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Abstract

The voltammetry behavior was investigated in this work by varying the potentials of CuCl2 in the
sodium chloride electrolyte. When succinic acid was present in 0.1 M NaCl-strong electrolyte
solutions and distinct redox peaks were seen for each salt, cyclic voltammetry was employed. Since
various selective peaks appeared upon application, a gold-working electrode was used for this study.
The various scan rates were examined both with and without succinic acid. The study used salt alone.
Utilizing a gold 18-Karat working electrode impacted by an Au metal electrode, the catalytic
oxidation of succinic acid was investigated. Based on cyclic voltammetry data, Tafel slopes were
applied for cupric chloride salt both alone and in the presence of succinic acid, and a potential
mechanism for redox reactions was proposed. The novelty of this work is to use the Tafel plot
graphical representation to explain the kinetic and mechanism of electrocatalytic reaction of cupric
ions with succinic acid in strong electrolyte NaCl.

Keywords: Cyclic voltammetry, Cupric chloride, Succinic acid, Thermodynamic parameters, Tafel
plot.

(Gomaa, 2012a). Cyclic voltammetry is a
technique used in electrochemistry to study the
redox properties of a chemical species. It
involves applying a potential to an
electrochemical cell and measuring the

Introduction

Cyclic voltammetry (CV) is a widely used

electrochemical technique that involves the
application of a potential waveform to an
electrochemical cell and measuring the
resulting current. It provides valuable
information about the redox behavior, kinetics,
and stability of electroactive species in solution
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resulting current as the potential is varied in a
cyclic manner. The experiment typically
involves three main steps: scanning the
potential, measuring the current, and plotting
the resulting voltammogram. The potential is
scanned linearly over a range of values, usually
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from a negative to a positive value and then

back again. The current is measured at each

potential value, providing information about the
redox reactions occurring in the cell (Gomaa,
2012Db).

Cyclic voltammetry can provide valuable
information about various electrochemical
processes, such as oxidation-reduction
reactions, electron transfer Kkinetics, and
adsorption/desorption phenomena. It can be
used to determine parameters such as peak
potentials (Ep), peak currents (lp), and peak
shapes, which can be related to the
concentration of species involved in the redox
reaction (Gomaa & Abou Elleef, 2013). The
technique finds applications in various fields
including analytical chemistry, material
science, biochemistry, and electrocatalysis. It is
commonly used for studying electrode
processes at solid-liquid interfaces and for
characterizing electroactive materials (Badulla
et al., 2021; Diab et al., 2022; Gomaa, 2012;
Gomaa et al., 2013; Gomaa & Al-Jahdali,
2012).

A common electrochemical method that
offers useful insights into a substance's redox
behavior is cyclic voltammetry. Applying a
potential waveform to an electrochemical cell
and measuring the current response are the steps
involved. The cyclic voltammetry can be used
in the following:

1. Determination of redox potentials: Organic
molecules, metal complexes, and
biomolecules can all have redox potentials
that can be determined using cyclic
voltammetry (Abou Elleef et al., 2021). This
knowledge is necessary to comprehend their
reactivity and electrochemical behavior.

2. Characterization of electrode processes: By
studying the kinetics and mechanisms of
electrode processes such electron transfer
reactions, adsorption/desorption
phenomena, and surface reactions, cyclic
voltammetry may be utilised to characterise
electrode processes. We can learn a lot about
these processes by looking at the
voltammogram's position and structure (Abd
El-Hady et al., 2019).

3. Analysis of electroactive species: Cyclic
voltammetry is frequently used to quantify a
range of electroactive species at electrode
surfaces or in solutions. Compared to other
analytical methods, it has benefits such high
sensitivity, selectivity, and quick analysis
times (Goma et al., 2020).
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4. Biosensing applications: The detection and
measurement of biomolecules including
DNA, proteins, enzymes, and medicines
have all been accomplished using cyclic
voltammetry in biosensing applications
(Fakayode & Nkambule, 2022). Cyclic
voltammetry can offer sensitive and specific

detection by immobilising these
biomolecules on an electrode surface or
employing modified electrodes with

particular recognition components.

