2020; Al Raddadi, 2014;
Ibrahim and Al Radadi, 2020). The working electrode was a
GCE (a disk shaped area = 0.07 cm?, 6 mm, reorder ET
051). GCE was polished with a polishing kit using an alu-
mina slurry (o-alumina polishing powder 0.05 mm) until a mir-
ror 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 electrodeposi-
tion, the produced coatings were rinsed by deionized water and
ultrasonically treated to remove the deposits from the surface.

Situ-anodic linear stripping voltammetry (ALSV) measure-
ments were performed at a constant potential (—1.0 Vgcg) on
the GCE for 100 sec at 25 °C. At the end of each deposition
time, stripping analysis was performed immediately in the
same plating bath by sweeping the potential from —0.6 Vgcg
to more anodic potentials (1.0 Vgcp) at a scan rate of 10 mV s~
(Al Radadi and Ibrahim, 2020; Ibrahim and Al Radadi, 2020;
El Sayed and Ibrahim, 2019) without removing the working
electrode from the solution.

2.4. Theoretical calculations methodology

The molecular structures of the ionic liquid imidazole deriva-
tives were sketched using Chem3D software. Gaussian09 soft-
ware (Frisch et al., 2009) was used to perform geometry
optimization and to calculate the quantum chemical parame-
ters of the studied ionic liquids, including the neutral and
cationic forms. The B3LYP level of the DFT method was used
with the basis set 6-311 + + G(d,p). Several quantum chemical
parameters were calculated, including Eqyomo, ELumo, AE, 1,
A, 1, 1, S, t, AN and the natural atomic charge. All the quan-
tum chemical calculations were performed in the gas phase.
The values of all the quantum chemical parameters were calcu-
lated using the following equations (Egs. (2)—(8)) (Al-Fakih,
2017; El Adnani et al., 2020; Belghiti et al., 2020; Rahmani
et al., 2018; Bouoidina et al., 2019):

AE = Erymo — Enomo (2)
1= —FEnomo (3)
A= —Erymo (4)
1
1= 3 (Enomo + Erumo) (5)
1
n=-3 (Ernomo — Ervmo) (6)
1
S=- 7
p (7)
X
AN = — 8
N ®

3. Results and discussion

3.1. Electrochemical Impedance Spectroscopy (EIS)

To obtain detailed information of the electrode/electrolyte
interface and to characterize the coating corrosion properties,
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Table 2 The results from EIS and polarization measurements for the nine Ni-Co alloys deposits in 3.5% NaCl.

Bath No. Alloy No. Ret CPE n 1IE W
(kQ cm?)10°x 10~%x %
Bathl Ni-Col 7.94 169.0 0.8952 - 137.0 x 107°
Bath2 Ni-Co2 16.92 119.8 0.8411 53.5 72.47 x 107°
Bath3 Ni-Co3 14.27 123.0 0.9305 443 21.83
Bath4 Ni-Co4 3.016 194.9 0.8704 - 7.257 x 1073
Bath5 Ni-Co5 4.161 212.9 0.8428 27.5 2316 x 1073
Bath6 Ni-Co6 6.876 166.3 0.8863 56.2 1.003 x 10~°
Bath7 Ni-Co7 1.051 250.5 0.8969 - 5315 x 1073
Bath8 Ni-Co8 1.129 229.5 0.8530 6.9 38.95 x 1073
Bath9 Ni-Co9 1.642 216.8 0.9050 36.0 839.2
8000 6000
®  Ni-Co2 a b
@® Ni-Cot 5000 -
V  Ni-Co5
6000 1 A Nicot
H  Ni-Co8 4000 -
@® Ni-Co7
. © —
Q0001 e “€ 3000 -
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g <
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Rs
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VWA

'\Wr
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W

Fig. 2 Nyquist plots for Cu substrate, Ni-Co alloys in 3.5% NaCl without and with 1 x 107> M (a) [MOFIMIL, (b)[FPIM]Br (c)
Equivalent circuit compatible with the experimental impedance data of Ni-Co alloy deposits.

EIS measurements of the Ni-Co alloy electrodeposited from
nine different baths were carried out in the absence and pres-
ence of 1 x 107> M of both [MOFIM]I and [FPIM]Br in
3.5% NaCl. The charge transfer resistance (Rct), constant
phase element (CPE), degree of roughness (n) and the War-
burg impedance (W) parameters are listed in Table 2, with a
x2 of approximately 1 x 107°~1 x 107°. Fig. 2c shows the com-
patible equivalent circuits used to extract the parameters for
the impedance spectra. The EIS in Fig. 2a, b revealed arc
diameters with the following order: Ni-Co2 > Ni-Co3 > Ni-
Col > Ni-Co6 > Ni-Co5 > Ni-Co4 > Ni-Co9 > Ni-C
08 > Ni-Co7. The capacitive loops for Ni-Co alloys deposited

from free-ILs baths were always lower than those obtained
from baths including [MOFIM]I and [FPIM]Br. It is well
acknowledged that the width of the semicircle corresponds to
the charge transfer resistance (R.) (Wang et al., 2019). The
increase of the charge transfer impedance in the presence of
ILs occurred without changing the corrosion behavior due to
the formation of a protective layer on the deposit surface of
the metal (Al-Fakih et al., 2019).

