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Résumé

Cette étude examine le développement et la caractérisation des électrodes composites PANI/GO/ZnO
pour supercondensateurs en utilisant des techniques d'électrodéposition. Des échantillons de
PANI,PANI/GO, PANI/ZnO, PANI/GO/ZnO ont été synthétisés et évalués. La performance
électrochimique a été évaluée en utilisant la voltammeétrie cyclique (CV), la charge-décharge
galvanostatiqgue (GCD) et la spectroscopie d'impédance électrochimique (EIS). Les analyses
structurelles ont été effectuées avec la microscopie électronique a balayage (SEM) et la diffraction des
rayons X (XRD). Les résultats montrent que les composites PANI/GO/ZnO offrent une performance
électrochimique améliorée avec une efficacité de 139 %, une énergie de 9,8 Wh/kg, une capacitance
spécifique de 359 F/g et un temps de décharge de 209,8 secondes.

Ces résultats fournissent des informations pour optimiser les parametres d'électrodéposition afin
d'améliorer I'efficacité des supercondensateurs.

Mots-clés : Supercondensateurs, PANI, Oxyde de Graphéne, ZnO, Electrodéposition, Charge-
Décharge Galvanostatique (GCD), Spectroscopie d'Impédance Electrochimique (EIS).

Abstract

This study examines the development and characterization of PANI/GO/ZnO composite electrodes for
supercapacitors using electrodeposition techniques. Samples of PANI, PANI/GO, PANI/ZnO,
PANI/GO/ZnO were synthesized and evaluated. Electrochemical performance was assessed using
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS). Structural analyses were conducted with Scanning Electron Microscopy (SEM)
and X-ray Diffraction (XRD). Results show that PANI/GO/ZnO composites offer improved
electrochemical performance with an efficiency of 139 %, an energy of 9.8 Wh/kg,specific capacitance
of 359 F/g and a discharge time of 209.8 secondes.

These results provide insights for optimizing electrodeposition parameters to enhance supercapacitor
efficiency.

Keywords: Supercapacitors, PANI, Graphene Oxide, ZnO, Electrodeposition, Galvanostatic Charge-
Discharge (GCD), Electrochemical Impedance Spectroscopy (EIS).
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General introduction

General introduction

In the realm of energy storage solutions, supercapacitors have emerged as promising devices due
to their rapid charge-discharge cycles and high power density compared to conventional batteries
. Supercapacitors are utilized in various domains, including renewable energy systems, electric
vehicles, portable electronics, and industrial power backup systems. Their ability to deliver quick
bursts of energy makes them essential in applications requiring high power output and efficiency
. The importance of supercapacitors lies in their potential to complement or even replace batteries
in certain applications, enhancing energy storage capabilities and contributing to the development
of more efficient and sustainable energy systems[1].

Among the various materials and methods explored for enhancing supercapacitor performance,
the combination of a conductive polymer: the Polyaniline (PANI), Graphene Oxide (GO), and
Zinc Oxide (ZnO) stands out for its interesting synergistic properties [2].

Supercapacitors operate on the principles of electrostatic double-layer capacitance and
electrochemical pseudocapacitance. The incorporation of PANI, a conducting polymer, along with
GO, known for its high surface area and excellent conductivity, and ZnO, recognized for its
electrochemical stability, aims to enhance the overall performance of supercapacitors [2]. The
electrodeposition technique, which is a versatile method for fabricating thin films and coatings, is
employed to synthesize these composite electrodes with controlled morphology and composition

[3].

This work focuses on the development and characterization of PANI/GO/ZnO supercapacitor
electrodes using electrodeposition techniques. The primary objective of this study is to investigate
the electrochemical performance of PANI/GO/ZnO composite electrodes. By varying the
electrodeposition parameters, we aim to optimize the material properties for improved capacitance,
energy density, and cycle stability. The research includes comprehensive electrochemical
characterization using techniques such as cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy (EIS), alongside surface and
structural analyses using Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD).

The research is structured as follows:

Chapter 1: Theoretical Background : This chapter provides an overview of supercapacitor
fundamentals, including the types, components, and working principles. It also discusses the
properties and benefits of PANI, GO, and ZnO as electrode materials and the basics of the
electrodeposition process.

Chapter 2: Materials and Experimental Techniques : This chapter details the materials used in the
study, including the preparation and characterization of PANI, GO, and ZnO. It describes the

13



General introduction

electrodeposition process for fabricating the composite electrodes and the various experimental
techniques used for their electrochemical and structural characterization.

Chapter 3: Results and Discussion : This chapter presents the findings from the electrochemical
tests and surface analyses. It discusses how different electrodeposition parameters can influence
the microstructure and electrochemical performances of the PANI/GO/ZnO electrodes. The results
are then analyzed to identify the optimal conditions for achieving high-performance supercapacitor
electrodes.

This structured approach aims to contribute to the existing knowledge on supercapacitors by
providing a detailed analysis of the effects of electrodeposition parameters on the performance of
PANI/GO/ZnO composite electrodes. The insights gained from this research will be valuable for
industries relying on advanced energy storage solutions, helping to optimize supercapacitor design
and enhance their practical applications.
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1.1 Historical Context

Electrostatic and electrolytic capacitors are considered first and second-generation capacitors.
These early capacitors were developed to be used as primary circuit elements for holding direct
current charges at the microfarad level or for filtering frequencies in alternating current circuits
[47]. With the rapid evolution of materials, the third generation, known as the supercapacitor, was
invented. [47, 48]. Although the idea that charges could accumulate on solids was known since
antiquity (the Greek word for amber, ‘elektron,’ dates back to the Greek era), the first patent for an
electrochemical capacitor was only filed in 1957 by General Electric [49, 50]. This capacitor
consisted of porous carbon electrodes utilizing the double-layer capacitance mechanism for
charge. With other modifications, the first practical supercapacitor was developed by SOHIO
(Standard Qil of Ohio) using a carbon paste soaked in an electrolyte as described in a 1970 patent.
In 1978, NEC (Nippon Electric Company) eventually introduced (under license from SOHIO) the
first capacitors under the name "supercapacitor,” and its application was used to provide backup
power for computer memory retention [49].

The rapid growth of mobile electronics and alternative energy vehicles created a need for advanced
electrochemical energy storage devices with high power capacities. This need led to substantial
research and development of supercapacitors. In the early 1990s, the United States Department of
Energy (DOE) strongly advocated for funding research on batteries and supercapacitors to raise
international awareness of the potential of supercapacitors. Since then, supercapacitors have
evolved through several generations of designs based on the development of electrode materials,
composites, hybridization, and appropriate electrolytes to improve performance and reduce costs
[51].

Significant efforts have been dedicated to the research and development of supercapacitors to
improve performance, particularly by increasing their energy density. To this end, more advanced
supercapacitors, called pseudo-capacitors, have been developed, in which the electroactive
materials are composed of carbon particles to form composite electrode materials. The
electrochemical reaction of the electroactive material in a pseudo-capacitor occurs at the interface
between the electrode and the electrolyte through mechanisms of adsorption, intercalation, or
redox (reduction-oxidation) [47]. In this way, the capacitance of the electrode and energy density
can be significantly increased.

1.2 Definition of supercapacitor:

A supercapacitor is an electrochemical energy storage device that stands out for its ability to offer
rapid charge and discharge cycles compared to conventional batteries. It operates on the principle
of storing energy through the formation of an electrostatic double-layer and/or through
electrochemical pseudo-capacitance. The core components of a supercapacitor include electrodes
made from materials with high surface areas such as activated carbon, metal oxides, or conducting
polymers, an electrolyte that facilitates ion transport between electrodes, and a separator that
prevents electrical contact between the electrodes while allowing ionic movement.
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Supercapacitors are characterized by their high-power density, which allows them to release and
absorb energy quickly, and their ability to endure hundreds of thousands of charge and discharge
cycles without significant degradation in performance. These attributes make supercapacitors ideal
for applications requiring quick energy bursts and high power efficiency, such as in regenerative
braking systems in electric vehicles, power stabilization in renewable energy systems, and in
providing peak power supply in electronic devices[4].
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Figure 1: Composition and work principle of a supercapacitor (CNRS Editions).

1.3 Types of supercapacitors:

The basics of supercapacitors have been examined and discussed in many reviews. The term
"supercapacitor” generally refers to various types of electrochemical capacitors. Therefore, it is
extremely important to use the correct terminology to distinguish between the different types. As
briefly mentioned above, a distinction is made between EDLCs, pseudo-capacitors, and hybrid
capacitors. The differences between these types are primarily based on the nature of the active

material used for the electrodes and the mode of energy storage within these materials (Fig. 2)
[52].
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Supercapacitors

EDLC . Pseudocapacitors Hybrid
Supercapacitors
[ Carbon — Metallic Oxides | —{Nanocomposites
Nanotubes
H Activated | | Conductive || Batterv-type
Carbons Polymers yHyp
— Graphene —  Asymmetric

Figure 2 : Different types of supercapacitors [52].

1.3.1 Electrostatic Double-Layer Capacitance (EDLC):

Electrochemical Double-Layer Capacitors (EDLCs) function based on the electrostatic attraction
between two layers of opposite charges at the electrode-electrolyte interface. Upon applying a
voltage, ions in the electrolyte move towards the electrode surface, forming an electric double
layer that acts as a capacitor, thus storing electrical energy. The process involves three stages:
charging, where ions migrate to the electrode surface forming the double layer; storage, where the
double layer holds the electrical energy, with the storage capacity influenced by the electrode
surface area, ionic conductivity of the electrolyte, and the applied voltage; and discharging, where
the stored energy is released as the ions migrate back into the electrolyte when the supercapacitor
is connected to a load[5].
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1.3.2 Electrochemical Pseudo-capacitance EPC:

Electrochemical Pseudo-capacitor (EPC) supercapacitors operate based on both electrochemical
reactions and the formation of an electric double layer at the electrode-electrolyte interface. When
a voltage is applied, ions in the electrolyte migrate to the electrode surface, forming an electric
double layer and facilitating electrochemical reactions that involve electron transfer between the
electrode and the electrolyte. This process, known as pseudo-capacitance, can be divided into three
stages: charging, where ions migrate to the electrode surface forming the double layer and
electrochemical reactions occur; storage, where the combined effect of the double layer and
electrochemical reactions store electrical energy, influenced by electrode surface area, ionic
conductivity, and applied voltage; and discharging, where the ions migrate back into the electrolyte
and the electrochemical reactions are reversed, releasing stored energy and electrons back into the
circuit [5].
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Figure 3: Energy storage mechanisms for EDLC (a) and pseudo-capacitance (b) devices, and
commonly used electrode materials for corresponding mechanisms [6].

1.4 Components of supercapacitor:

1.4.1 Electrodes:
Electrodes in supercapacitors are crucial components that determine the device's performance.
They must have good electrical conductivity, high chemical stability, and a well-designed pore
structure to store and release energy efficiently. The use of porous materials with suitable pore
sizes improves the storage capacity and overall performance by allowing more ions from the
electrolyte to interact with the electrode surface. Additionally, these electrodes should be cost-
effective, environmentally friendly, and capable of withstanding various operating conditions.

1.4.1.1 Materials for Supercapacitor Electrodes:

Carbon-Based Materials: Recent progress highlights the extensive use of carbon-based

materials, such as activated carbon, carbon nanotubes, graphene, and carbon nanofibers, for
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supercapacitor electrodes. These materials are favored for their high surface area, excellent
electrical conductivity, and chemical stability, which contribute to high capacitance and energy
density [7].

Metal Oxides and Sulfides: Electrospun nanomaterials, including metal oxides (e.g., MnO2,
Ru02) and metal sulfides, have been explored for their pseudocapacitive properties, offering
higher specific capacitance than carbon materials. The electrospinning technique allows for the
creation of one-dimensional (1D) nanostructures with controlled dimensions and high surface area,
enhancing the electrochemical performance of supercapacitor electrodes [8].
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Figure 4:Recent development made in the fabrication of metal-based electrodes [1].

Conducting Polymers: Polyaniline, polypyrrole, and polythiophene are examples of conducting
polymers which are another pseudocapacitive electrode material that has been widely studied due
to its relatively high capacity, high energy density, adjustable redox activity by chemical
modification, good conductivity in doped states, wide voltage windows, as well as easy production,
low environmental impact, and low cost. They are capable of storing charge in their volume, as no
structural change such as phase changes occurs during the charge/discharge mechanism. Due to
this, conducting polymers can offer superior capacitance due to their more extensive surfaces and
redox storage capabilities [9].
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Figure 5: Comparison of the Cs of CPs based supercapacitors [1].

1.4.2 Electrolyte:

The electrolyte is an ion-conducting liquid that allows the transport of electrical charges between
the two plates of the supercapacitor. The charges depicted represent the electrolyte's ions.
Electrolytes have a very great importance concerning the performance of supercapacitors; a quality
electrolyte can offer a wide voltage range, high electrochemical stability, high ionic concentration
and conductivity, low viscosity, and low toxicity [5]. And the main electrolytes currently used for
supercapacitors are listed in Table 1.

Table 1:The main electrolytes used for supercapacitors.[10]

Chemical . .
Type Composition lonic Electrochemic Safet Cost
yp P Conductivity al Stability y
(most common)
Salts in organic Flammable
Organic solvents (e.g., Moderately Moderately
o . . (commonly) and Moderate
electrolytes | LiPFs in carbonates high high
may leak
or ethers)
Organic cations
. .g., imi lium mbustibl
lonic liquid (&g, |(_3|azo fum) Moderately Combustible at Moderately
with Moderate . . elevated T and .
electrolytes | . . : high-to-high high
inorganic/organic may leak
anions (e.g., BF4+).
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1.4.3 Separator:
This component is crucial as it prevents the physical contact between the electrodes (which would
lead to a short circuit), while allowing the free movement of ions. It is typically made from a
porous, non-conductive material like polypropylene or polyethylene.

