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Abstract: The electrochemical synthesis of conductive polymers (CPs) or semiconductors (SCs) is
influenced by several parameters, such as the choice of monomers, solvents, support electrolytes, and
the nature of dopants, which induce electrical conductivity in conjugated organic polymers. This
work describes the electropolymerization of 3-amino-1,2,4-triazole-5-thiol (ATT) on a 60Cu-40Zn
brass alloy. The synthesis of polymer film by electrochemical method was carried out by cyclic
voltammetry and chronoamperometry in a medium of KOH 0.1 M dissolved in pure methanol
CH3OH. The voltammograms obtained show that the ATT oxidizes anodically at a potential of
1.15 V. The effect of the sweep speed shows that the increase in the sweep speed is accompanied
by the increase in the intensity of the first oxidation peak, indicating the acceleration of the process
studied, and also indicating that the oxidation reaction of the monomers is essentially irreversible
and controlled by a diffusion process. The polymer film analysis by electrochemical impedance
spectroscopy shows a capacitive then diffusional behavior—this is a typical effect of conductive
polymers. Analysis by EDX justifies the formation of a polymer film on the metal surface. This work
was completed by theoretical calculation, which showed that the oxidation of the ATT considerably
reduces the energy value of Gap Eg,p, reaching a value of 2.07 eV—this shows that the polymer film
is a semiconductive material.

Keywords: cyclic voltammetry; chronoamperometry; brass alloy; gap energy; semiconductor

1. Introduction

Copper and its alloys have interesting properties, such as electrical and thermal con-
ductivity, and particularly good corrosion resistance, allowing them to be used in various
industrial fields [1,2]. Much work has been done to study the formation of polymer films on
metal substrates via by electrochemical methods in order to understand the mechanism of
formation and growth of these polymer films [3-5]. Conductive or semiconductive polymer
films have important electrical properties. Some of these films have been the subject of
some industrial applications; for example, they can be used as a support for electronic
components [6-9] and as a means of protection against corrosion by insulating polymer
films [10-12]. The literature reports a number of studies on conductive polymers using
aromatic systems such as thiophene [13], aniline [14,15], and fluorene [16]. The electropoly-
merization kinetics of 3-amino-1,2,4-triazole-5-thiole (ATT) on brass alloy was studied
using cyclic voltammetry, chronoamperometry, electrochemical impedance techniques,
and theoretical study; the metallic surface was analyzed using SEM/EDX. The polymer
film was prepared by successive cycles of potential between 0 and 1.6 V. The oxidation
reaction of the monomers is essentially irreversible and controlled by a diffusion process.
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The electrochemical and theoretical study of synthesized polymer films shows that the
latter is a semiconductor.

2. Experiment
2.1. Tested Monomer

The monomer used for the synthesis of the polymer films is called 3-amino-1,2,4-
triazole-5-thiol (ATT). It is a commercial compound of the Flocka type (Scheme 1).

Scheme 1. Molecular structure of ATT.

2.2. Electropolymerization Electrolyte and Methods

The monomer oxidation was carried out in a solution of 0.1 M KOH dissolved in
pure methanol.
Anodic oxidation was performed using the following two methods:

e  Chronoamperometry: Polarization of a constant potential.
e  Cyclic voltammetry: Cyclic scanning of the potential.

2.3. Brass Samples

The composition of the brass alloy studied was as follows (wt%): 60.61% Cu, 39.19%
Zn, 0.12% Al, and 0.08% Si [17-19].

2.4. Electrochemical Cell

For all of the electrochemical tests, we used a conventional cell with three electrodes:
a Ag-AgCl reference electrode, a large area platinum counter electrode, and an alloy work-
ing electrode 60Cu-40Zn. All experiments were performed in the supporting electrolyte
CH3OH + 0.1 M KOH. Before use, the surface of the sample was polished with emery paper
ranging from 600 to 2000, and then rinsed with distilled water.

2.5. Electrochemical Techniques

The cyclic voltammetry I-E, the chronoamperometry, and electrochemical impedance
curves were performed using a potentiostat SP-200 Bio Logic type Science Instruments.
The data were analyzed using the software Ec-Lab. Electrochemical impedance spec-
troscopy measurements were performed over a frequency range of 100 kHz to 10 mHz,
with a signal amplitude disturbance of 1 mV-S~!. The data were presented in the form of
Nyquist diagrams.

2.6. Energy Dispersion of X-ray

The EDX used is of brand PGT (Princeton Gamma-Tech, Princeton, NJ, USA) model
Spirit, with a silicon diode-doped lithium type Prism 2000 (beryllium oxide window), with
a resolution of 128 eV on the K-alpha of the Mn.