1. 5. Energy storage and conversion: The
development and characterization of energy
storage and conversion technologies, such as
batteries, supercapacitors, and fuel cells,
uses cyclic voltammetry (Gomaa et al.,
2020). It aids in comprehension of the redox
processes at play in these systems and
performance optimization (Gomaa et al.,
2020b; Wahba et al., 2024).

This work aims to develop an
electrochemical sensing method for the
estimation of cupric ions in the form of cupric
chloride and to investigate the potential effects
of succinic acid on the electrochemical behavior
of cupric ions.

Experimental

Acetic anhydride, sodium chloride, and cupric
chloride were supplied by Sigma-Aldrich. They
utilized deionized water. Three electrodes and
the DY2000 (USA) device were used to
perform cyclic voltammetry measurements.
The working electrode (gold electrode),
reference electrode (Ag/AgCl/saturated KCI),
and auxiliary electrode (Pt electrode) are the
various electrodes.

Results and discussion
Cupric ion determination

The 18-karat gold electrode was used as the
working electrode for the cyclic voltammetry,
which was carried out with a 0.1 M NaCl
solution and various concentrations of cupric
chloride (0.1 M). There are two significant
reduction and oxidation peaks in the window
range of 1.0 to 1.5 V where the waves are
present when the gold electrode is present. The
cathodic and oxidation waves were seen to rise
with the addition of various amounts of CuCl;
(0.1 M) (Durmishi et al., 2008).
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Figure 1. Voltamgraph using different CuCl,
concentrations in NaCl solution as a supporting
electrode, scanning at 0.1V/s and in the potential
range of 1 to 1.5V at 295 K.

The reduction of divalent copper ions to copper
metal is represented by the reduction and
oxidation peaks, and the oxidation process
results in the reverse oxidation process.

A small oxidation peak was also seen at about -
0.1 V, which was attributed to by the gold 18-
karat electrode and represented the catalytic
hydroxide ion production peak:

2H,O + 2e < H,+ 20H

Table 1. The kinetic parameters (Epa, Epc, 1pa, 1pc,
AEp, E°, and Ej) of various concentrations of Cu*?
at 295 K and scan rate (0.1 Vs™?).

[Cu?]x10°  Epa Epe  ()lpax10” Ipcx10*  AEp E° Ew

(mol.cm®) (Volt)  (Volt)  (Amp) (Amp) (Volt)  (Volt)  (Volt)
0.662 0.25951 -0.29868 1.67 2.61 0.55819 -0.01959 -0.16537
1.32 0.27745 -0.29925 1.81 2.94 0.57670 -0.01090 -0.16587
1.96 0.29720 -0.29925 1.98 3.15 0.59644 -0.00103 -0.16587
2.60 0.32114 -0.29925 2.23 328 0.62038 0.01094 -0.16382
3.23 0.32729 -0.31247 2.27 340 0.63977 0.00741 -0.16857
3.85 0.34576 -0.29925 2.25 3.46  0.64501 0.02326 -0.16518
4.46 0.34576 -0.29925 2.26 3.67 0.64501 0.02326 -0.16587
5.06 0.35807 -0.31772 2.41 3.71  0.67579 0.02018 -0.16382
5.66 0.35192 -0.31772 2.31 3.82  0.66963 0.01710 -0.16860
6.25 0.35807 -0.30540 2.27 391 0.66348 0.02633 -0.17202

Table 2. The kinetic parameters (Da, Dc, KsC, Tc,
Qc, I'a, and Qa) of various concentrations of Cu*?
ions at 295K and scan rate (0.1 Vs?).

CuIx10° Dax10* Dex10* ks10® Toxa0® % Taxio® O
[(mol.]cm'3) (em?st) (cm?s?) (ems) (mol.cm?) x(lé))" (mol.cm™) Qa(él)o"
0.662 11.1 27.2 0.783 2.19066 1.33 1.39803 0.847
1.32 3.33 8.72 0.638 2.46422 1.49 152202 0.922
1.96 1.78 451 0.676 2.64024 1.60 1.65861 1.00
2.60 1.30 280 0.847 2.75758 1.67 1.87525 1.14
3.23 0.869 194 1.00 2.85205 1.73 1.90684 1.16
3.85 0.601 142 0.982 290426 176 1.89104 1.15
4.46 0448 1.18 0.900 3.07802 1.87 1.8933 1.15
5.06 0.397 0.942 137 311639 1.89 2.02418 1.23
5.66 0291 0.799 1.13 3.20891 194 1.93618 1.17
6.25 0.231 0.687 0.986 3.28563 1.99 190684 1.16