1.4.4 Current Collectors:
These are conductive materials that connect the electrodes of the supercapacitor to the external
circuit. They must be highly conductive to efficiently transfer electrons in and out of the
supercapacitor.

1.5 PANI:

1.5.1 Definition of Polyaniline (PANI):
Polyaniline (PANI) is a conducting polymer of the semi-flexible rod polymer family. It is known
for its ease of synthesis and its wide range of applications due to its electrical properties and
stability. PANI can exist in various oxidation states (Figure 6), each providing different levels of
conductivity. The most common forms are the leucoemeraldine (fully reduced), emeraldine (half-
oxidized), and pernigraniline (fully oxidized) bases, with the emeraldine salt form being the most
conductive when protonated.

PANI's conductivity can be tuned through doping processes, where the conductivity changes
significantly with the oxidation state and the nature of the dopant used. This makes it highly
versatile for various electronic and electrochemical applications [11].
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Figure 6: (a) 3D structure of polyaniline. The carbon atoms (cyan balls), nitrogen atoms (red
balls), hydrogen atoms (small yellow balls), and clouds (molecular orbitals). (b) Polyaniline 2D
structure.

1.5.2 Synthesis of PANI:

1.5.2.1 Chemical Oxidation Synthesis of Polyaniline (PANI):

The chemical oxidation synthesis of polyaniline (PANI) involves the oxidative polymerization of
aniline monomers using an oxidizing agent in an acidic medium, a method valued for its simplicity
and effectiveness. Aniline is dissolved in an acidic solution, such as hydrochloric acid (HCI),
ensuring the monomer remains protonated. Ammonium persulfate (APS) is commonly used as the
oxidizing agent, added to the aniline solution to initiate polymerization. This reaction forms radical
cations that couple to create the PANI chain, linking aniline units through their nitrogen atoms.
The reaction continues until the desired molecular weight and conductivity are reached, after
which the polymer is filtered, washed, and dried. The synthesized PANI is often doped with a
protonic acid to enhance its conductivity, increasing the density of charge carriers within the
polymer[12].

1.5.2.2 Electrochemical synthesis:

The electrochemical synthesis of polyaniline (PANI) involves the electro-polymerization of
aniline on an electrode surface within an electrochemical cell, allowing precise control over the
polymer film's thickness and morphology. This process begins with setting up an electrochemical
cell featuring an anode and cathode, often made of conductive materials like platinum or glassy
carbon. Aniline is dissolved in an acidic electrolyte solution, which is then used in the cell. Upon
applying a voltage, aniline monomers at the anode oxidize to form radical cations that undergo
reactions to create PANI chains on the electrode surface. The polymer film grows as the reaction
continues, with its characteristics adjustable through reaction conditions such as voltage and time.
Post-synthesis, the PANI can be doped to enhance its electrical properties [13].
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Figure 7: Chemical structures of the different forms of polyaniline (PANI): (A) polyaniline, (B)
leucoemeradine, (C) pernigraniline, (D) emeraldine base (EB), and (E) emeraldine salt (ES), [14].

1.6 Graphene Oxide

1.6.1 Definition of Graphene Oxide:
Graphene oxide (GO) is a type of graphene that has been oxidized to introduce oxygen-containing
functional groups, such as hydroxyl, carboxyl, and epoxy groups, onto its surface. This oxidation
process can be achieved through various methods, including chemical oxidation, electrochemical
oxidation, and mechanical exfoliation. GO is a highly reactive and hydrophilic material that can
be easily dispersed in water and other polar solvents [15].
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Figure 8:The structure of Graphene Oxide (GO),(a) 2D structure (b) 3D structure [16].
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1.6.2 Synthesis of Graphene Oxide:

1.6.2.1 Chemical oxidation:

Chemical oxidation is a method of synthesizing graphene oxide (GO) by reacting graphite with a
strong oxidizing agent, such as potassium permanganate (KMnQ4) or sulfuric acid (H2S0O4), in the
presence of a catalyst, such as sodium nitrate (NaNO3) or potassium nitrate (KNO3z). This method
is also known as the Hummers' method [17,18].

1.6.2.2 Electrochemical oxidation:

Electrochemical oxidation is a method of synthesizing graphene oxide (GO) by reacting graphite
with an oxidizing agent, such as potassium permanganate (KMnOa) or sulfuric acid (H2SO), in an
electrochemical cell. This method is also known as electrochemical exfoliation [19].

1.6.2.3 Mechanical exfoliation:

Mechanical exfoliation is a method of synthesizing graphene oxide (GO) by mechanically
exfoliating graphite using a mechanical process, such as sonication or ball milling. This method is
also known as mechanical exfoliation [20].

1.7 Zinc Oxide:

1.7.1 Definition of ZnO:
Zinc Oxide Nanoparticles (ZnO NPs) are nanoscale particles of zinc oxide that typically have
diameters less than 100 nanometers. They are known for their unique physical and chemical
properties, such as UV absorption, catalytic activity, and large surface area relative to their size
[21]. ZnO NPs are considered less toxic and more biocompatible than other metal oxide
nanoparticles like TiO2 and are recognized as safe (GRAS) by the FDA [22].

1.7.2 Synthesis methods:

1.7.2.1 Electrochemical synthesis:

The electrochemical synthesis of Zinc Oxide (ZnO) from a ZnSOa47H20 solution involves
reducing zinc ions to metallic zinc on a conductive substrate and subsequently oxidizing the zinc
to form ZnO. This process is conducted in an electrochemical cell with a working electrode (e.g.,
glassy carbon, platinum, or ITO), a counter electrode (typically platinum or graphite), and a
reference electrode (such as Ag/AgCl or SCE) in an aqueous ZnSO4-7H:20 solution. The method
allows precise control over the ZnO film's thickness, morphology, and particle size by adjusting
deposition parameters. It produces high-purity, uniform ZnO essential for applications in sensors,
photovoltaics, and supercapacitors, and is environmentally friendly and cost-effective [23].

1.7.2.2 Co-precipitation:

Co-precipitation is a straightforward and widely used method for synthesizing zinc oxide
nanoparticles (ZnO NPs). In this process, a solution containing dissolved zinc ions (usually from
a salt like zinc nitrate or zinc acetate) is mixed with a precipitating agent, such as sodium hydroxide
or ammonium hydroxide. The addition of the precipitating agent causes the zinc ions to precipitate
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out of the solution as zinc hydroxide. The zinc hydroxide precipitate is then collected, washed, and
calcined (heated at high temperatures) to convert it into zinc oxide nanoparticles. By controlling
various parameters such as the concentration of reactants, pH, temperature, and reaction time, the
size, morphology, and other properties of the resulting ZnO NPs can be tuned. The co-precipitation
method offers several advantages, including its simplicity, low cost, and the ability to produce
large quantities of nanoparticles. However, achieving uniform particle size and morphology can
be challenging, and additional techniques may be required to obtain more monodisperse
nanoparticles [24].

1.7.2.3 The sol-gel method:

The sol-gel method is a versatile and widely used technique for synthesizing zinc oxide
nanoparticles (ZnO NPs). In this process, a sol (colloidal solution) containing zinc precursors, such
as zinc acetate or zinc nitrate, is prepared by dissolving the precursor in a suitable solvent, typically
an alcohol like ethanol or isopropanol. A gelling agent, such as polyethylene glycol (PEG) or citric
acid, is then added to the sol to promote the formation of a gel network. The sol-gel transition
occurs through hydrolysis and condensation reactions, leading to the formation of a three-
dimensional network of zinc oxide. The gel is then dried to remove the solvent, resulting in a
xerogel. Finally, the xerogel is calcined (heated) at high temperatures, typically between 300° C
and 800°C, to remove any organic residues and crystallize the zinc oxide nanoparticles. By
controlling various parameters such as the choice of precursors, solvent, gelling agent, pH, and
calcination temperature, the size, morphology, and properties of the resulting ZnO NPs can be
tuned. The sol-gel method offers several advantages, including low processing temperatures, high
purity, homogeneity, and the ability to produce nanoparticles with controlled size and shape [25].
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Figure 9:The crystal structure of ZnO unit cell based on Rietveld refinement a 2D view, b 3D

vied, ¢ 3D view of poly atomic ZnO (Blue ball = Zn atoms (bigger in size) and red ball = oxygen
atoms), [26].
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1.8 Electrochemical performance of supercapacitors:

1.8.1 Voltage dependent capacitance:

The capacitance of supercapacitors is not constant but varies with the voltage applied across its
terminals. This voltage-dependent capacitance is an important characteristic that must be
considered when using supercapacitors as part of an energy supply system. The voltage difference
over the whole range is between 15% and 20% of the rated capacity, which cannot be ignored in
most designs [27]. While the traditional capacitance C is defined as the ratio of stored charge g to
voltage V (C = g/V), for supercapacitors the differential capacitance Cdiff is a more relevant
measure. Cdiff is defined as the ratio of the change in stored charge dq to the change in voltage
dV that caused it

(Cdiff = dq/dV = idt/dV)[28] (01)

In summary, the voltage-dependent capacitance is a key electrical characteristic of supercapacitors
that influences their performance in energy storage systems. The differential capacitance Cdiff
provides a more accurate description of this behavior compared to the traditional capacitance C.

1.8.2 The Equivalent Series Resistance (ESR):
The Equivalent Series Resistance (ESR) in supercapacitors is a crucial parameter that affects the
performance and efficiency of these devices. ESR is the total resistance of a supercapacitor,
including the internal resistance of the electrodes, the electrolyte, and the connections. It is
measured in ohms () and represents the opposition to the flow of current through the
supercapacitor [29].

The ESR of a supercapacitor is influenced by several factors, including the type and quality of the
electrodes, the electrolyte used, and the design of the supercapacitor itself. In general, a lower ESR
is desirable, as it allows for faster charging and discharging of the supercapacitor, as well as higher
power density and efficiency [30].

1.8.3 Energy density:
Energy density is a crucial parameter for evaluating supercapacitors, determining the amount of
energy stored per unit volume or mass, typically expressed in watt-hours per kilogram (Wh/kg) or
watt-hours per liter (Wh/L). It is calculated using the formula

(E=%CV2 ) (02)

where (C) is the capacitance and (V) is the operating voltage. Higher energy density means more
energy storage, essential for applications like electric vehicles and portable electronics. Factors
affecting energy density include the electrode material and structure, and the type and stability of
the electrolyte. Enhancing energy density involves developing advanced electrode materials with
high surface areas, optimizing electrolytes for higher operating voltages, and improving electrode
design for better ion transport. While supercapacitors typically have lower energy density than
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batteries, they offer high power density and long cycle life, making them ideal for applications
requiring rapid energy delivery and durability.

1.9 Electrodeposition:

1.9.1 Definition:

Electrodeposition is a versatile process used to form a coherent metal coating on an electrically
conductive surface through controlled electrolytic reduction of metal ions or the oxidation of
polymers in solution. This technique involves an electrochemical cell with two electrodes
immersed in an electrolyte solution containing metal ions or the polymer solution. The object to
be plated serves as the cathode, where metal ions are reduced and deposited, while the anode,
usually made of the deposition metal, either dissolves or facilitates an oxidation reaction to balance
the charge. Applying a voltage across the electrodes drives the metal ions to the cathode, where
they gain electrons and form a solid metal coating. The general cathode reaction is

M +ne- - M

The process parameters, such as voltage, current density, electrolyte temperature, and metal ion
concentration, can be adjusted to control the thickness and quality of the metal layer [31].
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Figure 10: Different techniques for electrode fabrication.

1.9.2 Electrodeposition using Cyclic voltammetry (CV):
Electrodeposition using a three-electrode system in an electrochemical station through cyclic
voltammetry (CV) offers precise control over metal deposition by monitoring and controlling the
electrochemical environment. The system consists of a working electrode, counter electrode, and
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reference electrode. The working electrode, where metal deposition occurs, is typically a
conductive material like platinum, gold, or glassy carbon. The counter electrode, usually made of
an inert material like platinum wire, completes the circuit and balances the current by facilitating
oxidation reactions. The reference electrode, such as a Saturated Calomel Electrode (SCE) or
Silver/Silver Chloride (Ag/AgCl) electrode, provides a stable potential for accurate measurements.
In CV, the potential applied to the working electrode is swept linearly between two set values at a
controlled scan rate, reaching potentials where metal ions in the solution reduce and deposit onto
the electrode surface. The current response, plotted as a voltammogram, reveals peaks indicating
oxidation or reduction reactions. Analyzing these curves helps determine the optimal potential
range for efficient deposition, with cathodic peaks corresponding to metal ion reduction. Reversing
the potential sweep allows the study of deposition reversibility by observing anodic peaks, which
ideally mirror the cathodic peaks. This method enables real-time monitoring and optimization of
deposition conditions by adjusting variables like scan rate, potential range, electrolyte
composition, and temperature to achieve desired film thickness and morphology. Overall, the
three-electrode system with CV provides high precision and control, making it ideal for creating
high-quality metal coatings.

Electrodeposition is widely used for purposes such as providing corrosion resistance, enhancing
appearance, increasing thickness of parts, or creating metal objects from scratch in applications
ranging from electronics and decorative items to heavy machinery and aerospace components
[31,32].