The R values of the Ni-Co alloys gradually decrease with
increasing Co>™ concentration in the bath. A similar behavior
was reported in (Jiang et al., 2019). This result indicates that
the Ni-Col, Ni-Co2 and Ni-Co3 alloys (with [Ni**] = 70 g/
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L and [Co®"] = 30 g/L) exhibited higher R, values than the
other six alloys. R is also associated with a decrease in
CPE. The CPE values in Table 2 indicate a decrease in the
local dielectric constant and/or an increase in the thickness
of the electrical double layer due to the adsorption of the addi-
tive molecules onto the metal surface (Al-Fakih et al., 2019).
Diffusion behavior is clearly observed in all nine Ni-Co alloys
and the Warburg impedance (W) parameters are listed in
Table 2. The high values of the degree of inhomogeneity (n)
for the all alloys at the film/solution interface indicate the
capacitive behavior of the alloy surfaces. The Ni-Co2 alloy
deposited in the presence of 1 x 107> M [MOFIMII has the
largest R, among the nine alloys in this study. A higher R,
corresponds to lower HER Kkinetics, as reported in (Wang
et al., 2019). Moreover, R, can disclose the rate of corrosion.
A lower R value indicates a faster corrosion rate (El Sayed
and Ibrahim, 2019). As a result, Ni-Co2 and Ni-Co3 could
be the two best alloys to resist corrosion among all nine Ni-
Co alloys examined in the current study. However,
[MOFIM]I exhibited a higher effect against corrosion in the
Ni-Co2 alloy than [FPIM]Br in the Ni-Co3 alloy due to the
protective layer that formed on the electrode surface. It is
worth mentioning the corrosion resistance of all nine Ni-Co
alloys in the current study is higher than that of the Ni-Co-
Sn alloy, R, 1.40 Q cm?, and the Ni-Co alloy, R
340 Q cm?, which were obtained with saccharin as the additive
(Chai and Jiang, 2019; Lokhande and Bagi, 2014) in a marine
environment.

3.2. Comparison among Ni, Co and Ni-Co alloy
electrodeposition

For comparison, Fig. 3a illustrates potentiodynamic cathodic
polarization curves for the electrodeposition of Ni, Co and
the Ni-Col(Ni-Co blank) alloy, Table 1, under the operating
conditions presented in supplementary material (T1). It is seen
that the polarization curve for Ni deposition occurs at consid-
erably more negative potentials than that of Co, which indi-
cates that Ni is the nobler metal. Moreover, the polarization
curve for the Ni-Col alloy lies between those of the parent
metals. Codeposition enables the less noble metal (Co) to
deposit at more positive potentials and causes the more noble
metal (Ni) to deposit at more negative potentials than in the
individual deposition. The data presented in Table 3 indicate
that the Tafel slope, b., and the transfer coefficient, o, of
the electrodeposition of the Ni-Col alloy are higher than those
of Ni but lower than those of Co, while the i, of the alloy is
increased. Fig. 3b. shows typical CVs of the individual deposi-
tion of Ni and Co and the codeposition of the Ni-Col alloy
under similar conditions as described in Table 1 and supple-
mentary material (T1). The reduction peak of the Ni-Col alloy
lies between those of Ni and Co, as in the polarization curves.
The changes in the slopes of the cathodic part of the curves are
due to an increase in the deposition rate. The anodic oxidation
peak of the electrodeposition of Co was found to be higher
than that of Ni or the Ni-Col alloy, indicating that Co will
preferentially deposit under such conditions. The lower anodic
oxidation peak of Ni than Co or the Ni-Col alloy indicates a
small Ni fraction in the Ni-Col alloy. For comparison, the
ALSVs for pure Ni, pure Co and the Ni-Col alloy under iden-
tical conditions are shown in Fig. 3c. It is obvious that the

0.007
005 40.006 a
0005 = Co blank
o0 Ni-Co blank /
0041, /
2
Lo
00 fum| =
~N
E 0.000
o
<
= 002 om o o8
0.01
—— Co blank
0.00 1 —— Ni blank
Ni-Co blank
0.4 0.6 -0.8 1.0 1.2 1.4 1.6
E (Vsce)
0.015
— Ni-Co blank b
0.010 - —— Ni blank
Co blank
0.005 1
2
~—  0.000 4 L e——
£
o
2
= -0.005 A
-0.010 1
-0.015 4
-0.020 T T T T T T
2.0 15 1.0 05 0.0 05 1.0 1.5
E (VscE)
0.05
—— Ni-Co blank Cc
0.04 4 &b:::k . et | — Niblank
0.03 4 L
) o
0.02
2
0.01 4
0.00 /L

08 -06 -04 02 00 02 04 06 08 10 12
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Fig. 3 Comparison among Ni, Co and Ni-Co alloy electrode-
position by voltametric measurments (a) potentiodynamic catho-
dic polarization curves, (b) CV, (c) ALSV.
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Table 3 Tafel slope b, and kinetic parameters of Ni, Co and
Ni-Col alloy electrodeposition from acidic baths.

b iy ol
(mVdecade™") (A cm™?)
Ni —266 3.16 x 1073 0.0482
Co —347 1.90 x 1073 0.0371
Ni-Col alloy —278.4 6.16 x 1073 0.04611

stripping charge of pure Ni is very low compared to those of
pure Co and the Ni-Col alloy. These results confirm the
assumption that a cobalt-rich alloy is produced from bathl
at 25 °C.

3.3. Potentiodynamic cathodic polarization

Cathodic polarization curves were generated to investigate the
effects of both the [MOFIM]I and [FPIM]Br ionic liquids on
the Ni-Co alloys deposited from bathsl, 2 and 3 (Table 3) with
compositions of [Ni**] = 70 g/L and [Co® "] = 30 g/L at pH
4.5 (Ibrahim et al., 2016); the curves are shown in Fig. 4a, b. In
the free-ILs solutions, high polarization accompanies the
deposition of the Ni-Col alloy, Ni-Co blank from bathl.
The cathodic polarization potential (CPP) was approximately
—0.93 Vgcg at 5.0 x 1073 mA cm™2, as shown in Table 4. A
simultaneous discharge of hydrogen ions was observed during
the deposition of the Co>" and Ni*" ions. The presence of
5 x 1077 M [MOFIMII caused a slight shift toward a more
negative overpotential in the polarization curves compared
to [FPIM]Br, as shown in Fig. 4a, b. A higher inhibition effect
of [FPIM]Br was observed according to the CPP values in
Table 4. This result is attributed to the formation of a more
stable electrical double layer by the condensation product with
electroactive functional groups (Shivakumara et al., 2008); as
explained in the quantum calculation section of this work.
The influences of [MOFIM]I and [FPIM]Br on hydrogen liber-
ation may be explained by the hydrogen release mechanism;
this mechanism is as follows (Lallemand et al., 2004):

0.06
—— Ni-Co Blank a
0054 —— 5x10"M
1X10° M
5x10° M
004 — 1x10° M
— 510°M
N 0034 —— 1x10*M
o
<
< 002
0.01
0.00
T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (VscE)

H++€*>HM1S (9)

(10)

Both studied ILs are believed to block the association of
electrolytically generated hydrogen atoms, Eq. (9), decreasing
the concentration of H.4s and thus decreasing the rate of
hydrogen evolution, Eq. (10). The inhibitory effect of the ILs
could be attributed to their structures, which assist adsorption
on the metal surface. As shown in Fig. 1a, b, both IL molecules
contain a positive charge on the quaternary nitrogen atom of
the imidazole ring. When electrical current is applied on the
WE, the positively charged ILs (cations) are adsorbed to the
energetically favored surfaces of the metal electrode (low
energy surfaces), thus leaving only the high energy surfaces
available for metal ion deposition (Hashemi et al., 2017). This
process produces a network of this cationic ionic liquid on the
electrode surface and hinders the formation of large Ni-Co
alloy crystals.