CuCl; cyclic voltammetry in 0.1 M NaCl in the
presence of succinic acid:

The impact of wvarying succinic acid
concentrations on CuCl. cyclic voltammetry
was investigated. Figure 2 displays the analyzed
cyclic voltammograms.
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Figure 2. The impact of adding different succinic
acid concentrations to CuCl, (6.25x103 M) in the
potential range of 1 V to -1.5 V at 295 K and scan
rate of 0.1 V/s.

The observation of an additional oxidation peak
at roughly 0.1 V can be attributed to the
catalytic oxidation of succinic acid, which was
facilitated by the slow consumption of two
electrons by the gold 18-karat electrode, as
illustrated in Figure 2.

(CH2-COOH); — (CH2-COOQ); +2H" +2e

A hydroxyl radical is created when the
hydrogen ions interact with the oxygen in the
solution. Furthermore, the two stages that show
up in the cyclic voltammograms correspond to
a step-by-step oxidation of one electron (Olajire
& Imeokparia, 2001).

Complexation between CuCl; and succinic acid
is shown by the decrease in all solvation and
kinetic parameters with the increase in succinic
acid concentration, as shown in Figure 3 and
Tables 3 and 4.

Table 3. The kinetic parameters (Epa, Epc, Ipa, Ipc,
AE,, E°, and Ey;) of Cu*? ions (6.25x10° M) with
various concentrations of succinic acid at 295 K and
scan rate (0.1 Vs).

( _ Epa  Epc (;)IR? 1Ipcx10*  AEp E° Euz

(mol.cm™) 3)' (Volt)  (Volt) (Amp) (Amp) (Volt) (Volt) (Volt)
0.662 0.621 0.37586 -0.31622 254  3.18 0.69208 0.02982 -0.18063
1.32 123 0.36423 -0.30646 2.33  3.50 0.67069 0.02888 -0.15839
1.96 1.84 0.38817 -0.29236 2.67  3.33 0.68053 0.04790 -0.15893
2.60 2.44  0.39432 -0.30443 2.76  2.95 0.69875 0.04495 -0.16988
3.23 3.03  0.40664 -0.30970 2.83  2.94 0.71633 0.04847 -0.17437
3.85 3.61  0.40048 -0.30540 2.81  3.05 0.70588 0.04754 -0.16724
4.46 419 0.39432 -0.29309 2.86  3.49 0.68742 0.05062 -0.15219
5.06 476 0.39432 -0.29925 2.91  3.49 0.69357 0.04754 -0.15994
5.66 533 0.38817 -0.29309 2.83  3.64 0.68126 0.04754 -0.15492
6.25 5.88 0.40664 -0.30316 2.91  3.60 0.70980 0.05174 -0.15744

Using a gold 18-karat working electrode, the
influence of scan rates was investigated for
6.25x10-3 M of CuClI2 in 0.1 m NaCl solution
at 295K. The observed cyclovoltammogram
was provided in Figure 3, and the analytical data
was found in Tables 5 and 6. Diffusion
mechanisms are indicated by a drop-in scan
rate, which decreases most data.

The Cu-Succinic acid complex's various cyclic
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voltammograms were assessed and examined,
yielding the information shown in Tables 7 and
8.

Table 4. The kinetic parameters of Cu*? ions
(6.25x10°® M) with various concentrations of
succinic acid at 295 K and scan rate (0.1 Vs™).