1.10 Electrochemical characterization:

1.10.1 Cyclic Voltammetry (CV):

Cyclic Voltammetry (CV) is a vital electrochemical technique used to evaluate the performance
of supercapacitors by providing detailed information on their capacitive behavior, energy storage
capability, and electrochemical stability. The basic setup involves a three-electrode system: the
working electrode, which is the material being tested (e.g., GO/PANI/ZnO composite), the counter
electrode, typically a platinum wire or graphite rod, and the reference electrode, such as Ag/AgClI
or a saturated calomel electrode (SCE), which provides a stable reference potential. The cell is
filled with an appropriate electrolyte solution (e.g., aqueous H.SO4 or KOH) to facilitate ion
transport. An electrochemical workstation or potentiostat controls the potential applied to the
working electrode and measures the resulting current.

The procedure starts with setting the working electrode potential to an initial value where no
significant electrochemical reactions occur. The potential is then swept linearly to a set vertex
potential (e.g., from 0 V to 0.8 V) and reversed back to the initial potential, often repeated several
times. The scan rate, such as 10 mV/s, can be varied to study the kinetics of the electrochemical
processes. During this sweep, the current resulting from the electrochemical reactions at the
working electrode is recorded as a function of the applied potential.
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In analyzing CV data, ideal capacitive behavior is indicated by nearly rectangular CV curves,
showing a constant capacitive response over the potential range. Peak currents in the CV curve
signify redox reactions, which are crucial for pseudocapacitive materials like PANI, where these
peaks are associated with faradaic reactions. This method allows researchers to thoroughly assess
the electrochemical characteristics and performance of supercapacitor electrodes [31,32].

Charge Calculation:

The charge stored in a supercapacitor can be calculated from a cyclic voltammetry (CV) plot by
integrating the current with respect to time over a complete cycle. The CV plot displays current (1)
versus applied potential (V). The area under the CV curve represents the total charge (Q) passed
during the electrochemical processes, which is found by integrating the current (I) with respect to
time (t). Since the potential sweep rate (v )is (dV /dt ), the integral with respect to potential can

be used:

Q=[ 1t =jv1'—(v)dv. (03)

Vo 1%

In practice, numerical integration techniques like the trapezoidal rule are applied to digitized CV
data:

Q :%nzi( I (VI) +2| (Vi+l) ](Viﬂ _Vi)' (04)

This calculation provides the total charge stored or released, reflecting the capacitive and
pseudocapacitive behavior of the supercapacitor's electrode material [32].

Reversibility and Stability:

The reversibility of the electrochemical reactions can be assessed by the symmetry of the forward
and reverse scans. High reversibility indicates good electrochemical stability.

Long-term stability can be evaluated by repeating the CV cycles and observing any changes in the
shape and area of the CV curves over many cycles.

1.10.1.1 Applications in Supercapacitor Evaluation:

Material Characterization: CV helps in characterizing the electrochemical properties of new
electrode materials, such as GO/PANI/ZnO composites, by identifying their capacitive and
pseudocapacitive behaviors.

Performance Comparison: By comparing the CV curves of different materials or composites,
researchers can identify which materials offer better capacitive performance and stability.

Optimization: CV is used to optimize the synthesis and fabrication processes of supercapacitor
electrodes by evaluating how different parameters (e.g., material composition, electrode thickness)
affect electrochemical performance.
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1.10.2 Galvanostatic Charge-Discharge (GCD):

Galvanostatic Charge-Discharge (GCD) is a crucial electrochemical technique used to assess
supercapacitors by analyzing their charge-discharge behavior under constant current conditions,
offering insights into specific capacitance, energy density, power density, and cycle stability. In a
three-electrode system, the working electrode (e.g., GO/PANI/ZnO composite) is tested against a
counter electrode (platinum or graphite) and a reference electrode (Ag/AgCl or SCE), while a two-
electrode system uses symmetric electrodes. The cell is filled with an electrolyte like aqueous
H>SO4 or KOH, and an electrochemical workstation controls the current and measures the voltage
response. During GCD, a constant current charge the supercapacitor, increasing the potential
linearly until a voltage limit is reached, then reverses to discharge it, decreasing the potential
linearly back to the initial level. The potential is recorded as a function of time throughout the
cycle, allowing the calculation of specific capacitance, energy density, power density, and
evaluation of cycle stability, providing a comprehensive performance profile of the supercapacitor
materials [5].

Specific Capacitance Calculation:

The specific capacitance (C) is calculated from the discharge curve using the formula:

Cs = (05)

T AVm

where I is the constant current, At is the discharge time, AV is the voltage change during discharge,
and m is the mass of the active material in the electrode [3].

Energy and Power Density:

The energy density (E) and power density (P) of the supercapacitor can be estimated using the
specific capacitance values and the operating voltage range:

E =-C(av)? (06)
P=< (07)

where At is the discharge time [3].

1.10.3 Electrochemical Impedance Spectroscopy (EIS):
Electrochemical Impedance Spectroscopy (EIS) is a powerful and versatile technique used to
investigate the electrochemical properties and behavior of supercapacitors. It involves applying a
small, sinusoidal voltage perturbation to the supercapacitor over a wide range of frequencies and
measuring the resulting current response. This method provides detailed information about the
resistive, capacitive, and inductive properties of the supercapacitor, helping to understand the
various processes occurring within the device. The basic setup includes a three-electrode system
for fundamental studies, consisting of a working electrode (the supercapacitor electrode material
being tested), a counter electrode (e.g., platinum or graphite), and a reference electrode (e.g.,
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Ag/AgCI or SCE). For practical device testing, a two-electrode configuration is used, where the
supercapacitor has two symmetric electrodes of the same material. The electrochemical cell is
filled with an appropriate electrolyte (e.g., aqueous H.SO4 or KOH) to facilitate ion transport, and
an electrochemical workstation or potentiostat equipped with EIS capabilities applies the voltage
perturbation and measures the current response. During EIS, a small AC voltage (typically 5-10
mV) is applied over a range of frequencies (from 1 MHz to 0.01 Hz), ensuring the system remains
in the linear response region. The resulting current response is measured to provide the impedance
at each frequency. Impedance data is typically represented in Nyquist plots, which display the
imaginary component of impedance (Z") versus the real component (Z'), and Bode plots, which
show the magnitude of impedance (]Z|) and phase angle (0) versus frequency. These plots help
visualize the resistive and capacitive properties and understand the frequency-dependent behavior
of the supercapacitor [33].

Analysis of EIS Data:
Resistance Components:

Equivalent Series Resistance (ESR): The high-frequency intercept on the real axis of the Nyquist
plot represents the ESR, which includes contributions from the electrolyte resistance, the intrinsic
resistance of the electrode material, and the contact resistance between the electrode and the
current collector [30].

Charge Transfer Resistance (Rct): The diameter of the semicircle in the Nyquist plot at mid-
frequencies represents the charge transfer resistance, which is associated with the redox reactions
occurring at the electrode/electrolyte interface [33].

Double-Layer Capacitance (Cdl): At low frequencies, the Nyquist plot typically shows a near-
vertical line, indicating ideal capacitive behavior. The slope of this line is related to the double-
layer capacitance, which arises from the separation of charge at the electrode/electrolyte
interface[33].

Warburg Impedance: At very low frequencies, the Nyquist plot may show a 45-degree line,
indicative of the Warburg impedance, which is associated with ion diffusion processes within the
porous electrode material [29].

Equivalent Circuit Modeling: An equivalent circuit model can be developed to fit the EIS data,
typically consisting of resistors, capacitors, and constant phase elements (CPEs) and Warburg
impedance. This model helps in quantitatively analyzing the contributions of different
electrochemical processes to the overall impedance [34].

1.11 Chemical structure and morphology:

1.11.1 Scanning Electron Microscopy (SEM):
Scanning Electron Microscopy (SEM) is a powerful technique widely used to analyze the surface
morphology and structural details of supercapacitor electrode materials at high resolution. This
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method provides critical insights into the physical characteristics of the materials, such as particle
size, shape, surface texture, and the distribution of various components, which are essential for
understanding and optimizing their electrochemical performance [53,54].

Basic Principles of SEM:

Scanning Electron Microscopy (SEM) uses a focused beam of high-energy electrons generated by
an electron gun, which is accelerated towards the sample and scanned across its surface in a raster
pattern. When the electron beam interacts with the sample, several signals are produced due to
electron-sample interactions, including secondary electrons, backscattered electrons, and
characteristic X-rays. These signals provide information about the sample’s surface topography
and composition. Detectors collect the emitted secondary and backscattered electrons, with
secondary electrons primarily used to create detailed images of the surface morphology and
backscattered electrons providing information about the composition and topography. The
detected signals are then processed to form high-resolution images of the sample's surface [55].

Procedure for SEM Analysis:

Sample preparation for Scanning Electron Microscopy (SEM) involves several key steps. First,
the sample surface must be cleaned and free of contaminants to obtain high-quality images. The
sample is then mounted on a specimen holder using conductive adhesive to ensure electrical
conductivity. Non-conductive samples may be coated with a thin layer of conductive material,
such as gold or platinum, to prevent charging under the electron beam. The prepared sample is
placed in the SEM chamber, which is then evacuated to create a high-vacuum environment. The
operator sets the imaging parameters, including the accelerating voltage (typically 1-30 kV), spot
size, and working distance. Lower voltages are used for imaging fine surface details, while higher
voltages provide deeper penetration and compositional information. The electron beam is scanned
across the sample surface, and the emitted signals are detected and converted into a digital image.
The magnification can be adjusted to observe the sample at various scales, from low magnification
for overall structure to high magnification for detailed surface features [56].

Analysis of SEM Data for Supercapacitors:

Surface Morphology: SEM images reveal the surface morphology of the electrode materials,
showing details such as roughness, porosity, and particle size. These characteristics are critical for
understanding the electrode’s surface area and active sites available for electrochemical reactions.

Particle Size and Shape: SEM can determine the size and shape of particles or nanostructures in
the electrode material. Smaller particle sizes and well-defined shapes often contribute to higher
surface areas and improved electrochemical performance.

Porosity and Pore Structure: The porosity and pore structure of the electrode material can be
analyzed, which is essential for understanding ion transport and electrolyte accessibility within the
electrode.
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Composite Materials: For composite electrodes (e.g., GO/PANI/ZnO), SEM can show the
distribution and interaction of different components within the composite, revealing how well the
materials are integrated.

Defects and Degradation: SEM can identify defects, cracks, and degradation in the electrode
material, which are important for assessing the material’s durability and stability during cycling.

1.11.2 X-ray Diffraction (XRD):
X-ray Diffraction (XRD) is a powerful analytical technique used to study the crystalline structure
of materials, including supercapacitor electrodes. XRD provides detailed information about the
phase composition, crystallinity, and structural properties of materials, which are critical for
understanding and optimizing their electrochemical performance.

Basic Principles of XRD:

X-ray Generation: XRD uses X-rays generated by an X-ray tube, where high-energy electrons
are accelerated and collide with a metal target (typically copper). This collision produces X-rays
with a characteristic wavelength.

Interaction with the Sample: When these X-rays are directed at a crystalline sample, they interact
with the atomic planes within the material. According to Bragg's Law, constructive interference
occurs when the X-ray wavelength, the angle of incidence, and the spacing between atomic planes
satisfy the condition: [57]

nd = 2dsin(6) (09)

where n is an integer, A is the X-ray wavelength, d is the distance between atomic planes, and 0 is
the angle of incidence.

Diffraction Pattern: Constructive interference of the X-rays results in a diffraction pattern, which
is unique to the crystalline structure of the material. This pattern consists of peaks at specific angles
corresponding to the different atomic spacing within the sample.

Procedure for XRD Analysis

For XRD analysis, the sample preparation involves different steps depending on the type of
sample. For powdered samples, the material is often ground into a fine powder to ensure a uniform
and random orientation of the crystallites. For thin-film samples, the material is deposited onto a
suitable substrate. The prepared sample is then mounted on a sample holder, which is placed in the
XRD instrument. During data collection, the X-ray beam is directed at the sample, and the
diffracted X-rays are detected by a detector that moves around the sample to measure the intensity
of the diffracted X-rays at various angles. The sample is typically rotated to collect a
comprehensive diffraction pattern, ensuring that all possible crystal orientations are measured. In
the data analysis phase, the resulting diffraction pattern, consisting of intensity versus 20 (the angle
of diffraction), is analyzed to identify the crystalline phases present in the sample. The positions
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and intensities of the peaks in the diffraction pattern are compared to reference patterns in
crystallographic databases to identify the phases and determine the crystallinity.

Applications in Supercapacitor Evaluation:

XRD is used to identify the different crystalline phases present in electrode materials, such as GO,
PANI, and ZnO, which is crucial for understanding the material’s composition and its potential
electrochemical performance. It provides insights into the degree of crystallinity and the structural
properties of the materials, as high crystallinity often correlates with better electrochemical
stability and conductivity. For materials that undergo ion intercalation or are doped with other
elements, XRD can detect changes in the lattice parameters, indicating successful intercalation or
doping. Additionally, XRD can detect lattice strain and defects within the crystalline structure,
which can affect the electrochemical performance and durability of the electrode materials.

1.11.3 Energy Dispersive X-ray Spectroscopy (EDS):
Energy Dispersive X-ray Spectroscopy (EDS) is a powerful analytical technique used to determine
the elemental composition of materials, including supercapacitor electrodes. EDS provides
detailed information about the presence and distribution of elements within a sample, which is
critical for understanding and optimizing their electrochemical performance.

Basic Principles of EDS:
X-ray Generation:

- EDS is typically coupled with Scanning Electron Microscopy (SEM) or Transmission Electron
Microscopy (TEM). When the electron beam from the SEM or TEM interacts with the sample, it
can dislodge inner-shell electrons from the atoms in the sample.

Characteristic X-rays:

The vacancies left by these dislodged electrons are filled by electrons from higher energy levels.
This transition releases energy in the form of characteristic X-rays, which are unique to each
element.

X-ray Detection:

An EDS detector captures these characteristic X-rays and generates a spectrum that displays the
energy peaks corresponding to different elements present in the sample.