2Hadx - HZ

3.4. Tafel lines and electrode kinetics

The kinetic parameters, such as the Tafel slope (b.), n, overpo-
tential and exchange current density (i.), for Ni-Co alloy elec-
trodeposition on copper were calculated by applying the Tafel
equation, Eq. (11), as reported in (Sorour et al., 2017) from the
cathodic polarization curves shown in Fig. 4

ne = a + belogic (11)

The transfer coefficient (o) can be determined from Eq.

(12.)

b = RT|onF (12)

where n is the number of electrons and R and F are always the
gas constant and Faraday’s constant, respectively. The results
presented in Table 5 reveal that b, decreased as the [MOFIM]I
concentration increased but fluctuated with [FPIM]Br during
Ni-Co alloy reduction. The slight changes in b, and o, confirm
that there was no change in the mechanism of the reduction
process (Zhang and Hua, 2012). Table 5 shows that as the con-
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Fig. 4 Potentiodynamic cathodic polarization curves Ni-Co alloy electrodeposition from Ni70%-C030% bathl in the absence and
presence of different concentrations of (a) [MOFIM]I, (b) [FPIM]Br at pH 4.5.
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Table4 Cathodic polarization potential (CPP) of Ni-Co alloy electrodepositions from bathl at 5.0 x 107> mA cm ™~

2 without and with

different concentrations of [MOFIM]I and [FPIM]Br and surface coverage (6) by both ILs at different concentrations.

[MOFIM]I CPP 0 [FPIM]Br CPP 0
(mol/L) ) [MOFIM]I (mol/L) ) [FPIM]Br
0.0 —0.93 - 0.0 —0.93 -

5.0 x 1077 —0.92 0.13 5.0 x 1077 —0.96 0.60

1.0 x 107° —0.93 0.20 1.0 x 107° —0.97 0.64

50 x 10°¢ —0.95 0.29 50 x 10°¢ —0.99 0.67

1.0 x 1073 —0.96 0.34 1.0 x 1073 —1.00 0.69

5.0 x 107° —1.01 0.36 5.0 x 107° —1.03 0.72

1.0 x 107 —1.21 0.81 1.0 x 1074 —1.06 0.74

Table 5 Tafel slope and kinetic parameters obtained for Ni-Co alloy electrodepositions from bathl without and with different

concentrations of [MOFIM]I and [FPIM]Br.

[MOFIM]I (M) be i e [FPIM]Br (M) be i, e
(mV decade™") (A ecm™?) (mV decade™ ") (Acm™?)

0 —278.4 6.16 x 1073 0.04611 0 —278.4 6.16 x 1073 0.04611
5% 1077 —307.1 475 x 1073 0.04302 5% 1077 —325.6 235 % 1073 0.03943
1 x10°° —298.4 4.16 x 1073 0.0180 1 x107° —323.8 1.99 x 1073 0.03823
5% 107° —291.2 441 x 1073 0.04408 5% 107° —335.8 2.08 x 1073 0.03965
1 x10°° —261.0 5.53 x 1073 0.04918 1 x10°° —335.8 1.99 x 103 0.03823
5% 107° —206.0 8.99 x 1073 0.06232 5% 107° —323.8 1.85 x 1073 0.03965
1 x 107 —143.1 1.02 x 1072 0.08971 1 x 107 —306.0 2.09 x 1073 0.04195

centrations of studied ILs increased, the i. appreciably
decreased. Generally, the current density decreases when the
electrochemical reaction is inhibited (Ibrahim and Al
Radadi, 2020; Ibrahim and Omar, 2013). This finding implies
that [MOFIMI]I and [FPIM]Br inhibit the rate of Co*" and
Ni?* transfer across the electrical double layer. The inhibitory
effect of the ILs could be due to the cations adsorbing to ener-
getically favored sites of the metal electrode, thus leaving only
the high energy surfaces available for deposition on the metal
surface (Hashemi et al., 2017). The presence of an adsorbate
altered the double layer structure and decreased the rate of
the electrochemical reaction (Ibrahim and Omar, 2013; El
Sayed and Ibrahim, 2019; Zhang and Hua, 2012). [FPIM]Br
showed a stronger decrease in i, values than [MOFIM]I; this
higher inhibition effect of [FPIM]Br on the Ni-Co alloy is sup-
ported by the higher polarization shift toward a more negative
overpotential, higher CPP values, and more significant drop in
the cathodic current.

3.5. Adsorption isotherms

The [MOFIM]I and [FPIM]Br cations are thought to adsorb
on the cathode surface. This phenomenon increased the depo-
sition overpotential by decreasing the sites available for the
discharge of Co®>* and Ni*" during Ni-Co alloy deposition
from bathl with different concentrations of both ILs
(Fig. 4). The surface coverage (0) of the studied ILs was esti-
mated as a constant potential (—1.3 Vgcg), as reported in
(Ibrahim and Omar, 2013). The 0 values by [FPIM]Br were

higher than those from [MOFIM]I, as shown in Table 4, which
indicates a greater adsorption rate of [FPIM]Br molecules on
the cathode surface. However, at 1 x 107* M [MOFIMII, 6
recorded the highest value, 0.8105, which means [MOFIM]I
cations adsorbed stronger than [FPIM]Br cations. The data
were fitted to the Langmuir adsorption isotherm (Ibrahim
and Omar, 2013). From Fig. 5, the calculated equilibrium con-
stant values, K, were 33681.14 M~' and 7502.05 M~ for
[MOFIM]I and [FPIM]Br adsorption, respectively, from the
Ni-Co alloys deposited from baths 2 and 3. A larger K value
indicates higher adsorption of the [MOFIM]I compound than
the [FPIM]Br compound, i.e., a stronger electrical interactions
exist between the double layer at the phase boundary and
[MOFIM]I molecules than the boundary and [FPIM]Br
molecules.