[CU?Jx10° [L] x10° Da x10°De x10° ks 10* T x10® ¢ raxaoe )22
(mol.cm™®) (mol.cm™®) (cm?.s?) (cm?s™) (cm.s?) (mol.cm™) © (mol.cm™) ©

0.662 0.621 2.93 459 140 2.66938 1.62 2.13072 1.29
1.32 1.23 2,51 562 0975 2.93428 1.78 1.95969 1.19
1.96 184 331 515 119 2.79164 1.69 2.23761 1.36
2.60 2.44 3.59 409 151 247225 150 2316 140
3.23 3.03 3.83 413 215 247142 150 2.37776 1.44
3.85 3.61 3.80 450 1.80 256304 1.55 2.35638 1.43
4.46 4.19 3.98 597 143 29336 1.78 2.39676 1.45
5.06 4.76 4.18 6.04 1.63 29336 1.78 2.43952 1.48
5.66 5.33 4.01 6.62 135 3.05237 1.85 237776 1.44
6.25 5.88 4.28 6.56 229 3.02184 1.83 243952 148

Impact of varying scan speeds on the redox of
CuCl; in isolation and the Cu-succinic acid
intermediate:
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Figure 3. Voltammograms of various scan rates
(0.1-0.05-0.02 V/s) of CuCl; (6.25x10° M) in the
potential range from 1 to -1.5 V at 295 K.
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Figure 4. Voltammograms of various scan rates

(0.1-0.05-0.02 V/s) of CuCl, (5.88x10° M) with

succinic acid (5.88x103 M) in the potential range

from1to-1.5V at295 K.

Table 5. The Kkinetic parameters of different
concentrations of Cu*? at different scan rates (0.1,
0.05, 0.02, and 0.01) Vst and at 295 K (Epa, Epe, Ipa,
Ipe, AEp, E°, and E1p).

v Epa Epc  (-)Ipax10™* Ipcx10*  AE, E° Eue

(V.sh  (Volt)  (Volt) (Amp)  (Amp)  (Volt)  (Volt) (Volt)
0.1 035807 -0.30540  2.27 391 0.66347 0.02633 -0.17202
0.05 031202 -0.22036  1.86 2.63  0.53238 0.04583 -0.11434
0.02 024647 -0.12884  1.25 174 0.37530 0.05881 -0.05682
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Table 6. The kinetic parameters of different Cu*?
concentrations at varied scan speeds (0.1, 0.05, 0.02,
and 0.01) Vstand at 295 K (Da, De, ks, I, Qc, T,
and Qa)

v Dax10” Dcx10* ksx10® Tox10® Qcx10* Tpx10® (-) Qax10™
(V.sh) (em?s?) (em’s?) (ems?) (molem? (C)  (molcm?)  (C)

0.1 0.926 2.75 1.97 3.28563 1.99 1.90684 1.16
0.05 1.24 2.48 0.113 4.41584  2.68 3.12506 1.89
0.02 141 271 0.0041  7.29442 442 5.26504 3.19

Table 7. The kinetic characteristics of Cu*? ions
(6.25x10° M) at different scan speeds (0.1, 0.05,
0.02, and 0.01) Vs! and at 295 K at varied

concentrations of succinic acid (Epa, Epc, 1pa, 1pc,
AEp, E°, and El/z).
v Epa Ep.  (-)Ipax107 1pex107  AEp E° Eir
(V.s?)  (Volt) (Volt) (Amp) (Amp)  (Volt) (Volt) (Volt)
0.1 0.40663 -0.30316 291 3.60 0.70980 0.05174 -0.15744
0.05 0.34280 -0.20497 2.20 251 0.54777 0.06891 -0.10123
0.02 0.26186 -0.12859 1.31 1.54 0.39045 0.06663 -0.04708

Table 8. The kinetic characteristics (Da, D¢, KsC, T'c,
Qc, s, and Qa) of Cu*? ions (6.25x107 M) at varied
scan speeds (0.1, 0.05, 0.02, and 0.01) Vs* and at
295 K with varying concentrations of succinic acid.

v Dax10* Dex10*  Kex10*  Tex10® Qex10* Tax10® (-)Qax10*
(V.sh) (em’s?) (emish)  (ems?)  (molem?) (C)  (molcm?)  (C)
0.1 1.71 2.62 4.58 3.02184 1.83 2.43952 1.48
0.05 1.96 2.55 0.156 4.21203 2.55 3.68945 2.24
0.02 1.75 2.39 0.0049 6.45392 391 5.51327 3.34
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The  quasi-irreversibility —is  primarily
demonstrated by activation using a gold
working electrode of the reaction at various
scan rates with tiny values of the slopes for the
anodic and cathodic waves, as shown in Figs. 5
and 6.