Procedure for EDS Analysis:

For EDS analysis, the sample preparation depends on the type of material being examined. Solid
samples are typically mounted on an SEM stub using conductive tape or adhesive, ensuring a clean
and smooth surface for analysis. For TEM analysis, thin sections of the sample are prepared using
techniques such as ultramicrotomy or focused ion beam (FIB) milling.
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Once the sample is prepared and placed in the SEM or TEM, the electron beam is focused on the
area of interest. The EDS detector collects the emitted X-rays, and the resulting spectrum is
analyzed to determine the elemental composition. Peaks in the spectrum correspond to the
characteristic X-rays of different elements, allowing for both qualitative and quantitative analysis.

Applications in Supercapacitor Evaluation:

EDS is used to identify and quantify the elements present in supercapacitor electrode materials,
such as GO, PANI, and ZnO. This information is crucial for understanding the composition and
verifying the presence of specific elements that contribute to the material's electrochemical
performance. EDS can detect dopants, contaminants, and element distribution within the sample,
providing insights into the material's uniformity and purity.

By mapping the elemental distribution across the sample surface, EDS can reveal inhomogeneities
and the distribution of active materials within the electrode. This is particularly important for
optimizing the fabrication process and ensuring consistent performance in supercapacitor
applications.
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2.1 Electrodeposition:

2.1.1 Materials:
For the synthesis and characterization of the PANI/GO/ZnO composite used in supercapacitor
applications, high-purity chemicals and precise synthesis methods are essential. The following
materials were sourced and prepared to ensure the reliability and effectiveness of the experimental
procedures.

Table 2: List of chemicals

Chemical Name Purchased from Used for
Aniline (99 %, Analytical grade) Biochem PANI synthesis
Sulfuric Acid (18.75 M, Analytical grade) | Biochem PANI Polimerization
Graphene Oxide Homemade using | Electrode coating

Hummers method

Zinc Sulfate Heptahydrate Biochem Precursor for ZnO synthesis
(ZnSO4:7H20): Analytical grade
Acetone Biochem Cleaning electrodes surfaces
Ethanol Biochem Washing & preparation steps

Potentiostat (PALMSENS 4):

Function: This portable potentiostat/ Galvanostat/ Impedance Analyzer (Figure 11) is crucial for
controlling electrochemical experiments. It includes a current generator that delivers either a
constant voltage or current to the working electrode, maintaining the desired electrochemical
potential through feedback mechanisms.

Measurement System: The device is equipped with a precision measurement system that records
the electrochemical response of the electrode in real-time. It measures the potential difference
between the working electrode and a reference electrode, as well as the current flowing through
the electrochemical circuit. The data collected can be stored for further analysis, allowing for
detailed study and optimization of electrochemical properties and reactions.
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PalmSens4

Running
@ Cyclic Voltammetry

Figure 11: Potentiostat/ Galvanostat/ Impedance Analyzer

Electrochemical Cell:

The electrochemical cell is made of pyrex glass, with a capacity of 100 ml, ideal for small-scale
experiments. This cell is equipped with a five-port lid: the cell accommodates the working
electrode (WE), the reference electrode (RE), and the auxiliary or counter electrode (CE). This
configuration is typically used in electrochemical studies to ensure a controlled environment and
easy access for the electrodes and solutions.

Electrodes:

e The Working Electrode used in this study is made of 304 stainless steel (1x2 cm,2x3cm) which
can be either bare or coated with a synthesized polymer layer. This electrode is the primary
focus of the electrochemical reactions and coatings being studied.

e The Counter Electrode is a 0.48 cm? platinum plate, which serves to complete the electrical
circuit by allowing current to flow through the cell. It is positioned parallel to the working
electrode to ensure a uniform electric field and even current distribution across the cell.

e The Reference Electrode: A Saturated Ag/AgCl Electrode filled with KCI, 3 % is used to
measure or control the potential at the working electrode. The Ag/AgClI electrode has a known
potential of +0.197 V relative to the Standard Hydrogen Electrode (SHE), providing a stable
reference point for measurements. It is placed close to the working electrode (about 10 mm) in
order to minimize the ohmic drop caused by the electrolyte as shown on the figure 12 below:
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Figure 12: Electrochemical cell setup

Electrolytes:

e The electrolyte used for the electrodeposition of PANI is a combination of two separately
prepared solutions: a mixture of 0.5M Aniline and 1M sulfuric acid.

e The electrolyte used for the electrodeposition of GO is a combination of two separately
prepared solutions: a dispersion of 0.5 g/Mol Graphene Oxide in 1M sulfuric acid and 0.5M
Aniline, which are then mixed together.

e The electrolyte used for the deposition of ZnO is a 0.2M aqueus solution of ZnSO4-7H-0

e The electrolyte used for Electrochemical characterization is a 0.5 M sulfuric acid solution.

2.1.2 Pretreatment:
The stainless steel electrode was meticulously polished using silicon carbide (SiC) papers with
progressively finer grain sizes, ranging from coarse to very fine, to achieve an exceptionally
smooth and uniform surface (Figure 13). This polishing process ensures that any surface
irregularities and contaminants are removed, providing an optimal substrate for electrodeposition.
Following the polishing, the electrodes underwent a thorough cleaning process. They were
subjected to ultrasonication in acetone to remove any organic residues, followed by ultrasonication
in ethanol to further cleanse the surface, and finally rinsed with distilled water to eliminate any
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remaining impurities. This multi-step cleaning process guarantees a pristine surface, crucial for
consistent and high-quality electrodeposition.

Figure 13:Polisher (materials engineering department)

2.1.3 Electrodeposition of PANI:

To prepare the electrolyte for the electrodeposition of Polyaniline (PANI), a volume of 4.56 mL
of Aniline (99%) was dissolved in deionized water to achieve a final volume of 50 ml, leading to
a 0.5 M Aniline solution. Next, a 1 M sulfuric acid solution was prepared by carefully adding 2.66
mL of concentrated sulfuric acid to 47.34 mL of deionized water, ensuring to always and carefully
add the acid to the water to prevent exothermic reactions. Once both solutions were prepared, equal
volumes of the 0.5M aniline solution and the 1M sulfuric acid solution were combined, to obtain
100 mL of the final electrolyte.

For the electrodeposition procedure, the stainless steel (SS) working electrode, the platinum
counter electrode, and the saturated Ag/AgCl reference electrode were placed into the Pyrex glass
cell, ensuring the reference electrode was positioned close (about 2 mm) to the working electrode.
The electrochemical cell was connected to the PalmSens 4 potentiostat. The potentiostat was set
up to perform cyclic voltammetry (CV) with a potential range from -0.2 V to 1.2 V at a scan rate
of 0.03 V/s, and the CV was run for 31 cycles. During the electrodeposition process, the potential
difference between the working electrode and the reference electrode, as well as the current
flowing through the electrochemical circuit, were monitored in real-time. The collected data were
stored for further analysis to study and optimize the electrochemical properties and reactions
Figure 14, 15 and 16). This protocol ensured the preparation of a consistent electrolyte and the
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controlled deposition of PANI on the stainless steel substrate.

Figure 16:PANI electrolyte Figure 15:PANI electrolyte Figure 14:PANI electrolyte
before stirring after stirring after electrodeposition

2.1.4 Electrodeposition of PANI/GO:
To prepare the electrolyte for the electrodeposition of the PANI/GO composite, a dispersion of
0.02 g of graphene oxide (GO) in 1M sulfuric acid was first created, resulting in a 0.4 g/L GO
solution, using ultrasonication to ensure thorough mixing. Concurrently, a 0.5M aniline solution
was prepared as previously reported (section 2.1.3).

For the electrodeposition procedure, the electrochemical cell was connected to the PalmSens 4.9
potentiostat, which was set up to perform cyclic voltammetry (CV) within a potential range from
-0.2 Vto 1.2 V at a scan rate of 0.01 V/s for 25 cycles. Throughout the electrodeposition process,
the potential difference between the working electrode and the reference electrode, as well as the
current flowing through the electrochemical circuit, were monitored in real-time. The collected
data were stored for subsequent analysis to study and optimize the electrochemical properties and
reactions. This protocol ensured the effective incorporation of GO into the PANI matrix, enhancing
the properties of the composite electrode on the stainless steel substrate (Figure 17,18) .
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Figure 17:PANI/GO electrolyte Figure 18:PANI/GO electrolyte
before electrodeposition after electrodeposition

2.1.5 Electrodeposition of PANI/ZnO:
To prepare the electrolyte for the ZnO electrodeposition, an amount of 5.75 g of ZnSO4-7H-0 salt
was dissolved in 100 mL of a 0.5M sulfuric acid solution using magnetic stirring to get a
homogeneous solution. For the PANI/ZnO sample, the electrolyte was prepared by mixing 50 mL
of the ZnSO4 solution with 50 mL of the Aniline solution.

For the electrodeposition procedure, the stainless steel (SS) electrode covered with the composites
working electrode, platinum counter electrode, and saturated Ag/AgCl reference electrode were
placed into a Pyrex glass cell. The electrochemical cell was connected to the PalmSens 4
potentiostat, which was set up to perform cyclic voltammetry (CV) within a potential range from
-0.2 V to 1.2 V at a scan rate of 0.03 V/s for 31 cycles, this protocole was also used for the
PANI/ZnO sample.

2.1.6 Electrodeposiotion of PANI/GO/ZnO:
For the PANI/GO/ZnO sample, the electrodeposition was performed from (-1 V to 1 V) at a scan
rate of 0.01 V/s for 25 cycles. This protocol ensured the effective deposition of ZnO on the PANI
and PANI/GO composites, enhancing the properties of the composite electrodes.

Finally, 4 electrodes samples were obtained by the electrodeposition technique: (PANI, PANI/GO,
PANI/ZnO,P ANI/GO/ZnO). Later, those 4 samples of electrodes will be used in order to evaluate
their electrical performances.
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2.2 Electrochemical charachterization:

2.2.1 Cyclic voltammetry (CV):

To perform the cyclic voltammetry (CV) tests on the samples, an electrolyte of 0.5M sulfuric acid
was prepared by carefully adding the appropriate amount of concentrated sulfuric acid to deionized
water. The stainless steel (SS) working electrode, platinum counter electrode, and saturated
Ag/AgCI reference electrode were placed into a Pyrex glass cell. The electrochemical cell was
connected to the PalmSens 4.9 potentiostat. Cyclic voltammetry was performed within a potential
range from (-0.2 V to 1 V) with varying scan rates of 10, 30, 50, and 100 mV/s. Throughout the
CV tests, the potential difference between the working electrode and the reference electrode, as
well as the current flowing through the electrochemical circuit, were monitored in real-time. The
data was recorded and saved using the PSTrace software (annex) for further analysis. This protocol
ensured the thorough characterization of the electrochemical properties of the samples under
different scan rates.

2.2.2 Galvanostatic charge-discharge (GCD):
To perform the Galvanostatic Charge-Discharge (GCD) tests on the samples, the same 0.5 M
sulfuric acid electrolyte used for the CV tests was utilized. The stainless steel (SS) working
electrode, platinum counter electrode, and saturated Ag/AgCl reference electrode were placed into
a Pyrex glass cell. The electrochemical cell was connected to the PalmSens 4 potentiostat, which
was set up to perform multistep potentiometry using the PSTrace software (annex).

For the GCD tests, the samples were charged to a specific voltage value by applying a positive
current of approximately 1 A/g, and then discharged to another voltage value by applying the
negative current value. The test parameters were carefully controlled and monitored in real-time.
The data collected during the charge-discharge cycles were saved using the PSTrace software
(annex) for subsequent analysis.

This protocol ensured the accurate assessment of the charge-discharge behavior and the
capacitance of the samples, providing valuable insights into their electrochemical performance.
The data collected was then plotted to further investigate the capacitance and other related
properties of the samples.

2.2.3 Electrochemical Impedance Spectrospcopy (EIS):
To perform the Electrochemical Impedance Spectroscopy (EIS) test, the same electrolyte used for
the CV and GCD tests was used (0.5M sulfuric acid). The stainless steel (SS) working electrode,
platinum counter electrode, and saturated Ag/AgClI reference electrode were placed into a Pyrex
glass cell. The electrochemical cell was connected to the PalmSens 4 potentiostat, and the test was
configured using the PSTrace software.

For the EIS test, the setup was configured to perform a frequency scan over the range of 100000
Hz to 0.01 Hz with an excitation potential of 0.2 V. Throughout the test, the impedance response
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of the system was monitored in real-time. The collected data were saved in the form of Nyquist
and Bode plots, as well as equivalent circuit fitting results, using the PSTrace software.

This protocol ensured a comprehensive analysis of the impedance characteristics of the samples,
providing valuable insights into their electrochemical behavior and properties. The data collected
was used for further analysis and interpretation of the equivalent circuit model.

2.3 surface characterization:

2.3.1 Scanning Electron Microscopy (SEM):
Scanning Electron Microscopy (SEM) was utilized to investigate the surface morphology of the
synthesized samples. The SEM images were captured using the JEOL JCM-7000 instrument
(Figure 19). The experimental conditions for imaging were set as follows:

Magnifications: The samples were examined at two different magnifications: 5000x and 10000x.
These magnifications were chosen to provide detailed views of the surface features and overall
morphology of the materials.

Acceleration Voltage: An acceleration voltage of 15 kV was applied during imaging. This voltage
is optimal for achieving a good balance between resolution and penetration depth, allowing for
clear and detailed images of the sample surfaces.

The samples were carefully prepared and mounted on SEM stubs using conductive carbon tape to
ensure good conductivity and minimize charging effects.