A spontaneous process for the adsorption of [MOFIMI]I
molecules on the surface of Cu was indicated by the negative
value of AG°,. The calculated AG®, values of [MOFIM]I
and [FPIM]Br are —35.72 and — 32.01 kJ mol !, respectively,
which are between the values for physical (—20 kJ mol~") and
chemical adsorption (—40 kJ mol™'). These results indicate
that the adsorption of [MOFIM]I and [FPIM]Br onto the
Cu substrate surface involves both chemical and physical
adsorption (i.e., mixed type) (Gholami et al., 2013).

3.6. Cyclic voltammetry

Cyclic voltammetry measurements were carried out on a GCE
for Ni-Co alloy electrodeposition from baths 1, 2 and 3 with-
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Fig. 5 Plot of 8/(1-0) vs concentration of (a) [MOFIM]I, (b) [FPIM]Br in Ni-Co alloy electrodeposition from Ni70%-C030% bathl.
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Fig. 6 CVs for Ni-Co alloy electrodeposition from Ni70%-C030% bathl at GCE in absence and presence of different concentrations of
(a) [MOFIMII; (b) [FPIM]Br from acidic baths at scan rate of 100 mV/sec.

out and with [MOFIM]I and [FPIM]Br (Fig. 6a, b). The pres-
ence of [MOFIM]I and [FPIM]Br in the range 5 x 107'-
—1 x 107* M shifted the deposition of the cathodic
overpotential to more negative values and inhibited Ni*
and Co>" ion deposition. This behavior is due to the adsorp-
tion of the two studied ILs at low energy active sites, thus leav-
ing high energy sites for metal deposition, as confirmed via the
cathodic polarization curves. A similar behavior of additives
was reported for Ni (Oliveira et al., 2018; Abebe et al., 2013)
and Zn electrodeposition (Ibrahim and Omar, 2013; Ibrahim
and Messali, 2011). For anodic regain, the height of the anodic
oxidation peak decreased with increasing concentration of the
studied ILs in solution, and the peak became very broad. The
obvious broadening of the oxidation peak for the Ni-Co baths
could be explained as a result of the slow dissolution of Ni and
Co from the deposited alloy, as reported in (Al Raddadi,
2014). The stripping potential is not observed for Co or Ni
in Fig. 6a, b, which suggests that the formulated electrolyte
for the Ni-Co alloy forms in the alloy phase only. Similar
results were reported in (Vijayakumar et al., 2013). The higher

nucleation overpotential (NOP) values in the presence of a
high concentration of [MOFIMJI, 1 x 107> M and
5 x 107> M, as shown in Table 6, indicate stronger polariza-
tion (Sorour et al., 2017).

The effect of the scan rates on Ni-Co alloy electrodeposi-
tion from bathl in the presence of [MOFIM]I and [FPIM]Br
is shown in Fig. 7a, b. As expected, the increase in the scan rate
shifts the alloy reduction peaks to more negative potentials
and produces a higher current contribution, which explains
why the electrodeposition behavior is qualitatively affected
by the scan rate. A current crossover also occurred in the
cathodic branches when the nucleation overpotential increased
with the scan rate, indicating a typical nucleation process for
deposition. For a diffusion-controlled system, the Randles-
Sevcik equation (Saha et al., 2014) best describes the electro-
chemical behavior of an irreversible process. The linear rela-
tion between iy, and v, as shown in Fig. 7a, b, suggests
that the rate of growth is controlled by the mass transfer of
Co®>" and Ni®" to the growing center. Similar electrochemical
results have been reported for Co’>" in the reverse micellar
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Table 6 NOP of CV measurements and the height of anodic peaks, i,, of ALSV measurements for Ni-Co alloy electrodeposition from
bathl without and with different concentrations of [MOFIM]I and [FPIM]Br.

[MOFIMI]I NOP i, peek [FPIM]Br NOP i, peek
M) (mV) (A cm™) M) (mV) (A cm™)
0 0.8400 8.347 x 1073 0 0.8400 8.347 x 1073
5x 1077 0.8414 4251 x 10°° 5x 1077 0.9066 3.667 x 102
1 x 1076 0.9097 2.337 x 107? 1 x 1076 0.9215 3.502 x 1072
5x10°° 0.9299 1.344 x 10°° 5x10°° 0.9365 2.626 x 10°°
1x107° 1.0069 9.313 x 107? 1x107° 0.9287 1.140 x 107°
5x107° 1.0576 115 x 1072 5x107° 0.9585 6.352 x 10°*
1x107* - 225 x 1072 1x107* 0.9585 2.949 x 107*
0.002 3.7. In Situ-Anodic linear stripping voltammetry (ALSV)
a
om0 | gmse . .
— BOmVISec As shown in Fig. 8a, b, the ALSVs of the Ni-Co alloy depos-
0,002 1 25mV/Sec ited from the bath with a composition of [Ni“] = 70 g/L and
[Co®>*] = 30 g/L without and with different concentrations of
o 00041 [MOFIM]I and [FPIM]Br only had one oxidation peak, which
3 resulted from the oxidation of the Ni-Co alloy only that had
= 0006 been previously potentiostatically deposited on the GCE.
The presence of a single anodic peak of alloy stripping denotes
00081 that the alloy consisted of one phase. Visual observation of the
0010 4 g{?f1m%?747%6525? GCE after reaching the anodic peak did not show any residual
— '2?'915?904?08 — Ni or Co. Therefore, the charge used through the anodic strip-
2012 . . . Dt ping could be taken as an estimation method for the current
16 14 1.2 1.0 08 06 efficiency of the Ni-Co alloy depositions. i.e., the area under
E (VscE) the peak is equivalent to the amount of alloy deposited. From
Fig. 8a, b and Table 6, it is clear that the stripping current,
i,(Acm~?) and the area under the stripping peak were greatly
002] o b §uppressed as the [MO7FIM]I and [FI:)IM]Br concegtrations
— 75mVisec increased from 5 x 107" M to 5 x 107" M. This finding indi-
0.000 Smvises cate that the ILs act as inhibitors of Ni-Co alloy deposition.
— 10mvisec These results agree well with the previous data of the polariza-
00021 tion of CVs. However, at higher [MOFIM]I concentrations,
0,004 1 from 1 x 107> M to 1 x 107* M, the stripping peaks and
E the area under the peaks became significantly more prominent.
§ -0.006 1 This finding indicates the rate of alloy deposition, as well as
0008 | ) hydrogen evolution, increases. The increase of hydrogen evolu-
tion was due to adsorbed [MOFIM]I ions on both the Ni-Co
-0.010 1 alloy and the Cu substrate, which means the alloy deposition
ootz ] E{%’;gﬁggggﬁgiﬁ was accelerated at a high [MOFIM]I concentration. A similar
. 1 %0.9489099978 behavior was observed during the electrodeposition of Ni and
0014 ; ; * Ml sfe2 Zn in the presence of Natural Kermes Dye and copper as an
1.6 14 12 1.0 08 06 additive and impurity, respectively (El Sayed and Ibrahim,
E (VscEe) 2019; Zhang and Hua, 2012). However, it is obvious that the