Tafel plot evaluation:

Data appeared when the relationship between
overvoltage, measured volt, and the logarithm
of peak current in the rising section of the
reduction peaks at various CuCl, concentrations
and in the presence of succinic acid was drawn.
Beginning with the date that was available,
straight lines were plotted; each line's slope and
intercept were assessed and shown in the
displayed figures. Figure 7 shows several
straight plot interactions with the Tafel plots. At
low CuCl; concentrations, the observations are
interpreted as follows. According to Tafel plots,
a diffusion-controlled reaction is indicated by
points that lie on a straight line with a large
Tafel slope (El-Baz & Abbas, 2017; El-Kot et
al., 2023; Gruden et al., 2014; Mohamed et al.,
2020; Ye & Crooks, 2005). Because of the
association processes between the molecules
(CuClz-succinic acid) of the employed
electrolyte, straight Tafel plots with values for
the Tafel plot slopes for CuClz+succinic acid at
different concentrations is obtained (see Figure
8). These Tafel plots are lower than those for
diffusion. Tafel plots' final behavior could be
explained by a regulated mixture of activation
and diffusion mechanisms.

Table 9. Tafel slope, transfer coefficient, and
exchange current density of different concentration
of Cu*2in 0.1 M NacCl

[Cu*?] . io X10°
(Mole/L) Slope a LOG (io) 5(Amp)
6.62x10% -4.8479  0.7165 -4.1411 7.23
1.32x10°  -4.0882  0.9052  -4.1053 7.85
1.96x10°  -4.0439  0.9062  -4.0456 9.00
2.60x10° -3.7806  0.9124  -4.0999 7.95
3.23x10° -3.0185 0.9300  -4.176 6.67
3.85x10° -3.1271  0.9275  -4.1659 6.82
4.46x10°  -3.0163 0.9301 -4.1441 7.18
4.12x10° -2.9055  0.9326  -4.1236 7.52
5.66x10° -2.5965  0.9398  -4.1468 7.13
6.25x10° -2.8327  0.9343  -4.0933 8.07
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Table 10. Tafel slope, transfer coefficient, and
exchange current density of different concentration
of succinic acid in 6.25x10M CuCl,

[Succinic

acid] Slope o L(.)G 5'° x10
(Mole/L) (i) >(Amp)
6.21x10%4 -4.9509 0.8851 -3.8983 12.6
1.23x10° -5.6676 0.8686 -4.0184 9.59
1.84x10° -4.9041 0.8863 -3.9418 11.4
2.44x10° -4.8552 0.8874 -3.9102 12.3
3.03x10° -5.1161 0.8813 -3.8908 12.9
3.61x10°  -4.777 0.8892 -3.9014 125
4.19x10°% -2.0046 0.9535 -4.1123 7.72
4.76x10°% -1.9392 0.9550 -4.1306 7.40
5.33x10° -2.0984 0.9513 -4.1291 7.43
5.88x10° -1.9433 0.9549 -4.1454 7.15

A good straight line with a large Tafel plot slope
supporting the diffusion mechanism reaction
was obtained by applying the Tafel plot relation
for the complex formed by the interaction
between CuCl; and succinic acid (Figure 9).
Slopes smaller than those of CuCl;alone proved
the complexation reaction.
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Figure 9. Tafel volt polarization for CuCl, alone in
0.1 M NacCl

The relationship between the electrode potential and
the associated current density during an
electrochemical reaction is represented graphically
by the Tafel diagram. Its sole purpose is to ascertain
the reaction mechanism and examine the kinetics of
electrode reactions. Data from the Tafel plot for
CuClysolvation in 0.1 M NaCl solution. Two straight
lines with varying intercepts and slopes are
displayed in the plot. The more negative the slope,
the fastter the reduction procss ocurs. The intercept
represents the electrode potential at zero current
densitty. In complexation between CuCl, alone and
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succinic acid (Figure 10).
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Figure 10. Tafel volt polarization for CuCl, with
succinic acid in 0.1 M NaCl.