Overall, the SEM analysis performed under these specific conditions allowed for a comprehensive
examination of the sample surfaces, contributing to a better understanding of the material
properties and their potential impact on supercapacitor performance.
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Figure 19: Scanning Electron Microscopy (Jeol-JCM-7000) (Mining engineering department).

2.3.2 Energy Dispersive X-Ray Spectroscopy (EDS):

Energy Dispersive X-Ray Spectroscopy (EDS) analysis was conducted using the JEOL JCM-7000
instrument (Figure 19) in order to determine the elemental composition and distribution of the
synthesized samples. The analysis was performed at an acceleration voltage of 15 kV, consistent
with the SEM imaging conditions, to ensure optimal excitation of characteristic X-Rays from the
sample elements. After capturing SEM images, EDS was conducted on the same areas to collect
emitted X-Rays, generating spectra that display energy peaks corresponding to different elements.
Elemental mapping and point analysis were carried out to identify and quantify the elements
present and to examine their distribution across the sample surface.

2.3.3 X-Ray diffraction:

The X-Ray Diffraction (XRD) test was conducted at the laboratory of the Centre for Development
of Advanced Technologies (CDTA), Figure 20. The difractograms were recorded using the
D8Advance XRD instrument (BRUKER axs) at room temperature. This instrument is equipped
with a Cu-Ko radiation source with a wavelength of 1.5406 A. The measurements were taken over
20 angles ranging from 5° to 80°. This range of angles allows for the examination of a wide variety
of crystalline planes, providing detailed information about the composition and crystalline
structure of the analyzed samples.

46



Chapter 2: Materials and experimental techniques

Figure 20: The XRD analysis (CDTA).
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3.1 Electrodeposition:

The results of the electrodeposition are shown in the table 3 below. These results were obtained
after each electrodeposition. The electrodes (Figure 21) were carefully dried and weighted.

Table 3: Composite mass after electrodeposition of each element.

Mass before Mass after Cycles
electrodeposition  electrodeposition Composite mass
Electrode ©) ©) ©)
PANI 1.498 1.512 31 0.014
PANI/ZnO 1.656 1.674 31 0.018
PANI/GO 1.467 1.489 25 0.022
PANI/GO/ZnO 1.490 1.515 25 0.025

Figure 21: Electrode samples prepared by electrodeposition.(a) PANI/GO/ZnO (b) PANI (c)
PANI/GO (d) PANI/ZnO

The results reported on the Table 3 shows that the amount of electrodeposited material increases
in proportionally depending on the electrodeposited element. We choose to apply 25 cycles for
each electrodeposition in accordance with a previous study in our laboratory (S. OUETTAR & al.,
2023) except for PANI which was deposited within 31 cycles. The results show that beyond 25
cycles the electrodeposited material tends to easily separate due to the heavy layer. That is why
we only recorded 14 mg of electrodeposited PANI.

Finally, the electrodeposited materials are in perfect accuracy with the results in the bibliography
[35] for the electrode surface used (1x2 cm,2x3cm).
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Electrodeposition of PANI:

For the electrodeposition of PANI the CV data was plotted on the Figure 22 below:
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Figure 22: Electrodeposition of PANI- Potential range from -0.2 V to 1.2 V at a scan rate of 0.03
V/s, and the CV was run for 31 cycles.

The provided plot shows the cyclic voltammetry (CV) curves for the electrodeposition of
polyaniline (PANI) across multiple scans (Scan 1, Scan 3, Scan 6, Scan 9, Scan 15, Scan 19, and
Scan 31). In the initial scans (Scan 1, Scan 3), the CV curves display characteristic redox peaks,
indicating the initiation of PANI electrodeposition. The anodic peaks (oxidation) and cathodic
peaks (reduction) become more defined as the scan progresses, suggesting the formation of the
PANI film on the electrode surface. By Scan 6 and Scan 9, the redox peaks become more
pronounced, and the current response increases, indicating the continued growth and increased
thickness of the PANI film. The CV curves start to show a more rectangular shape, suggesting
improved capacitive behavior due to the increasing surface area of the deposited PANI. In the
latest scans (Scan 15, Scan 19, Scan 31), the redox peaks are well-defined, and the current response
is significantly higher compared to the initial scans. The CV curves maintain a rectangular shape
with prominent redox peaks, indicating the stable and reversible redox processes of the fully
formed PANI film.

The anodic peaks observed around 0.2 V to 0.8 V represent the oxidation of aniline monomers to
form the polaronic and bipolaronic forms of PANI, this result is in accordance with previous works
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(A. KORENT & al., 2020). The shift in peak potential and increase in peak current with successive
scans indicate the progressive deposition and growth of the PANI layer. The cathodic peaks,
observed in the reverse scan, correspond to the reduction of the oxidized PANI back to its

leucoemeraldine state (Figure 23).
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Figure 23:PANI with oxidative polymerization of aniline. Reproduced from Prog. Polym. Sci.,

Vol 23, Gospodinova, N.; Terlemezyan, L., Conducting polymers prepared by oxidative
polymerization: Polyaniline.[36]
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Figure 24:0xidation-reduction reaction of PANI[37].

Similar to the anodic peaks, the cathodic peaks become more prominent and shifted with
successive scans, reflecting the increasing amount of PANI being reduced during the reverse
sweep.

In the early stages of electrodeposition, the CV curves exhibit less pronounced capacitive behavior,
as the PANI layer is still forming and the surface area is limited. As the PANI layer grows, the CV
curves show a more rectangular shape, indicating enhanced capacitive behavior due to the
increased surface area and better conductivity of the PANI film [38]. The increasing current
response and larger enclosed area in the CV curves reflect the higher charge storage capacity of
the thicker PANI layer. Overall, the CV curves for the electrodeposition of PANI display
characteristic redox peaks and evolving capacitive behavior across multiple scans. The initial scans
show the formation of PANI with defined redox peaks, while the middle and later scans indicate
the growth and stabilization of the PANI film with enhanced capacitive properties. The well-
defined anodic and cathodic peaks reflect the reversible redox processes of PANI, and the
increasing current response suggests the successful electrodeposition and growth of the PANI
layer, making it suitable for applications such as supercapacitors and sensors [39].

Electrodeposition of PANI/ GO:
For the electrodeposition of PANI/GO the CV data was plotted on the Figure 25.
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Figure 25 Electrodeposition of PANI/GO- CV performed within a potential range from -0.2 V to
1.2 V at a scan rate of 0.01 V/s for 25 cycles.

The provided cyclic voltammetry (CV) curves for the electrodeposition of polyaniline (PANI) and
graphene oxide (GO) on a stainless steel electrode in sulfuric acid (H,S0,) electrolyte demonstrate
the significant impact of GO incorporation on the electrochemical behavior of the composite. The
electrodeposition of PANI primarily occurs during the oxidation process. The oxidation of aniline
in sulfuric acid leads to the formation of PANI through the reaction above (Figure 22).

GO, containing oxygen-functional groups such as hydroxyl, epoxy, and carboxyl, interacts with
the PANI matrix, facilitating the polymerization of aniline through hydrogen bonding, n-n stacking
interactions, and electrostatic interactions. This incorporation of GO results in enhanced current
responses, well-defined redox peaks, a more rectangular shape of the CV curves [40].

In the initial scans (Scan 1, Scan 2), the CV curves show the early stages of composite formation
with less defined peaks and lower current responses. The oxidation peaks at approximately 0.2-
0.4 V correspond to the oxidation of aniline to PANI (Figure 24).

The reduction peaks around 0.4 - 0.6 V correspond to the reduction of PANI back to its
leucoemeraldine form.

As the electrodeposition progresses (Scan 6, Scan 9), the redox peaks become more pronounced
and the current responses increase, indicating the growth and increased thickness of the PANI/GO
composite film. The capacitive behavior becomes evident with a more rectangular shape, reflecting
improved charge storage properties [41].
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In the later scans (Scan 7, Scan 14, Scan 31), the CV curves exhibit stable and thick PANI/GO
films with well-defined redox peaks and a larger area under the curves, indicating higher charge

storage capacity. The larger current responses and more defined peaks suggest the enhanced
electrochemical activity due to the GO incorporation.

Electrodeposition of ZnO :
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Figure 26:Electrodeposition of PANI/ZnO- potential range from -0.2 V to 1.2 V at a scan rate of
0.03 V/s for 31 cycles.
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Figure 27:Electrodeposition of PANI/GO/ZnO- performed from -1 V to 1 V at a scan rate of 0.01
V/s for 25 cycles.

The provided cyclic voltammetry (CV) curves for the electrodeposition of polyaniline (PANI),
graphene oxide (GO), and zinc ZnO on a stainless steel electrode in a sulfuric acid (H,S0,)
electrolyte with aniline demonstrate the significant impact of ZnO and GO incorporation on the
electrochemical behavior of the composite. The electrodeposition of PANI primarily occurs
during the oxidation process. The oxidation of aniline in sulfuric acid leads to the formation of
PANI through the following reaction:

nC6H7N + H2504 - (C6H4(NH)+ — C6H4NH2H+))H . HSO4_ + 2H+ + 2e”

Zn?*, present in the electrolyte, undergoes deposition during the reduction process, leading to the
formation of Zn metal through the following reaction[42]:

2 - _
Zn** + 2e” = Zng,

In the initial scans (Scan 1, Scan 3), the CV curves show the early stages of composite formation
with less defined peaks and lower current responses. The oxidation peaks at approximately 0.4-
0.8 V correspond to the oxidation of aniline to PANI and the oxidation of zinc to ZnO:

1
Zn(s) + 502 = ZTlO(S)
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The reduction peaks below 0.4 V correspond to the reduction of PANI back to its leucoemeraldine
form and the reduction of Zn?* to Zn [42]:

2[C6H4(NH)2]n + 2H+ + Ze_ - 2nC6H7N2

As the electrodeposition progresses (Scan 5, Scan 7) figure 26, the redox peaks become more
pronounced and the current responses increase, indicating the growth and increased thickness of
the PANI/GO/ZnO composite film. The capacitive behaviour becomes evident with a more
rectangular shape, reflecting improved charge storage properties.

In the later scans (Scan 15, Scan 25) figure 27, the CV curves exhibit stable and thick
PANI/GO/ZnO films with well-defined redox peaks and a larger area under the curves, indicating
higher charge storage capacity [23]. The larger current responses and more defined peaks suggest
enhanced electrochemical activity due to the incorporation of ZnO and GO. The combined redox
activity of PANI and ZnO provides enhanced charge storage capacity and improved
electrochemical performance, making this system suitable for applications in energy storage
devices like supercapacitors [43].

Graphene oxide (GO), containing oxygen-functional groups such as hydroxyl, epoxy, and
carboxyl, interacts with the PANI matrix, facilitating the polymerization of aniline through
hydrogen bonding, m-m stacking interactions, and -electrostatic interactions. During the
electrodeposition process, GO incorporates into the PANI film, enhancing the electrochemical
properties and stability of the composite. This incorporation of GO results in enhanced current
responses, well-defined redox peaks, and a more rectangular shape of the CV curves, indicating
improved capacitive behavior [44].The presence of GO in the PANI matrix increases the surface
area for redox reactions and improves the mechanical stability of the composite film, thus
enhancing the overall electrochemical performance of the PANI/GO/Zn composite [42].

The electrodeposition of polyaniline PANI/ GO, PANI/ ZnO, and PANI/ZnO/GO on electrodes
results in distinct electrochemical behaviours. PANI deposition primarily occurs during the
oxidation of aniline to form the conductive emeraldine salt form, exhibiting well-defined redox
peaks and moderate capacitive behaviour [42].The incorporation of GO into PANI enhances
current responses and defines redox peaks more sharply due to the interactions between GO's
oxygen-functional groups and the PANI matrix, leading to improved capacitive behaviour and
electrochemical stability. When ZnO is incorporated into PANI, Zn*? reduce to metallic Zn and
they get oxydized to ZnO during the deposition process, increasing overall conductivity and
electrochemical activity, resulting in more pronounced redox peaks and higher charge storage
capacity[43]. The PANI/ZnO/GO composite demonstrates the highest current responses and the
most defined redox peaks, combining the benefits of both GO and Zn. The synergistic effects of
GO and ZnO also enhance the mechanical stability and durability of the composite [42].
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3.2 Surface and morphology charachterization:

3.2.1 Scanning electron microscopy (SEM):
The SEM images reveal distinct morphological characteristics for each sample, showcasing the
effects of different dopants and additives on the structure of polyaniline (PANI).

PANI Sample:

The SEM images of the PANI sample show a nanorod structure with significant agglomeration.
This morphology is typical for PANI synthesized by electrochemical methods and indicates a
relatively high surface area. The interconnected nanorods form a porous structure, which is
beneficial for ion diffusion in electrochemical applications. However, the pure PANI sample
exhibits a relatively irregular surface morphology with some degree of agglomeration, which can
limit its electrochemical performance due to poorer conductivity and less effective ion transport
pathways [14].