2.7. Theoretical Calculation
Quantum chemistry calculations were performed using Gaussian 09 software [20-22].
Geometric optimization of the different monomers was performed using DFT/B3LYP
method with a base set of 6-31G (d, p) [23-26]. The gap energy Eg,, was estimated using
the equation below:
Egﬂp = Erumo — EHomo (1)
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3. Results and Discussion
3.1. Oxidation of 3-Amino-1,2,4-triazole-5-thiol (ATT)
3.1.1. Poly-ATT Prepared by Cyclic Voltammetry

In the absence of monomer, the anodic electroactivity range was determined by the
oxidation of the 0.1 M KOH support electrolyte. The voltammograms i = f(E) shown in
Figure 1a were obtained by a cyclic sweep of the potential between 0 and 2.2 V with a sweep
speed of 10 mV-s~!. In the presence of monomer, Figure 1b shows the voltammogram
obtained during the formation of poly-3-amino-1,2,4-triazole-5-thiol (poly-ATT) on a brass
alloy electrode by a potential cyclic sweep.
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Figure 1. Voltammograms in the absence (a) and in the presence of monomer (b) on the electrode
60Cu-40Zn ([ATT] = 1 mM), dE/dt = 10 mV-s~1).

The addition of monomer in the electrolytic medium indicates the appearance of a
peak oxidation in the anodic domain (Figure 1b). This peak corresponds to the oxidation
of ATT because it is absent in the control [12] (Figure 1a). However, no peak was detected
during the cathodic scanning (return), showing that the species formed by oxidation of
3-amino-1,2,4-triazole-5-thiol are unstable free radicals. These radicals and their mesomer
forms are coupled together to form a polymer deposit on the electrode surface. The anodic
current peak appears at a potential of 1.15 V in the first cycle; from the second cycle, no
peak is observed. The absence of a current peak during another potential sweep (go) can
be explained by the formation of a homogeneous and compact film. At the end of the
oxidation of the monomer, the current density stabilizes at a value of 0.3 mA-cm 2, which
shows that the synthesized polymer film is semiconductive.

3.1.2. Poly-ATT Prepared by Chronoamperometry

Chronoamperometry consists of following the evolution of the current as a function of
time when the system is subjected to a fixed voltage. A constant potential of 1.15 V/Ag-
AgCl was imposed on the working electrode for 30 min. The curve schematized by Figure 2,
recorded during this operation, shows a constant current, suggesting the formation of a
homogeneous and uniform film [10,12], but above all revealing that the formation of the
film is controlled by the diffusion of the monomer towards the electrode surface.
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Figure 2. Chronoamperometry of a 1 mM ATT solution carried out at 1.15 V/Ag-AgCl on a brass
alloy in pure methanol containing 0.1 M KOH.

At the end of the recording and after rinsing the active surface of the electrode,
the brass alloy was placed in an electrochemical cell containing the electrolyte solution
CH30H + 0.1 M KOH without the addition of monomer (Figure 3).
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Figure 3. Electroactivity of poly-ATT recorded in pure methanol containing 0.1 M KOH,
v=10mV-sL

No peak was detected during the recording of voltammograms i = f(E) (Figure 3a),
but the density of the current decreases and then begins to increase from the fourth cycle
in a very regular way; this is more visible in Figure 3b, which illustrates the study of the
electroactivity of the deposited film. This result may suggest that the material obtained
activates the electrode because it has a structure allowing the penetration of countering or
any other inter-facial reaction.

3.2. Effect of Different Experimental Parameters

In this part, we will discuss the influence of different experimental parameters on the
synthesis of poly-ATT, such as the applied potential, the pH of the solution, and the effect
of the solvent.
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3.2.1. Effect of the Applied Potential

To determine the applied potential effect on the nature of the polymer film synthesized,
several experiments were carried out by modifying the applied potential. The chronoam-
perograms obtained by varying the potential between 0.70 V and 1.30 V/Ag-AgCl are
shown in Figure 4.
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Figure 4. Chronoamperometry curves obtained at different potentials before and after the ATT
oxidation peak potential.

The values of the initial and final current densities and of the anodic charge obtained
for each applied potential are reported in Table 1.

Table 1. Values of the applied potentials and the initial and final current densities recorded respec-
tively at (tg = 0.1 s) and (t; = 1800 s) during the synthesis of poly-ATT on brass alloy in a methanolic
solution 0.1 M KOH + 0.1 M ATT.

Synthesis of Poly-ATT

E (V/IAg-AgCl) ig (mA/cm~2) if (mA/cm—2) Q (mQ)
0.70 3.24 0.040 57.08
0.80 3.30 0.054 98.39
0.90 4.50 0.065 164.58
1.00 1.00 0.300 500.66
1.10 1.2 0.580 624.25
1.20 1.5 0.300 463.78
1.30 5.60 0.110 162.29

These results show that the ATT oxidation speed during the polymerization varies
with the imposed potential; thus, for the potentials lower than 1 V and higher than 1.2 V, the
poly-ATT films synthesized under these conditions are less conductive than those prepared
at potentials between these two values. Indeed, electrolysis at a high potential (E > 1.2 V)
and at a potential E <1 V most often leads to the formation of cracked, porous films and
low adhesions [27].