Fig. 7 CVs of Ni-Co alloy electrodeposition recorded at GCE
from Ni70%-Co030% bathl in presence of 5 x 1077 M (a)
[MOFIM]I, (b) [FPIM]Br with different scan rates. Insert linear
relation between i, as a function of the scan potential rate vi2,

solution (Saha et al., 2014), for Zn in the presence of ninhydrin
as an organic additive (Ibrahim and Omar, 2013), for 1-butyl-
3-methylpyridinium bromide [BMPy]Br with an ionic liquid
additive (Ibrahim and Messali, 2011), and for a brass alloy
in an ammonia bath (Ibrahim and Bakdash, 2015).

anodic peaks of the Ni-Co alloy in the presence of [FPIM]Br
are lower than in the presence of [MOFIM]I, which confirms
the small amount of the Ni-Co alloy deposited on the GCE,
as reported in (Abd El Rehim et al., 2002). The easier oxida-
tion of the Ni-Co alloy deposited in the presence of [FPIM]
Br leads the potential to shift in a less noble direction. The
opposite behavior of the stripping potential for the Ni-Co
alloy deposited in the presence of [MOFIM]I is due to the dif-
ficulty of the Ni-Co alloy to dissolve. This result agrees with
(El Boraei and Ibrahim, 2018).
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Fig. 8 ALSVs for Ni-Co alloy electrodeposition from Ni70%-Co030% bathl in absence and presence of different concentrations of (a)

[MOFIMIL, (b) [FPIM]Br.

Table 7 The differences between the molecular structures of
two ionic liquid imidazole additives during electrodeposition to
Ni, Co and Ni-Co alloy.

Differences

[MOFIM]I

[FPIM]Br

Phenyl ring

one

two

Fluorine 4 in phenyl ring 1 in phenyl ring
atom
Oxygen 1 with amide function 1 with ether function
atom group group
Nitrogen 2 with imidazole ring 2 with imidazole ring
atom 1 with amide function

group
Alkyl methyl butyl

3.8. Quantum chemical calculations

Quantum chemical calculations are used as theoretical tools to
explain the performance of two IL imidazole derivatives,
[MOFIM]I and [FPIM]Br, with respect to their molecular
structural properties as additives during electrodeposition of
a Ni-Co alloy. As shown in Fig. 1, there are some similarities
and differences between the molecular structures of the two
studied ILs, which are considered the predictable active sites
for adsorption on the cathode surface. The main similarities
are the imidazole ring, phenyl ring, fluorine and oxygen atoms
in both compounds. However, many differences are illustrated
in Table 7. Moreover, there is a positive charge on one nitro-
gen atom in the imidazole ring in the cationic form.

The optimized geometries of the molecular structures of the
studied ILs in the neutral and cationic forms as estimated by
DFT are as shown in Fig. 9. The quantum chemical parame-
ters of both forms are listed in Table 8, including the IE g
(%) of the Ni-Co2 and Ni-Co3 alloy deposited from bath2
and 3 in the presence of [MOFIM]I and [FPIM]Br. The inhibi-
tory effect of the studied ILs can be attributed to their parallel
adsorption on the surface of the Cu substrate. The parallel

adsorption of these molecules is attributed to the presence of
more than one active center for adsorption. The active centers
in the [MOFIM]I and [FPIM]Br chemical structures are as
follows:

e The imidazole ring consists of two nitrogen atoms as het-
eroatoms that have a lone pair of electrons and 4 =n-
electrons of two conjugated double bonds in both
[MOFIMII and [FPIM]Br.

Six m-electrons of three conjugated double bonds in the phe-
nyl ring of the ionic liquid [MOFIM]I, and six m-electrons
of three conjugated double bonds in the benzyl ring and
in the phenoxy ring of [FPIM]Br (12 m-electrons).

The amide functional group in [MOFIM]I, which has two
n-electrons of one double bond as well as nitrogen and oxy-
gen heteroatoms with one and two lone pair electrons.
However, the chemical structures of the ionic liquid
[FPIM]Br only has one oxygen atom with two lone pair
electrons in the phenoxy functional group.

Three fluorine atoms as heteroatoms contain nine lone pair
electrons in the phenyl group in [MOFIM]I and only one
fluorine atom with three lone pair electrons in the benzyl
group in [FPIM]Br.