— 1 UM

Figure 28: Magnification x5000 Figure 29: Magnification x10000

PANI/ZnO Sample:

Incorporating Zn ions into the PANI matrix results in noticeable changes in morphology. The ZnO-
doped PANI sample displays better-dispersed nanorods compared to the pure PANI. This
improved dispersion is attributed to the interaction of Zn ions with the nitrogen sites on the PANI
chains, which helps in reducing agglomeration and enhancing the uniformity of the nanorod
structure. The Zn doping also introduces more intra- and inter-chain connections, enhancing the
overall conductivity of the composite. The SEM images suggest that the ZnO-doped PANI has a
more homogeneous surface with fewer agglomerates [ 21].
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— 1 UM

Figure 30: Magnification x5000 Figure 31: Magnification x10000

PANI/GO:

The addition of graphene oxide (GO) to PANI results in significant morphological changes. The
SEM images of the PANI/GO composite show a layered structure with PANI nanorods intercalated
between GO sheets. The presence of GO provides a large surface area and facilitates better
dispersion of PANI, leading to a more uniform and porous structure. The oxygen-containing
functional groups on GO enhance the interaction with PANI, creating strong hydrogen bonds and
n-n stacking interactions. This results in improved mechanical stability and higher surface area,
which are beneficial for charge storage applications. The PANI/GO composite exhibits a more
defined and consistent morphology, which suggests enhanced electrochemical properties due to
the synergistic effects of PANI and GO [41].

| ym

Figure 32: Magnification x5000 Figure 33:Magnification x10000
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PANI/ZnO/GO Sample:

The SEM images of the PANI/ZnO/GO composite display a highly porous and well-dispersed
nanorod structure intercalated with GO sheets. This sample combines the benefits of both ZnO
doping and GO addition, resulting in superior morphological features. The Zn ions enhance the
conductivity of PANI, while the GO sheets provide structural support and prevent agglomeration.
The PANI/ZnO/GO composite shows an alternate layered structure with well-defined nanorods
and a large number of active sites for electrochemical reactions. This morphology indicates
excellent ion diffusion and electron transport properties, which are critical for high-performance
supercapacitors. The combined effects of ZnO doping and GO incorporation result in a composite
with enhanced specific capacitance, cycling stability, and overall electrochemical performance
[42].

— | M

Figure 34: Magnification x5000 Figure 35:Magnification x10000

Conclusion:

The SEM analysis highlights the significant improvements in morphology and structure when ZnO
and GO are incorporated into the PANI matrix. The PANI/ZnO/GO composite exhibits the most
favorable characteristics, with a highly porous, well-dispersed, and layered structure, indicating
superior electrochemical performance. These enhancements make the PANI/ZnO/GO composite
a promising candidate for energy storage applications, , such as supercapacitors, due to its high
specific capacitance, improved conductivity, and excellent cycling stability.

3.2.2 Energy Dispersive X-Ray Spectroscopy (EDS):
Interpretation of EDS Analysis for PANI:

The EDS analysis of the pure PANI sample reveals that nitrogen (N) and oxygen (O) are the
primary elements present, with nitrogen indicating the presence of the PANI backbone and oxygen
suggesting the doping with sulfuric acid (H2SOa). The sulfur (S) detected as SOs further confirms
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the use of sulfuric acid as a dopant. The absence of zinc (Zn) is expected, as this sample does not
include ZnO in its composition. The nitrogen content (31.90 + 1.25% by mass) confirms the PANI
structure, while the significant oxygen and sulfur contents indicate successful doping, which is
critical for enhancing the conductivity of PANI (Table 4).

Table 4:PANI EDS Elemental Analysis

Element Line Mass% Atom%

N K 26.57+1.04 33.20+1.30
0] K 48.76x1.25 53.34+1.37
S K 24.67+0.45 13.46%0.25
Zn K nd nd

Total 100 100

Interpretation of EDS Analysis for PANI/ZnO:

The EDS analysis for the PANI/ZnO sample (Table5) shows the presence of nitrogen (N), oxygen
(O), sulfur (S), and zinc (Zn). The nitrogen content (28.86 + 1.79% by mass) is slightly lower than
in pure PANI, while the oxygen content is higher, likely due to the formation of ZnO during the
synthesis process. The presence of Zn, although in small amounts (0.90 + 0.62% by mass),
indicates successful incorporation into the PANI matrix. This incorporation is expected to enhance
the electrochemical properties by providing additional conductive pathways. The sulfur content
remains significant, confirming the use of H2SO4 as a dopant.

Table 5:PANI/ZnO Elemental Analysis

Element Line Mass% Atom%

N K 28.86+1.79 37.17+2.30
0] K 40.80+1.87 46.01+2.10
S K 29.44+0.75 16.56+0.42
Zn K 0.90+0.62 0.25+0.17
Total 100 100

Interpretation of EDS Analysis for PANI/GO:
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The PANI/GO sample's EDS analysis shows high nitrogen (N) and oxygen (O) contents, with no
detectable zinc (Zn). The nitrogen content (24.37 + 1.17% by mass) is indicative of the PANI
backbone, while the elevated oxygen content reflects the incorporation of graphene oxide (GO),
which contains various oxygen-containing functional groups. These functional groups enhance the
interaction between PANI and GO, leading to improved stability and electrochemical performance.
The sulfur content as SO3 confirms the use of sulfuric acid as a dopant. The absence of Zn is
consistent with the sample composition (Table 6).

Table 6: PANI/GO EDS Elemental Analysis

Element Line Mass%o Atom %
N K 24.37+1.17 31.00£1.49
O K 48.33+1.40 53.83+£1.56
S K 27.30+0.53 15.17+0.30
Zn K nd nd

Total 100 100

Interpretation of EDS Analysis for PANI/ZnO/GO

The EDS analysis for the PANI/Zn/GO sample reveals the presence of nitrogen (N), oxygen (O),
sulfur (S), iron (Fe), and zinc (Zn). The nitrogen content (17.71 + 1.02% by mass) is lower than in
the other samples, while the oxygen content is high due to the incorporation of GO. The presence
of Zn (2.51 + 0.65% by mass) indicates successful incorporation into the PANI/GO matrix and
indicates that applying a negative dc current is more optimal for electrodeposition of ZnO. The
sulfur content remains significant, confirming the use of H2SO4 as a dopant. This complex
composition is expected to enhance the composite's electrochemical properties (Table 7).

Table 7: PANI/GO/ZnO EDS Elemental Analysis

Element Line Mass% Atom%o

N K 17.71+£1.02 24.29+1.40
0 K 46.56+1.24 55.92+1.50
S K 29.86+0.54 17.89+0.33
Zn K 2.51+0.65 0.74+0.19
Total 100 100
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Comparison:

Comparing the four samples, the pure PANI sample serves as the baseline with high nitrogen
content and significant oxygen and sulfur levels due to H.SO4 doping. The PANI/ZnO sample
shows successful Zn incorporation, improving conductivity. The PANI/GO sample highlights the
benefits of GO, including higher oxygen content and enhanced stability. The PANI/ZnO/GO
sample combines the advantages of both ZnO and GO, showing the most complex composition
with additional Fe presence, likely enhancing the overall electrochemical performance. The
combination of these elements in PANI/ZnO/GO suggests superior conductivity and stability,
making it the most promising material for applications in supercapacitors and other energy storage
devices.

3.2.3 X-Ray diffraction:
Substrate:

The XRD pattern (Figure 36) for the stainless steel electrode reveals characteristic peaks that
correspond to various steel crystal phases. These peaks are indicative of the crystalline structure
of the steel, which consists of different phases such as ferrite, austenite, or martensite. The precise
location and intensity of these peaks provide insight into the phase composition and structural
properties of the steel substrate.

XRD Analysis - Steel Electrode

— Steel Electrode XRD Pattern
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Figure 36: XRD plot for the substrate
PANI:

The XRD pattern for the PANI sample (Figure 37) is characterized by a broad diffuse peak in the
range of 19°-30°, which signifies the amorphous nature of polyaniline (PANI). This broad peak is
attributed to the disordered arrangement of the polymer chains in PANI. The specific peaks
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observed in the plot are due to the underlying steel substrate, indicating that while PANI itself is
largely amorphous, the crystalline phases of steel are still detectable in the composite.
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Figure 37: XRD plot for PANI

PANI/GO:

In the XRD pattern for the PANI + GO composite (Figure 38), both polyaniline (PANI) and
graphene oxide (GO) contribute to the amorphous nature of the material. This is reflected in the
increased intensity observed in the amorphous region. GO, like PANI, exhibits a largely disordered
structure, which enhances the overall amorphous character of the composite. The combination of
PANI and GO results in a higher degree of amorphousness, which is beneficial for certain
applications, such as supercapacitors, where a high surface area and disordered structure can
improve performance.
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Figure 38: XRD plot for PANI/GO

The XRD pattern for the PANI + GO + ZnO composite (Figure 39) shows a significant peak at
50.8°, which is attributed to the presence of zinc (Zn). This peak indicates the successful
incorporation of Zn into the PANI and GO matrix. The addition of Zn not only introduces new
crystalline features but also influences the overall structural properties of the composite. The
presence of Zn can enhance the electrical conductivity and mechanical stability of the composite,
making it a promising material for applications in energy storage and other advanced technologies.
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Figure 39: XRD plot for PANI/GO/Zn
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3.3 Electrochemical characterization:

3.3.1 Cyclic voltammetry (CV):
e PANI:

The cyclic voltammetry (CV) plot for the PANI (polyaniline) electrode at different scan rates (0.01
VIs, 0.03 V/s, 0.05 V/s, and 0.1 V/s) Figure 40, provides insight into the electrochemical behaviour
of the material. The charge values calculated from the integrated current for each scan rate are
0.0454 C for 0.10 V/s, 0.1536 C for 0.05 V/s, 0.3740 C for 0.03 V/s, and 3.604 C for 0.01 V/s.
The current response increases with increasing scan rates, indicating typical capacitive behaviour,
while the shape of the CV curves becomes more rectangular at higher scan rates, reflecting better
capacitive properties. The CV curves exhibit clear redox peaks corresponding to the oxidation and
reduction processes of PANI, with peak currents increasing with the scan rate, indicating a
diffusion-controlled process. However, peak separation increases slightly with scan rate,
suggesting some Kinetic limitations. Additionally, PANI presents limitations with the AC voltage
signal, showing high potential volatility. At higher scan rates, the charge values are relatively lower
because the faster sweep rates do not provide sufficient time for the electrochemical processes to
fully complete, resulting in lower charge storage. The CV curves at these scan rates are more
rectangular, indicating faster charging and discharging cycles but with limited redox activity [37].
At a scan rate of 0.03 V/s, there is a noticeable increase in the charge value, as this intermediate
rate allows more time for redox reactions compared to higher scan rates, leading to better charge
accumulation. The CV curves show more defined redox peaks, indicating enhanced
electrochemical reactions. At the lowest scan rate of 0.01 V/s, the charge value is significantly
higher, with the slower sweep rate providing ample time for thorough electrochemical reactions,
resulting in maximal charge storage. The CV curves at this scan rate exhibit well-defined redox
peaks and larger areas under the curves, reflecting the high charge storage capacity [39].
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Figure 40: CV plots for PANI at different scanning speeds

e PANI/GO:

The provided cyclic voltammetry (CV) curves for the PANI/GO electrode at various scan rates (10
mV/s, 30 mV/s, 50 mV/s, and 100 mV/s) Figure 41 demonstrate the enhanced electrochemical
behaviour of the composite material. The calculated charges for different scan rates are as follows:
0.1184 C at 0.1 V/s, 0.3834 C at 0.05 V/s, 0.8663 C at 0.03 V/s, and 3.2540 C at 0.01 V/s. The
PANI/GO electrode shows a significant increase in current response with the decrease in scan rate,
indicative of the material's enhanced charge storage capacity. The incorporation of graphene oxide
(GO) into the polyaniline (PANI) matrix increases the surface area and provides more active sites
for electrochemical reactions, leading to higher charge storage. The CV curves exhibit well-
defined redox peaks, particularly at lower scan rates, corresponding to the oxidation and reduction
processes of PANI. The enhanced redox activity in the presence of GO suggests that GO facilitates
faster electron and ion transport, improving the efficiency of redox reactions. The shape of the CV
curves becomes more rectangular at lower scan rates, indicating superior capacitive behaviour.
This rectangular shape is characteristic of ideal capacitors, where the current is directly
proportional to the voltage scan rate [45]. The PANI/GO composite demonstrates improved
capacitive performance compared to PANI alone, as shown by the increased charge values. The
peak separation remains relatively stable across different scan rates, indicating better kinetic
properties. The presence of GO helps in maintaining the structural integrity of the electrode during
rapid charge-discharge cycles, reducing the potential volatility commonly observed in pure PANI
electrodes. The highest charge per unit voltage at the lowest scan rate (3.254 C at 0.01 V/s)
highlights the material's suitability for energy storage applications. The PANI/GO electrode
outperforms the PANI electrode in terms of charge storage capacity, stability, and redox activity,
making it a promising candidate for supercapacitors and other electrochemical devices. In
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summary, the incorporation of GO into the PANI matrix significantly enhances the
electrochemical performance of the composite electrode. The PANI/GO electrode exhibits higher
current responses, well-defined redox peaks, superior capacitive behaviour, and better stability at
various scan rates compared to the PANI electrode. These improvements make the PANI/GO
composite a highly effective material for energy storage applications, offering high charge storage
capacity and stability [41].
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Figure 41: CV plots for PANI/GO at different scanning speeds.

e PANI/ZnO:

The provided cyclic voltammetry (CV) curves for the PANI/ZnO electrode at various scan rates
(10 mV/s, 30 mV/s, 50 mV/s, and 100 mV/s) Figur 42 demonstrate the electrochemical behaviour
of the composite material. The calculated charges for different scan rates are as follows: 0.7067 C
at 0.03 V/s, 0.11 C at 0.05 V/s, 0.067 C at 0.1 V/s, and 2.99 C at 0.01 V/s. These values highlight
the influence of scan rate on the charge storage capacity of the PANI/Zn composite electrode.

The integration of zinc oxyde (ZnO) into the polyaniline (PANI) matrix demonstrates a noticeable
enhancement in charge storage. The current responses increase with decreasing scan rates, which
is indicative of higher charge storage efficiency at slower scan rates. The presence of ZnO
improves the electrochemical performance by increasing the conductivity and decreasing the
overall resistance.