3.2.2. Effect of the pH of the Electrolyte Solution

After having studied the influence of the potential, we varied the pH of the electropoly-
merization solution between extreme values of 7.75 and 13 by varying the concentration of
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KOH in order to specify the pH effect on the nature of the synthesized films of poly-ATT
(Figure 5).
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Figure 5. pH effect on synthesis by chronoamperometry of the poly-ATT.

The chronoamperograms obtained show that pH plays a primary role on the type
of the synthesized polymer film. For concentrations less than 0.1 M KOH, the shape of
the chronoamperometry curve shows that the current density decreases rapidly until a
very low value tending towards zero, which indicates that the synthesized polymer film is
an insulator.

3.2.3. Solvent Effect

The chronoamperometry study of ATT at a 1 mM concentration was carried out in
three different mediums: methanol CH3OH, acetonitrile CH3CN, and dichloromethane
CH,Cl, containing 0.1 M KOH as an electrolytic salt (Figure 6).

3.5 -
3.0 -
2.5 -
=~ —— CH,0H
520~ ——CH,CN
< ——CH,CI,
=154
1.0 -
0.5 -k
0.0 . . . . ==============
0 100 200 300 400 500 600
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Figure 6. Chronoamperograms recorded in 60Cu-40Zn brass polarized at 1.15 V/Ag-AgCl in
different solvents.

Chronoamperometry carried out in methanol or in acetonitrile leads to the forma-
tion of a polymer film on the surface electrode of a conductive nature. On the other
hand, that formed in dichloromethane leads to an insulating film, which indicates that the
electropolymerization medium has an effect on the nature of the synthesized polymer film.
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3.3. Kinetic Study of Electropolymerization of Poly-ATT

Voltammograms obtained at different scanning speeds on a Cu-Zn (60/40) brass elec-
trode in the electropolymerization solution are shown in Figure 7) and their characteristics
are shown in Table 2.

1TmMATT

—+—10 mV.s™
1.0 4 ——25mV.s”
—+—50 mV.s™
——75mV.s”

i(mA.cm?

=5 T T T T
0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
E (V/Ag-AgCl)

Figure 7. Oxidation-related voltammograms of ATT at different scan rates on 60Cu-Zn40 brass.

Table 2. Characteristics of voltamperograms obtained at the different scanning speeds.

Scanning Speed ¢ (mV-s—1) ipic (mA-cm~2) Epic (V/Ag-AgCl)
10 0.656 1.156
25 0.867 1.213
50 1.192 1.293
75 1.314 1.329

The results obtained in Table 2 indicate that the oxidation peak intensity increases with
increases in the scanning speed, which can be explained by the increase in the oxidation
speed of the monomer (fast reaction). The curve plot iy, = f(1/2) (Figure 8a) is a straight
line through the origin, which confirms that the main reaction that leads to the polymer
film formation is irreversible and controlled by diffusion [28,29].

16 16
1.4 4 (a) 1.4 (b)
1.2 i,=0.16 ¥'% (mA) 1.2
<~ 1.0 g 104
A 2
< 0.8 g 08
E =3
0.6 4 £0.6
w
0.4 4 0.4
0.2 4 0.2 4
0'0 T T T T T T T T T 0.0 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 00 02 04 06 08 10 1.2 14 16 18 20 2.2 24
7¥mv.s™)"? log(n mV.s™)

Figure 8. Peak current variation as a square root function of the scanning speed (a) and peak potential
variation with the scanning speed logarithm (b).
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The peak current related to the sweep speed is given by the following relationship:
ip =299 x 10° x n x (o x n,l)l/2 x A x Cp X Dol/z % 71/2 )

X x F
) 3)

where A, Dy, Cy, n, na, &, Ko, and -y represent, respectively, the electrode surface, the
diffusion coefficient, the concentration of the species that diffuses, the number of electrons
exchanged, the apparent number of electrons transferred, the electronic transfer coefficient,
the electronic transfer constant, and the scanning speed.

ip =0.227 xn x Fx A x Cyg x Ky x exp(—

3.4. Electrochemical Impedance Spectroscopy

The impedance diagram was plotted at the abandonment potential in an alcoholic
solution containing methanol + 0.1 M KOH after the formation of a poly-ATT polymer film
by chronoamperometry for 30 min in the presence of 1 mM ATT. The Nyquist diagram of a
frequency range varying from 10 mHz to 100 kHz is shown in Figure 9; the electrochemical
parameters taken from this curve are recorded in Table 3.