Tafel volt polarization:

Tafel  polarization  describes  the
relationship between the current density and
potential in an electrochemical reaction, while
Tafel volt polarization refers to the electrode
potential deviation from the equilibrium
potential caused by Tafel's behavior. On
drawing the Tafel plots for the volt change in
the range from -0.4 VV to 1.1V, curves with three
different parts are obtained for CuCl; alone and
CuCl; with succinic acid, as given in Figures 9,
and 10, The first line on the left side is
responsible for electron transfer, followed by
the second line on the left for mass electro-
reduction following diffusion control. The third
line on the right side is responsible for the
precipitation beginning. The meeting between
the second and third lines is the Tafel volt
polarization. The Tafel plot polarization shifts
to the right side by increasing in both CuCl,
alone, CuCl, + succinic acid concentrations,
indicating an increase in diffusibility in case of
CuCl, alone and increase in association,
complexation in case of CuCl, + succinic acid
reactions.
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Gibbs free energy:

The Gibbs free energy of the cupric chloride
and succinic acid interaction in 0.1 M NaCl:

Following the cited  references
(AbouElleef et al., 2021; Babg et al., 2022;
Daud et al., 2013; Gomaa et al., 2017; Gomaa
et al., 2018; Kayali e al., 2022; Mohamed et al.,
2023; Murray et al., 1998; Nakanishi et al.,
2020; Rossotti et al., 1961; Sharfalddin et al.,
2021; Shinagawa et al., 2015; Yin et al., 2021),
the stability constants and Gibbs free energies
of the interaction between cupric chloride and
succinic acid were calculated. The resulting
values, which vary depending on the chemical
and physical processes, are displayed in Tables
11 and 12.

Table 11. Thermodynamic data of Cu-succinic
complex at 295 K.

Cu?]x10"[L]x10°(Epa) M (Epa).L  (-)AG

(mol.cm®mol.cm® (Volt) (Volt) (KJ/mole Log [L] Log (Bj)

6.21 0.621 0.0263 0.0298 2.8357 -6.2068 0.5017
5.92 533 0.0263 0.0475 22.7308 -5.2736 4.0222
5.88 5.88 0.0263 0.0517 24.6568 -5.2304 4.3630
6.10 244 0.0263 0.0449 9.0961 -5.6127 1.6095
6.06 3.03 0.0263 0.0484 11.321 -5.5185 2.0034
6.02 3.61 0.0263 0.0475 14.3606 -5.4419 2.5411
6.13 1.84 0.0263 0.0479 5.5607 -5.7350 0.9839
5.95 476 0.0263 0.0475 19.9701 -5.3222 3.5337
6.17 1.23 0.0263 0.0288 6.1861 -5.9084 1.0946
5.99 419 0.0263 0.0506 16.5876 -5.3776 2.9351

Table 12. Thermodynamic data of Cu-succinic
complex at 295 K at mole ratio (1:1).

o [LIX10°
[cua0® M0 ey Epa)l  (AG :
(mol.cm) (m°3')'°m (Volty  (Volt)  (KJ/mole) FO9IH] Lo9(BD)
588 588 00263 0.05173600 24.6568 -5.2304 4.3630
5.88 5.88 0.0458 0.06891245 25.1040 -5.2304 4.4421
5.88 5.88 0.0588 0.06663247 28.0500 -5.2304 4.9634
Conclusions

A gold 18-karat working electrode is used in
this study's cyclic voltammetry to estimate
cupric ions, which is a follow-up to previous
research. Sharp peaks arise for any
concentration of cupric ions, and the intensities
of these peaks increase with the concentration
of cupric ions. Evaluation and discussion of the
kinetic, solvation, and thermodynamic
characteristics were conducted while examining
the impact of varying amounts of succinic acid
employed as a ligand. In order to visualize
reduction potentials, Tafel plots are created on
the increasing logarithm of current and
overvoltage; several straight lines were
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produced. Plots of Tafel were used to assess the
slopes, and activation or diffusion was proposed
as the electrochemical mechanism depending
on the situation.
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Highlights:

Using a gold electrode (18-karat), cyclic
voltammetry can easily estimate copper ions
guantitatively. The stability constants and
Gibbs free energies for interaction of cupric
ions with succinic acid were estimated.
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