The CV curves reveal well-defined redox peaks, which correspond to the oxidation and reduction
processes of PANI and the deposition/dissolution of ZnO. The presence of ZnO enhances the redox
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activity, suggesting that ZnO facilitates faster electron and ion transport within the electrode. This
is crucial for the efficient operation of supercapacitors, as it ensures rapid charge-discharge cycles.

The PANI/ZnO electrode exhibits more rectangular CV curves at lower scan rates, indicating good
capacitive behavior. This shape is a hallmark of materials with high capacitive properties, which
are desirable for energy storage applications. The highest charge per unit voltage at the lowest scan
rate (2.99 C at 0.01 V/s) emphasizes the material's potential for high-capacity energy storage
solutions.

In summary, the incorporation of ZnO into the PANI matrix enhances the electrochemical
performance of the composite electrode, particularly in terms of charge storage and stability at
various scan rates. The PANI/ZnO electrode shows reasonable current responses, well-defined
redox peaks, and good capacitive behaviour. These findings suggest that the PAN1/ZnO composite
is an effective material for energy storage applications, offering a decent balance between charge
storage capacity and stability. However, the overall charge capacity of PANI/ZnO is not as high
as that of PANI/GO composites, indicating the superior electrochemical performance of GO in
enhancing charge storage [23].
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Figure 42: CV plots for PANI/ZnO at different scanning speeds.

e PANI/GO/ZnO:

The provided cyclic voltammetry (CV) curves for the PANI/GO/ZnO electrode at various scan
rates (10 mV/s, 30 mV/s, 50 mV/s, and 100 mV/s) Figure 43 demonstrate the electrochemical
behavior of the composite material. The calculated charges for different scan rates are as follows:
1.0733 C at 0.03 V/s, 0.482 C at 0.05 V/s, 0.1420 C at 0.1 V/s, and 3.2800 C at 0.01 V/s. The
incorporation of zinc oxyde (ZnO) and graphene oxide (GO) into the polyaniline (PANI) matrix
significantly enhances the charge storage capacity of the composite electrode. The current
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responses increase with decreasing scan rates, indicating the composite's high charge storage
efficiency.

The PANI/GO/ZnO electrode shows higher charge storage capacity compared to the PANI and
PANI/GO electrodes. The incorporation of ZnO and GO improves the electrochemical
performance by increasing the surface area and providing more active sites for redox reactions.
The well-defined redox peaks in the CV curves correspond to the oxidation and reduction
processes of PANI and the deposition/dissolution of ZnO. The enhanced redox activity suggests
that the presence of ZnO and GO facilitates faster electron and ion transport, leading to more
efficient redox reactions.

The CV curves of the PANI/GO/ZnO electrode exhibit a more rectangular shape at lower scan
rates, indicating superior capacitive behavior. The presence of ZnO improves the electronic
conductivity, while GO enhances the ion diffusion rate and electron transfer capacity. The
combination of these materials results in a composite electrode with improved charge storage and
stability. The highest charge per unit voltage at the lowest scan rate (3.28 C at 0.01 V/s) highlights
the material's suitability for energy storage applications.

In summary, the incorporation of ZnO and GO into the PANI matrix significantly enhances the
electrochemical performance of the composite electrode. The PANI/GO/ZnO electrode exhibits
higher current responses, well-defined redox peaks, superior capacitive behaviour, and better
stability at various scan rates compared to the PANI and PANI/GO electrodes. These
improvements make the PANI/GO/ZnO composite a highly effective material for energy storage
applications, offering high charge storage capacity and stability. The presence of ZnO and GO
reduces the drop in charge in the case of relatively high potential volatility commonly observed in
pure PANI electrodes, making the composite more suitable for practical applications in
supercapacitors and other electrochemical devices [23,42].
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Comparison:

The comparison of PANI, PANI/GO, PANI/ZnO, and PANI/GO/Zn0O electrodes, based on their
cyclic voltammetry (CV) analysis, reveals distinct differences in their electrochemical behaviours
and performance in energy storage applications. The logarithmic plot of charge (log(C)) vs scan
rate (V/s), the charge was calculated using equations (3) and (4) provides insights into the
efficiency and stability of these materials under varying conditions. The PANI electrode shows
typical capacitive behaviour with high charge storage efficiency at lower scan rates, but its
performance significantly drops at higher scan rates, indicating limitations in charge transfer
kinetics and potential volatility under AC voltage signals. The PANI/GO electrode demonstrates
enhanced performance compared to the PANI electrode. The incorporation of graphene oxide
(GO) increases the surface area and provides more active sites for redox reactions, leading to
improved charge storage capacity, stability, and reduced potential volatility. The PANI/ZnO
electrode exhibits increased conductivity and decreased overall resistance due to the presence of
zinc oxide (ZnO) (Figure 44). While it shows better performance than the PANI electrode, its
charge capacity is less than that of the PANI/GO electrode, suggesting that ZnO enhances
conductivity but does not contribute as significantly to charge storage. The PANI/GO/ZnO
electrode outperforms all other samples, exhibiting the highest charge storage capacity, improved
stability, and reduced charge drop at higher scan rates. The combined effects of ZnO and GO
enhance both the conductivity and the number of active sites, making the PANI/GO/ZnO
composite the most promising material for high-capacity energy storage applications. Overall, the
PANI/GO/ZnO composite shows the best electrochemical performance among the studied
materials, highlighting its potential for use in advanced energy storage systems.

3.3.2 Galvanostatic charge-discharge (GCD):
Analysis of the Charge-Discharge Plot for PANI Electrode:

The charge-discharge data for the PANI electrode indicates a charge time of 111 seconds and a
discharge time of 89 seconds, with a voltage change of 0.7 V. The charge capacity is 4.76 F, while
the discharge capacity is 3.81 F. This data reveals that the PANI electrode exhibits good capacitive
behaviour. The difference in charge and discharge times suggests some energy losses during the
process. The efficiency, calculated by comparing the charge and discharge capacities, is
approximately 80 %, indicating that 80 % of the stored charge is recoverable during discharge,
with 20 % lost. The charge loss can be attributed to the internal resistance of the PANI material
and the sulfuric acid (H2SO4) electrolyte used in the system. Internal resistance leads to resistive
losses, while the sulfuric acid electrolyte may contribute to additional inefficiencies during the
electrochemical reactions [14]. The discharge curves of the PANI composites can be divided into
two stages: the potential drop range of 0.7-0.34 V is associated with pure electric double-layer
capacitance with a relatively short discharge duration, while the range from 0.34-0 V involves
both faradic capacitance and pure electric double-layer capacitance, resulting in a relatively long
discharge time. Additionally, the plot shows a linear increase and decrease in potential during the
charge and discharge cycles, indicative of good capacitive characteristics, suggesting that the
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PANI electrode is able to store and release charge effectively. The charge and discharge cycles
(Figure 45) are symmetrical, indicating high coulombic efficiency, meaning most of the charge
stored during the charging phase is released during the discharge phase, indicating minimal energy
losses. Overall, the charge-discharge plot data demonstrates that the PANI electrode has
reasonable charge-discharge efficiency, although some charge losses are due to internal resistance
and the sulfuric acid electrolyte [1].

PANI Charge Discharge Plot
0.7

o
=)

o
n

o
=~

Potential/s

=
¥

01f

0.0
0 50 111 150 200 250 310 350 400
Time/s

Figure 45 :PANI charge discharge

Analysis of the Charge-Discharge Plot for PANI/GO Electrode:

The charge-discharge data for the PANI/GO electrode indicates that the charge time is 177.7
seconds and the discharge time is 153.1 seconds, with a voltage change of 0.7 V. The charge
capacity is recorded at 7.61 F, while the discharge capacity is 6.56 F. This data reveals that the
PANI/GO electrode exhibits strong capacitive behaviour, with a notable improvement in charge
and discharge capacities compared to pure PANI. The efficiency of the PANI/GO electrode,
calculated by comparing the charge and discharge capacities, is approximately 86 %, indicating
that 86 % of the stored charge is recoverable during discharge, with 14 % lost. The discharge curve
of the PANI/GO electrode can be divided into two stages: the potential drop range of 0.7-0.6 V is
associated with pure electric double-layer capacitance with a relatively short discharge duration,
while the range from 0.6-0 V involves both faradic capacitance and pure electric double-layer
capacitance, resulting in a relatively long discharge time. The plot shows a linear increase and
decrease in potential during the charge and discharge cycles, indicative of good capacitive
characteristics, suggesting that the PANI/GO electrode is able to store and release charge
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effectively. The charge and discharge cycles are symmetrical, indicating high coulombic
efficiency, meaning most of the charge stored during the charging phase is released during the
discharge phase, indicating minimal energy losses (Figure 46). Overall, the charge-discharge plot
data reveals that the PANI/GO electrode demonstrates enhanced charge-discharge efficiency and
capacities, although some charge losses are due to internal resistance and the sulfuric acid
electrolyte [41].
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Figure 46:PANI/GO charge discharge plot.

Analysis of the Charge-Discharge Plot for PANI/ZnO Electrode:

The charge-discharge data for the PANI/ZnO electrode shows a charge time of 118.8 seconds and
a discharge time of 100 seconds, with a voltage change of 0.7 V. The charge capacity is 5.09 F,
while the discharge capacity is 4.29 F. This indicates that the PANI/ZnO electrode has good
capacitive behaviour, though slightly lower than the PANI/GO composite. The efficiency of the
PANI/ZnO electrode, calculated by comparing the charge and discharge capacities, is
approximately 84 %, meaning that 84 % of the stored charge is recoverable during discharge, with
16 % lost. The discharge curve for the PANI/ZnO electrode can be divided into two stages: the
potential drop from 0.6 to 0.38 V corresponds to pure electric double-layer capacitance with a
relatively short discharge duration, while the range from 0.38 to 0 V involves both faradic
capacitance and pure electric double-layer capacitance, resulting in a relatively long discharge
time. The plot (Figure 47) shows a linear increase and decrease in potential during the charge and
discharge cycles, indicative of good capacitive characteristics, suggesting that the PANI/ZnO
electrode is able to store and release charge effectively. The charge and discharge cycles are
symmetrical, indicating high coulombic efficiency, meaning most of the charge stored during the
charging phase is released during the discharge phase, indicating minimal energy losses. The loss
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of charge during discharge is primarily due to the internal resistance of the composite material and
the sulfuric acid (H2SO4) electrolyte used. Overall, the data from the charge-discharge plot
demonstrates that the PANI/ZnO electrode has good charge-discharge efficiency and capacities,
although some charge losses are attributed to internal resistance and the sulfuric acid electrolyte.
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Figure 47 :PANI/ZnO charge discharge plot.

Analysis of the Charge-Discharge Plot for PANI/GO/ZnO Electrode

The charge-discharge data for the PANI/GO/ZnO electrode shows a charge time of 150.9 seconds
and a discharge time of 209.8 seconds, with a voltage change of 0.7 V. The charge capacity is 6.47
F, while the discharge capacity is 8.99 F. This indicates that the PANI/GO/ZnO electrode has
excellent capacitive behaviour, with significant improvement in both charge and discharge
capacities compared to other composites (Figure 48). The efficiency of the PANI/GO/ZnO
electrode, calculated by comparing the charge and discharge capacities, is approximately 139 %,
meaning that the electrode can discharge more capacity than it initially charged, which is an
indicator of an effective energy storage system. The discharge curve for the PANI/GO/ZnO
electrode can be divided into two stages: the potential drop from 0.7 to 0.58 V corresponds to pure
electric double-layer capacitance with a relatively short discharge duration, while the range from
0.58 to 0 V involves both faradic capacitance and pure electric double-layer capacitance, resulting
in a relatively long discharge time. The discharge time being longer than the charging time is due
to the incorporation of ZnO and GO, which lowers internal resistance and enhances the overall
efficiency of the electrode. The plot shows a linear increase and decrease in potential during the
charge and discharge cycles, indicative of good capacitive characteristics, suggesting that the
PANI/GO/ZnO electrode is able to store and release charge effectively. The charge and discharge
cycles are symmetrical, indicating high coulombic efficiency, meaning most of the charge stored
during the charging phase is released during the discharge phase, indicating minimal energy losses.
Overall, the data from the charge-discharge plot demonstrates that the PANI/GO/ZnO electrode
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has superior charge-discharge efficiency and capacities, attributed to the combined effects of ZnO
and GO and the reduced internal resistance [16,23,41].

0.7} —— Charge-Discharge Data

0.6

Voltage (V)
o o o o
¥ w = n

=
=

i
o

0.0 150.9 360.7 505.0 712.5
Time (s)

Figure 48 :PANI/GO/ZnO charge discharge

Table 8: Electrode Performance Data for PANI, PANI/GO, PANI/ZnO, and PANI/GO/ZnO

Metric PANI PANI/GO PANI/ZnO PANI/GO/Zn0O
Charge Time (s) 111 177.700 118.800 150.900
Discharge Time (S) 89 153.100 100 209.800
Voltage Change (V) 0.700 0.700 0.600 0.700
Charge Capacity (F) 4.760 7.610 5.940 6.470
Discharge  Capacity 3.810 6.560 5.000 8.990
)

Efficiency (%) 80 86 84 139
Mass (g) 0.014 0.022 0.018 0.025
Charging Specific 317.330 345.910 330 258.800
Capacity (F/g)

Discharge Specific 254 298.180 277.770 359.600
Capacity (F/g)

Energy Density 8.550 9.270 7.520 9.800
(Wh/kg)
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Figure 49 :Comparaison of 1 GCD cycle.