In general, as the number of double bonds increases, the
number of n-electrons increases and adsorption on the cathode
surface becomes easier (Deng et al., 2018). As Ni-Co alloy
plating ionic liquid additives, [MOFIM]I and [FPIM]Br with
6 and 12 m-electrons, respectively, can be better adsorbed on
the cathode surface and can consequently increase the polar-
ization of the Ni-Co alloy electroplating the most. Moreover,
oxygen atoms have the property of electron donation, which
is associated with a strong adsorption ability on the surface
of metal (Kumar et al., 2019). The nitrogen atoms among
the nitrogen heterocyclic compounds were preferred active
sites for accepting electrons from the Cu substrate (Ren
et al., 2015).

The localization of HOMO and LUMO on the neutral and
cation species of both [MOFIM]I and [FPIM]Br are shown in
Fig. 10. Based on the studies of the bonding reactions and
cloud distributions of the organics, the crimson and green
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Fig. 9  The optimized molecular structures of (a) [MOFIM]I neutral species, (b) [FPIM]Br neutral species, (c) [MOFIM]I cation species,

(d) [FPIM]Br cation species.

color clouds correspond to the phase of orbital wave functions
in which one is for the negative phase and the other is for the
positive phase (Kumar et al., 2019; Ren et al., 2015). For the
two molecules in the neutral form, as illustrated in Fig. 10a,
b, a significant electron density of HOMO was localized prin-

cipally on the imidazole ring of both ILs molecules, which indi-
cates that the characteristic functional group of imidazole and
the double bonds in the ring could be electron donors. These
sites are the preferred active sites that donate electrons to
unoccupied orbitals of Cu atoms. However, Fig. 10a’ shows
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Table 8 Quantum chemical parameters of neutral and cation species of [MOFIM]I and [FPIM]Br IEg; (%) of Ni-Co2 and Ni-Co3

alloys.
Quantum parameter Neutral species Cation species

[MOFIM]I [FPIM]Br [MOFIM]* [FPIM] "
Envomo (€V) —0.19396 —0.18008 —0.24215 —0.22475
Erumo (eV) —0.04944 —0.03253 —0.05447 —0.03365
AE (eV) 0.14452 0.14755 0.18768 0.19110
1(eV) 0.19396 0.18008 0.24215 0.22475
A (eV) 0.04944 0.03253 0.05447 0.03365
z (eV) 0.12170 0.10630 0.14831 0.12920
n (eV) 0.07226 0.07377 0.09384 0.09555
S 13.8389 13.5547 10.6564 10.4657
AN 0.84209 0.72046 0.79022 0.67608
IE Rt (%) 53.05 44.33 53.05 44.33

that a significant electron density of HOMO in the cation form
of [MOFIM]I is localized principally on the phenyl ring and
the amide functional group, which indicates that 6 m-
electrons, F7, F8, and F9 in the phenyl ring and 2 =n-
electrons, N10, OI13, in the amide function group of
[MOFIMII could be the donors of the electron associated with
the strong adsorption ability of [MOFIM]I on the surface of
metal, i.e., they are the preferred active sites that donate elec-
trons to the unoccupied orbitals of Cu atoms. A distribution of
the HOMO electronic density in the [FPIM]Br cation species,
Fig. 10b’ localized on N9 and N11 and 4 n-electrons of 2 dou-
ble bonds in the imidazole ring. These results suggest that
nitrogen atoms and  electrons are the favorable sites for the
strong adsorption of [FPIM]Br on the surface of metals. The
LUMO electron density shown in Fig. 10c is distributed over
each atom of the tri-fluoro phenyl aromatic ring and the amide
group of the [MOFIM]I molecule in neutral form. However,
the LUMO electron density is distributed intensely over the
imidazole ring in the cation species of the [MOFIM]I molecule,
and a thin distribution of LUMO appears on N10, O13 in the
amide function group and the C atoms in the phenyl ring of
[MOFIM]L, as show in Fig. 10c’. The LUMO electron density
is distributed over each carbon atom of the 4-fluorobenzyl aro-
matic ring in the [FPIM]Br molecule in neutral form
(Fig. 10d), indicating it is the site that accepts electrons from
Cu atoms to form back-donation bonds. However, LUMO is
distributed in the benzyl ring of the [FPIM]Br cation
(Fig. 10d’). These results suggest that the acceptor sites of
the donated electrons from the cathode surface are the atoms
of the imidazole ring and the atoms of the amide function
group of [MOFIM]I. The acceptor sites of [FPIM]Br are in
the benzyl ring.

It is concluded that the preferred active sites for donating
and accepting electrons in the neutral forms of both studied
ILs were located within the N, O, and F atoms, which have
pairs of electrons, and the rings, which consist of m-electrons.
For the cationic forms of both ILs, the preferred active sites
for donating and accepting electrons are located on the nitro-
gen atoms and the aromatic rings. The density distributions of
the frontier molecular orbitals (HOMO and LUMO) of the
two studied ILs molecules show that the nitrogen atoms and
n-electrons are the preferential sites for strong adsorption on

the surface of metal. It is worth mentioning that the
[MOFIM]I and [FPIM]Br ionic liquids not only provide elec-
trons to the unoccupied d orbital of the metal ion but can also
receive an electron from the d orbital of the metal, resulting in
the formation of a feedback bond.

According to the frontier molecular orbital theory, the
energy of the highest occupied molecular orbital (Eyzomo)
and the energy of the lowest unoccupied molecular orbital
(ELumo) are often associated with the electron donating and
electron accepting abilities of molecules.

Enowmo 1s associated with the ability of the molecule to
donate electrons. Additives with a high Eqomo value tend to
donate electrons to vacant orbitals of an appropriate acceptor
with lower energy. Egomo expresses the affinity of a molecule
to provide electrons to a proper acceptor molecule with low
empty molecular orbital energy (Zohdy et al., 2019). Erumo
is the capacity of a molecule to accept electrons. The affinity
for the formation of a feedback bond depends on the value
of Eyymo, which eases the acceptance of electrons from the
d orbital of the metal (Zohdy et al., 2019). A lower Erumo
indicates a better capacity of additives to accept electrons from
the cathode surface. A lower value of AE corresponds to a
more stable adsorption layer of IL additives on the surface
of metal, which contribute to a stronger inhibition of Ni*?
and Co*? composite electrodeposition (Deng et al., 2018).