J

%001 Hz
12.0k /

5
g —e— poly-ATT)| o
£ /
S °
E 8.0k -
el 01 hz
©
£ v
g) 1Hz _ @"
g a0k =
' 10 Hz ,.’
»
»
0.0 ’.
0.0 4.0k 8.0k 12.0k 16.0k 20.0k

Real part (ohm.cm?

Figure 9. Nyquist diagram recorded with poly-ATT/60Cu-40Zn at abandonment potential in 0.1 M
KOH/CH3O0H.

Table 3. Electrochemical parameters obtained by the SIE of the interface 60Cu-40Zn/ poly-ATT in a
medium 0.1 M KOH + CH3OH.

Rt (kQ-cm?) Ca1 (uF-cm—2) N
Poly-ATT 10.2 31.2 0.5

The Nyquist representation can be divided into two regions: in the high frequency
domain, a capacitive semi-circle is observed. This response has been attributed to charge
transfer. In the low frequency domain, a linear variation of the impedance is observed,
which corresponds to the Warburg impedance. This response is characteristic of a diffusion
process within the working electrode; this capacitive then diffusional behavior is typical of
semiconducting polymers [30,31].

Different models have been developed to explain the process obtained and to esti-
mate the characteristic parameters of the phenomenon. The capacitive then diffusional
impedance response can be represented by the following equivalent circuit [32] (Figure 10).
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Figure 10. Equivalent electrical circuit.

3.5. Surface Analysis by EDX

The metal surface analysis by EDX after formation of a poly-ATT polymer film is
shown in Figure 11.

l poly-ATT

Counts

Zn
28
20004—¢-O

100.0 lll |

|
000 200 oV 400 600
eV

P ——
je——

n
o]

o

Figure 11. EDX spectrum obtained on the brass surface after synthesis of polymer film poly-ATT.

The EDX spectrum clearly shows the appearance of sulfur, carbon, and nitrogen on the
electrode surface due to the presence of the organic molecule, which justifies the formation
of a polymer film on the metallic surface.

3.6. Theoretical Study

The electronic structure of t-conjugated polymers can be described by a band structure.
The highest energy occupied molecular orbital (HOMO) and the lower-energy unoccupied
molecular orbital (LUMO) are the binding 7 and anti-binding 7t* orbitals, respectively. Each
new repeat pattern added leads to more and more levels with a decrease in the energy
difference between HOMO and LUMO. A material is said to be insulating when the gap
between its valence band and its conduction band is greater than 4 eV.

Theoretical calculation represents a very powerful tool to complete experimental
studies, and therefore, to determine the nature of the polymer film synthesized, the different
quantum parameters are summarized in Table 4.

Table 4. Quantum chemical parameters calculated for the different forms of monomer.

Unit Number Erumo (€V) EHomo (€V) Egqp (eV)
1 3.2025 —3.0084 6.2109
2 —4.2169 —6.7732 2.5563
3 —3.5010 —6.5998 3.0988
4 —3.8468 —6.6790 2.8322
5 —4.4403 —6.8708 2.4305

The variation of the gap energy according to the number of monomer is a straight
line not passing through the origin (Figure 12); their equation is written as follows:
Egap (n) = 2.07 + 4.59/n (eV). The intersection of the right with the originally ordered gives
the polymer gap energy study [33]. The polymerization of this molecule considerably



Coatings 2022, 12, 1784 10 of 12

reduces this value to a value of the order of 2.07 eV. This result shows that polymer film is
a semiconductor material.

10

8 E .p =2.07 +4.59/n

Egap(ev)

1 T
0.0 0.2 0.4 0.6 0.8 1.0
1/n (n : unit number)

Figure 12. Variation of gap energy by unit number of the monomer ATT.

4. Conclusions

In conclusion, the results obtained concerning the oxidation of 3-amino-1,2,4-triazole-
5-thiol in methanol, in the presence of KOH, reveal the following:

- The cyclic voltammetry recordings show that the oxidation of the monomer exhibits a
single oxidation peak corresponding to the oxidation of ATT at 1.15 V

- The voltammograms I = f(E) and I = f(t) enabled us to study the properties of the
polymeric film as well as the optimal conditions of its formation (effect of applied
potential, the pH of electrolytic solution, and solvent nature).

- Electrochemical impedance measurements made it possible to highlight a charge trans-
fer process followed by another purely diffusional one at low frequencies, showing
that the synthesized polymer film is a semiconductor.

- Surface analysis by EDX indicates the presence of an organic molecule in the form of a
layer covering the surface of the brass electrode

- The gap energy corresponding to poly-ATT is equal to 2.07 eV; this value shows that
the polymer film synthesized is a semiconductor in nature.
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