The comparison of electrode performance for PANI, PANI/GO, PANI/ZnO, and PANI/GO/ZnO
reveals significant differences in various metrics. The charge and discharge times for PANI are
111 seconds and 89 seconds, respectively, while PANI/GO exhibits the longest charge time at
177.7 seconds and a discharge time of 153.1 seconds. PANI/ZnO shows moderate charge and
discharge times at 118.8 and 100 seconds, respectively, whereas PANI/GO/ZnO has a charge time
of 150.9 seconds and the longest discharge time at 209.8 seconds. All electrodes maintain a
uniform voltage change of 0.7 V. In terms of capacities (Figure 49), Table 8, PANI has a charge
capacity of 4.76 F and a discharge capacity of 3.81 F, whereas PANI/GO has the highest charge
capacity at 7.61 F and a discharge capacity of 6.56 F. PANI/Zn's charge and discharge capacities
are 5.94 F and 4.29 F, respectively, while PANI/GO/Zn0O exhibits a charge capacity of 6.47 F and
the highest discharge capacity at 8.99 F. Efficiency varies, with PANI at 80%, PANI/GO at 86 %,
PANI/Zn0O at 84 %, and PANI/GO/ZnO demonstrating the highest efficiency at 139 %. In terms
of mass, PANI weighs 0.014 g, PANI/GO 0.022 g, PANI/Zn0O 0.018 g, and PANI/GO/ZnO 0.025
g. For specific capacities, PANI/GO has the highest charging specific capacity at 345.91 F/g and
PANI/GO/ZnO0 the highest discharge specific capacity at 359.60 F/g. Energy density is highest for
PANI/GO/ZnO at 9.80 Wh/kg. In conclusion, the PANI/GO/ZnO electrode exhibits superior
overall performance, with the highest discharge capacity, energy density, and efficiency, making
it a strong candidate for applications requiring efficient charge storage and transfer. The PANI/GO
electrode also shows excellent performance with the highest charging specific capacity.
PANI/ZnO provides balanced performance with good charge transfer efficiency and ion diffusion.
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3.3.3 Electrochemical impedance spectrospcopy (EIS):
v PANI:

The EIS data for the PANI electrode, modeled using an equivalent circuit, includes components
such as solution resistance (R1 =5.803 Q), charge transfer resistance (R2 = 8.923 Q), double layer
capacitance (C1 = 355.9 uF), and Warburg impedance (W1 =1 Q) (Figure 51). The Nyquist plot
(Figure 50) shows the real part of the impedance (Z') on the x-axis and the negative imaginary part
of the impedance (-Z") on the y-axis, with the blue line representing measured data and the red
line representing fitted data. In the high-frequency region, the plot indicates the dominance of the
solution resistance (R1). The mid-frequency range shows a semicircle corresponding to the charge
transfer resistance (R2) and double layer capacitance (C1). In the low-frequency region, a linear
increase suggests the presence of Warburg impedance (W1), indicating diffusion-controlled
processes. The fit between the measured and modeled data is reasonably good, suggesting the
appropriateness of the equivalent circuit model. The significant double layer capacitance (C1)
indicates a large surface area and good capacitive behavior, while the higher charge transfers
resistance (R2) suggests a higher resistance to charge transfer processes. The Warburg impedance
(W1) indicates efficient ion diffusion. Overall, the PANI electrode shows promising
electrochemical properties for applications requiring efficient charge storage and transfer, although
the higher charge transfer resistance suggests that further optimization may be needed to enhance
performance [39,46].
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Figure 50: EIS data plot for PANI
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v" PANI/GO:

The EIS data for the PANI/GO electrode, modeled using an equivalent circuit, includes solution
resistance (R1 =6.153 Q), charge transfer resistance (R2 = 4.438 Q0), double layer capacitance (C1
=370 uF), and Warburg impedance (W1 =4 Q) as shown in (Figure 53). The Nyquist plot (Figure
52) shows the real part of the impedance (Z') on the x-axis and the negative imaginary part of the
impedance (-Z") on the y-axis, with the blue line representing measured data and the red line
representing fitted data. In the high-frequency region, the plot indicates the dominance of the
solution resistance (R1). The mid-frequency range shows a semicircle corresponding to the charge
transfer resistance (R2) and double layer capacitance (C1). In the low-frequency region, a linear
increase suggests the presence of Warburg impedance (W1), indicating diffusion-controlled
processes. The fit between the measured and modeled data is reasonably good, suggesting the
appropriateness of the equivalent circuit model. The significant double layer capacitance (C1)
indicates a large surface area and good capacitive behavior, while the moderate charge transfers
resistance (R2) suggests reasonable efficiency in charge transfer processes. The Warburg
impedance (W1) indicates efficient ion diffusion. Overall, the PANI/GO electrode shows
promising electrochemical properties for applications requiring efficient charge storage and
transfer, although some charge losses are due to internal resistance and the sulfuric acid electrolyte
[33,41].
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v" PANI/ZnO:

The EIS data for the PANI/ZnO electrode, modeled using an equivalent circuit, includes solution
resistance (R1 =5.892 Q), charge transfer resistance (R2 = 1.906 Q), double layer capacitance (C1
= 421.5 pF), and Warburg impedance (W1 = 1 Q) as shown on (Figure 55). The Nyquist plot
(Figure 54) shows the real part of the impedance (Z') on the x-axis and the negative imaginary part
of the impedance (-Z") on the y-axis, with the blue line representing measured data and the red
line representing fitted data. In the high-frequency region, the plot indicates the dominance of the
solution resistance (R1). The mid-frequency range shows a semicircle corresponding to the charge
transfer resistance (R2) and double layer capacitance (C1). In the low-frequency region, a linear
increase suggests the presence of Warburg impedance (W1), indicating diffusion-controlled
processes. The fit between the measured and modeled data is reasonably good, suggesting the
appropriateness of the equivalent circuit model. The significant double layer capacitance (C1)
indicates a large surface area and excellent capacitive behavior, while the low charge transfers
resistance (R2) suggests efficient charge transfer processes. The Warburg impedance (W1)

79



Chapter 3: Results and interpretations

indicates efficient ion diffusion. Overall, the PANI/ZnO electrode shows promising
electrochemical properties for applications requiring efficient charge storage and transfer, with
improved performance over the PANI and PANI/GO electrodes [23,33].
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v" PANI/GO/ZnO:

The EIS data for the PANI/GO/ZnO electrode, modeled using an equivalent circuit, includes
solution resistance (R1 = 7.180 Q), charge transfer resistance (R2 = 2.946 Q), double layer
capacitance (C1 = 492.7 uF), and Warburg impedance (W1 = 0.87 Q) as shown on (Figure 57).
The Nyquist plot (Figure 56) shows the real part of the impedance (Z') on the x-axis and the
negative imaginary part of the impedance (-Z") on the y-axis, with the blue line representing
measured data and the red line representing fitted data. In the high-frequency region, the plot
indicates the dominance of the solution resistance (R1). The mid-frequency range shows a
semicircle corresponding to the charge transfer resistance (R2) and double layer capacitance (C1).
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In the low-frequency region, a linear increase suggests the presence of Warburg impedance (W1),
indicating diffusion-controlled processes. The fit between the measured and modelled data is
reasonably good, suggesting the appropriateness of the equivalent circuit model. The high double
layer capacitance (C1) indicates a large surface area and excellent capacitive behaviour, while the
lower charge transfers resistance (R2) compared to the PANI and PANI/GO electrodes suggests
improved charge transfer efficiency. The Warburg impedance (W1) indicates efficient ion
diffusion. Overall, the PANI/GO/ZnO electrode demonstrates superior electrochemical properties,
making it a promising candidate for applications requiring efficient charge storage and transfer
[23,33,42].
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Table 9:EIS Data Summary for Different Electrodes (PANI, PANI/GO, PANI/ZnO,
PANI/GO/Zn0O)

Electrode R1 (Q) R2 (Q) C1 (uF) W1 (Q)
PANI 5.803 8.923 355.9 1
PANI/GO 6.153 4.438 370 4
PANI/ZnO 5.892 1.906 4215 1
PANI/GO/ZnO 7.18 2.946 492.7 0.87

The EIS analysis of the PANI, PANI/GO, PANI/ZnO, and PANI/GO/ZnO electrodes reveals
significant enhancements in electrochemical performance with the incorporation of graphene
oxide (GO) and zinc oxide (ZnO) as shown on table 9. The solution resistance (R1) is relatively
similar across all electrodes, indicating comparable ionic conductivity in the electrolyte solutions.
PANI/GO exhibits a significantly lower charge transfer resistance (R2) of 4.438 Q compared to
PANI's 8.923 Q, indicating better charge transfer efficiency due to GO. PANI/ZnO has the lowest
R2 at 1.906 Q, suggesting that zinc incorporation greatly improves charge transfer processes. The
PANI/GO/ZnO electrode has an R2 of 2.946 Q, better than PANI and PANI/GO, but slightly
higher than PANI/ZnO, indicating a balanced improvement in charge transfer efficiency. The
double layer capacitance (C1) is highest for PANI/GO/Zn0O at 492.7 uF, indicating a large surface
area and excellent capacitive behaviour. PANI/ZnO also shows high capacitance at 421.5 pF,
followed by PANI (355.9 puF) and PANI/GO (370 uF), suggesting that both zinc and the
combination of zinc and graphene oxide enhance capacitive behaviour. The Warburg impedance
(W1) is lowest for PANI/GO/Zn0O (0.87 2) and PANI/Zn (1 Q), indicating efficient ion diffusion,
while PANI/GO has a higher W1 (4 Q). Overall, the PANI/GO/ZnO electrode demonstrates the
best electrochemical properties, making it a promising candidate for applications requiring
efficient charge storage and transfer.
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General Conclusion and perspectives

In this study, we explored the development and characterization of PANI/GO/ZnO composite
electrodes for supercapacitors application using electrodeposition techniques. The research
focused on optimizing the electrodeposition parameters to enhance the electrochemical
performance of the composite electrodes.

Key findings from the electrochemical analyses revealed that:

the PANI/GO/ZnO composite electrodes exhibited significantly improved performance compared
to other samples, including PANI, PANI/GO, and PANI/ZnO composites. - - Cyclic voltammetry
(CV) showed that PANI/GO/ZnO electrodes achieved higher specific capacitance, indicating
superior energy storage capacity.

The galvanostatic charge-discharge (GCD) tests demonstrated better charge-discharge efficiency
and stability, while electrochemical impedance spectroscopy (EIS) highlighted reduced internal
resistance and enhanced ion transport within the electrodes. The PANI/GO/ZnO electrode allows
a charging time of 150.9 s, a discharging time of 209.8 s exhibiting thus an efficiency of 139%,
and an energy density of 9.8 Wh/Kg.

Microscopic and structural characterizations using Scanning Electron Microscopy (SEM) and X-
Ray Diffraction (XRD) provided detailed insights into the morphology and crystalline structure of
the composite electrodes. SEM analysis revealed uniform deposition and well-integrated
structures, while XRD confirmed the successful synthesis of the composite materials and the
presence of distinct phases of PANI, GO, and ZnO.

The study also found that the electrodeposition parameters, such as current density and deposition
time, played a crucial role in determining the electrochemical properties of the electrodes. By
optimizing these parameters, we were able to achieve a desirable balance between capacitance,
energy density, and stability.

Overall, this research demonstrates that the development of PANI/GO/ZnO composite electrodes
through electrodeposition is a promising approach for enhancing the performance of
supercapacitors. The findings provide valuable insights for future research and practical
applications in the field of energy storage. The present work consists on a preliminary study and
by fine-tuning the electrodeposition process (by using other sources to provide ZnO and pure GO
in order to enhance the efficiency of the electrodes), it is possible to create high-performance
supercapacitors that are both efficient and durable, thereby contributing to advancements in energy
storage technologies.
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Annex

Real-time Monitoring and Data Treatment Using PSTrace Software
Introduction

For the real-time monitoring and data treatment of the electrochemical experiments, PSTrace
software was utilized. This software is designed to work seamlessly with various electrochemical
instruments, providing advanced data acquisition and analysis capabilities.

PSTrace Software:

- Version: 5.10.5604

- Developer:PalmSens BV

- Website: PSTrace - PalmSens

PSTrace is a powerful tool for electrochemical data acquisition and analysis. It supports a wide
range of electrochemical techniques and is compatible with various potentiostats and galvanostats.

Features and Capabilities

- Real-time Data Monitoring: PSTrace allows for real-time visualization of electrochemical data
during experiments, enabling immediate observation of the electrochemical behavior of the
samples.

- Data Treatment: The software provides advanced tools for data analysis, including baseline
correction, peak analysis, and integration.

- Multiple Technique Support: Supports various electrochemical techniques such as cyclic
voltammetry (CV), chronoamperometry, and electrochemical impedance spectroscopy (EIS).

- Graphical Representation: Generates detailed graphs and plots for a comprehensive
understanding of the electrochemical processes.

- Export Options: Data can be exported in multiple formats for further analysis or reporting.
Application in This Study

In this study, PSTrace was employed to monitor the real-time electrodeposition process and
analyze the resulting data. The software facilitated:

- Cyclic Voltammetry (CV) Analysis: Real-time monitoring of CV curves during the
electrodeposition of PANI, GO, and ZnO.

- Peak ldentification: Accurate identification and analysis of redox peaks corresponding to the
different stages of electrodeposition.
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- Data Export: Exporting the CV data for further analysis and incorporation into the research
findings.

Steps for Using PSTrace
1. Setup:
- Connect the electrochemical workstation to the computer and launch PSTrace.

- Configure the software settings to match the experimental parameters (e.g., scan rate, potential
range).

2. Data Acquisition:
- Begin the electrochemical experiment, and monitor the real-time data using PSTrace.
- Adjust the experimental conditions if necessary, based on the real-time feedback.
3. Data Analysis:
- Use the software's built-in tools to analyze the recorded data.
- Perform baseline correction, peak integration, and other relevant data treatments.
4. Data Export:

- Export the treated data in the desired format for inclusion in the research report.

Figure 58: Pstrace software and the potentiosta
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