[FPIM]Br in neutral and cation forms exhibited a higher
value of Eyomo than [MOFIM]I, as listed in Table 8. This
finding is indicative of the stronger adsorption capacity of
[FPIM]Br achieved by donating electrons to the appropriate
acceptor molecules with low energy empty molecular orbitals
(Kumar et al., 2019). Further, an increased Egomo value facil-
itates its effective adsorption on the cathode surface, resulting
in its enhanced protection efficiency by influencing the charge
transfer process throughout the adsorbed additive layer
(Kumar et al., 2019). However, considering only Eyomo 1S
not enough to estimate the inhibition performance of the addi-
tives; in fact, organic compounds are considered to be excellent
corrosion inhibitors if they can donate and accept electrons to/
from the surface of metal (Al-Fakih, 2017). The adsorption of
an additive on the surface of a cathode and its inhibition per-
formance can be estimated based on the values of several
quantum parameters. Therefore, as show in Table 8, the lower
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2%

Fig. 10  Localization of HOMO of neutral species (a)) MOFIM]I, (b)[FPIM]Br, LUMO of (c)[MOFIM]I and (d)[FPIM]Br. HOMO of
cation form (a’)[]MOFIM] ™, (b")[FPIM]", LUMO of (¢’) [MOFIM]* and (d’) [FPIM]*.

values of Erymo of [MOFIMII in the neutral, —0.04944 eV,
and cationic forms, —0.05447 eV, than the E; Mo values of
[FPIM]Br in both forms, —0.03253 eV and —0.03365 eV,
respectively, indicate the better probability of the [MOFIM]I
molecule to accept electrons, as reported in (Kumar et al.,
2019), which results in the stronger adsorption of [MOFIM]I
on the deposit surface. In principle, the adsorption capacity
of the additive molecules to the metal surface increases with
an increase of Eyomo or a decrease of Ej ymo, which would
produce a stronger additive adsorption on the metal surface
(Kumar et al., 2019).

The affinity for the formation of a feedback bond depends
on the value of E} ymo, Which eases the acceptance of electrons
from the d orbital of the metal. In the same way, the smaller
AE between frontier molecular orbitals of additives molecules
shows a stronger adsorption bonding ability and greater
adsorption stability (Kumar et al., 2019; Ren et al., 2015) of
the additive molecules on the metal or alloy surface. In the cur-
rent study, the [MOFIM]I molecule and cation have lower AE
values of 0.14452 eV and 0.18768 eV, respectively, than those
of the [FPIM]Br molecule and cation, 0.14755 eV and
0.1911 eV, respectively, as shown in Table 8. These results
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indicate the stronger and more effective adsorption of
[MOFIM]I molecules or cations on the surface of Cu and
depicts the greater electron transfers between the molecular
orbits. The lower values of Ejymo and AE obtained for
[MOFIMII justify its higher inhibition efficiency, IE%, than
the [FPIM]Br ionic liquid. Similar results with small AE values
were reported by using nitrogen heterocyclic compounds
(NHCs) as additives in the Cu electrodeposition (Ren et al.,
2015).

The HOMO and LUMO energies are linked to 7 and 4,
respectively. A high value of 7 indicates the ability of an inhi-
bitor to donate electrons. A4 is associated with accepting elec-
trons a high value of A indicates the capability of an
additive to accept electrons (Al-Fakih, 2017). Absolute m
and S are important properties that measure both the stability
and reactivity of inhibitor molecules, respectively. Hard mole-
cules have large energy gaps, and soft molecules have small
energy gaps. Soft molecules are more reactive than hard ones
because they can easily offer electrons to the acceptor (El-
Raouf et al., 2018) (the copper surface in the current study).
According to previous studies, adsorption probably occurs at
the site of the molecule where S has the highest value to facil-
itate the transfer of the electrons (Al-Fakih, 2017). The
[MOFIMII ionic liquid had higher 7, 4 and S values in both
neutral and cationic forms (Table 8), indicating its better abil-
ity to donate and accept electrons and its property as a more
efficient additive than that of [FPIM]Br. This finding suggests
a higher corrosion inhibition efficiency of [MOFIM]I than
[FPIM]Br. These theoretical results are consistent with the
experimental data.

The value of AN is related to the inhibition efficiency
obtained by donating electrons. Whereas a positive value of
AN suggests electron transfer from molecule to metal, a nega-
tive value indicates electron transfer in the reverse direction
(Sulaiman et al., 2019). In this work, [MOFIM]I and [FPIM]
Br in both neutral and cationic forms have positive values
for AN in the gas phase, as shown in Table 8, suggesting elec-
tron transfer from the molecules to metal. According to
Lukovits et al. (2001), if AN < 3.6, the inhibition efficiency
increases with the increase of the ability to donate electrons
to the surface of metal; the AN values in Table 8 agree with
Lukovits’” study. [MOFIM]I in both forms has higher AN val-
ues, 0.84 ¢V and 0.79 eV, than [FPIM]Br, 0.72 ¢V and 0.67 eV,
respectively. This result confirms the higher inhibition effi-
ciency of the [MOFIM]I inhibitor.

In conclusion, according to the experimental results, the
[MOFIMI]I inhibitor shows a better inhibition efficiency than
the [FPIM]Br inhibitor in both neutral and cationic forms.
The better inhibition performance of [MOFIM]I than
[FPIM]Br suggests a higher bonding of [MOFIM]I on the sur-
face of the copper substrate. The quantum calculations at the
B3LYP/6-311+ + G(d,p) basis set level of DFT was used to
gain a theoretical description of the inhibition performance
of the ionic liquids additives. For the studied additives or inhi-
bitors, the inhibition efficiency is increased by a lower LUMO
energy, lower energy gap, higher ionization potential, higher
electron affinity, and higher softness. The results obtained by
quantum calculations suggest that the corrosion inhibition effi-
ciencies of the studied ionic liquids additives follow the trend:
[MOFIMI]I > [FPIM]Br. The results obtained by the quantum
chemical study are consistent with the experimental findings.

3.9. Natural atomic charge

The adsorption mode and the active sites of the [MOFIM]I
and [FPIM]Br ILs additives were investigated based on their
molecular structures using quantum chemical calculations.

In the electrodeposition of the Ni-Co alloy, the [MOFIM]I
and [FPIM]Br additives can form coordination bonds between
the unshared electron pairs of oxygen and nitrogen heteroa-
toms and the empty orbital of the Cu atoms on the Cu sub-
strate and between the empty 3d orbitals of the Ni and Co
atoms on the Ni-Co alloy deposit surfaces. In addition, other
atoms of the additives can accept electrons from the Cu atom
of the Cu substrate surface to form a back-donating bond.
Similar results were reported in (Al-Fakih, 2017).

The natural atomic charges of each atom of the [MOFIM]IL
and [FPIM]Br molecules and the [MOFIM]" and [FPIM]™
cations are displayed in Tables 9 and 10. The data in both
Tables give mechanistic information for the adsorption prop-
erties of both studied ILs onto the surface of the Ni-Co alloy.
Some atoms of molecules and cations have negative charges,
but others have positive charges. The heteroatoms containing
electron pairs have negative charges. The higher negative
charges of the [MOFIM]I molecule in its neutral form are in
the following order: N(10) > O(9), in the imide function group
and N(3) > N(5) in the imidazole ring; the charges of the
imide group are higher than those of the imidazole ring. In
the [MOFIM] " cation, the higher negative charges are as fol-
lows: N(10) > O(13) in the amide functional group and N
(15) > N(18) in imidazole ring; the charges in the amide func-
tional group are higher than those of the imidazole ring
(Table 9). These findings indicate that previous atoms have
higher abilities to donate electrons compared to other atoms
of the studied ILs. The lower negative charges are ordered as
F(17) > F(18) > F(19) for [MOFIM]I and as F(7) > F(9)
> F(8) for MOFIM] ", indicating their lower ability to donate
electrons (Table 9). For [FPIM]Br IL, Table 10 shows that the
higher negative charges of the natural atomic charges in both
species are in the following: O(18), in ether function group,
>N(11) > N(9), in imidazole ring, indicating their higher abil-
ity to donate electrons. Lower negative charges are shown in
the order F(7) > C(16) > C(15) for the [FPIM]Br molecule
and in order C(16) > C(15) > F(7) for the [FPIM]" cation,
indicating their lower ability to donate electrons. These find-
ings clearly denote the electron donating abilities of nitrogen
and oxygen atoms to the unoccupied metal atomic orbitals,
which act as reactive sites for the effective adsorption
(Kumar et al., 2019).

Based on the results above, it can be concluded that the quan-
tum calculations are effective tools to provide theoretical insights
into the performance of additives in electrodeposition processes.
In addition, the quantum chemical calculations can be used as
complements to experimental investigation techniques.

4. Conclusion

The impact of the [MOFIM]I and [FPIM]Br ILs as additives
was studied to investigate the corrosion behavior of Ni-Co
coelectrodeposition from an acidic sulfate bath with three dif-
ferent [Ni>"] and [Co®> "] concentrations. The Ni-Co2 and Ni-
Co3 alloys exhibited the highest corrosion resistance properties
among the nine Ni-Co alloys. The IEg% of [MOFIM]I in the
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Table 9 The natural atomic charges of each atoms in neutral and cation forms of [MOFIM]I molecule.

Atom number Neutral form Cation form

Atom Charge Atom Charge
1 C —0.04571 C 0.09401
2 C —0.06533 C 0.42323
3 N —0.56276 C —0.30438
4 C 0.05049 C 0.36434
5 N —0.52926 C 0.34577
6 C —0.35018 C —0.24171
7 C —0.24592 F —0.33540
8 C 0.68009 F —0.33227
9 (@) —0.60565 F —0.33404
10 N —0.65766 N —0.66821
11 C 0.09412 H 0.40944
12 C —0.24012 C 0.67703
13 C 0.34745 O —0.60599
14 C 0.36666 C —0.24286
15 C —0.30330 N —0.45829
16 C 0.42247 C —0.04759
17 F —0.33492 C —0.04722
18 F —0.33070 N —0.45409
19 F —0.33408 C —0.01311
20 H 0.21036 C —0.34228
Table 10 The natural atomic charges of each atoms in neutral and cation forms of [FPIM]Br molecule.
Atom number Neutral form Cation form

Atom Charge Atom Charge
1 C 0.40870 C 0.40939
2 C —0.26178 C —0.26079
3 C —0.18079 C —0.17804
4 C —0.06421 C —0.06369
5 C —0.17387 C —0.17580
6 C —0.25811 C —0.25861
7 F —0.35624 F —0.35620
8 C —0.17051 C —0.16615
9 N —0.53775 N —0.47998
10 C 0.05617 C 0.03635
11 N —0.53810 N —0.47520
12 C —0.06077 C —0.05872
13 C —0.06131 C —0.04579
14 C —0.15300 C —0.15156
15 C —0.38642 C —0.38711
16 C —0.39138 C —0.39188
17 C —0.01484 C —0.01477
18 O —0.55471 O —0.55435
19 C 0.32482 C 0.32472
20 C —0.24033 C —0.24001
21 C —0.18633 C —0.18613
22 C —0.23663 C —0.23645
23 C —0.18252 C —0.18262
24 C —0.29250 C —0.29263

Ni-Co2 alloy was higher than that of [FPIM]Br in the Ni-Co3 towards more negative potentials, the increasing nucleation
alloy. Higher inhibition in Ni** and Co®* reduction is indi- over potential (NOV) values in CVs, and the strong suppres-
cated by the increasing shift of the cathodic polarization curves sion of the stripping current peak when the concentration of
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the studied ILs increases in the bath. The inhibition effect of
the [MOFIM]I and [FPIM]Br molecules due to their adsorp-
tion on the cathode surface obeys Langmuir adsorption. Com-
pared to [FPIM]Br, [MOFIM]I has lower values of Erumo
and AE and higher values of I, 4, S and AN in both neutral
and cationic forms, indicating its better corrosion inhibition
efficiency and more efficient additive properties. According
to the natural atomic charges, [MOFIM]I has the strongest
adsorption ability on the Cu substrate and a higher [Eg %
than that of [FPIM]Br. These results show that the theoretical
results are consistent with the experimental findings.
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