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Abstract

Due to an urgent need for efficient, clean, and sustainable sources of energy,
as well as new technologies associated with energy conversion and storage, the
most effective and practical technologies for electrochemical energy conversion
and storage are batteries, fuel cells, and electrochemical supercapacitors. In
recent years, there have been a large number of research articles and technical
reports on the development of electrochemical supercapacitors, motivated by
their low energy density and high production cost. Consequently, research
focus in supercapacitors is on improving the energy density (i.e. ~5-8 Whkg™1)

without compromising its high power density (i.e. ~5-30 kW kg~ 1).

In this work, the electrochemical properties of both vanadium disulfide
(VS2) and carbonized iron cations adsorbed onto polyaniline (C-Fe/PANI)
electrode materials were investigated for supercapacitor applications. The
VS, nanosheets electrode material was successfully synthesized by the
hydrothermal method, and the C-Fe/PANI electrode material was directly
synthesized on a current collector by pyrolysis of the iron-PANI mixture coated

on nickel foam in a tube furnace under the N, atmosphere. The structural
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Abstract vii

and morphological characterization of the as-synthesized electrode materials
was carried out using X-ray diffraction (XRD), Raman spectrometer, Fourier
transform infrared (FT-IR) spectrometer, scanning electron microscopy (SEM),
energy-dispersive X-ray spectrometer (EDS), transmission electron microscopy

(TEM) and X-ray photoelectron spectroscopy (XPS).

The electrochemical behavior of the C-Fe/PANI electrode was analyzed in both
positive and negative potential window in a three-electrode cell configuration
using 6 M KOH electrolyte, and thereafter, a C-Fe/PANI symmetric device
was successfully fabricated. The C-Fe/PANI symmetric device was found to
perform at a high cell voltage of 1.65 V in 6 M KOH. At a current density
of 0.5 A g1, this device exhibited a maximum energy and power densities
of 41.3 Wh kg~! and 231.9 W kg! respectively. The device further showed
excellent cycling stability with capacity retention of 72% at a current density

of 5 A g1 over 10 000 galvanostatic charge-discharge cycles.

To further evaluate the electrochemical performance of C-Fe/PANI with a
metal disulfide material (VS5), a hybrid (asymmetric) device was successfully
fabricated using VS, nanosheets as the positive electrode and C-Fe/PANI as
a negative electrode. Similarly, the electrochemical behavior of each working
electrode was analyzed in a three-electrode cell configuration using 6 M KOH
electrolyte, and thereafter, a hybrid (asymmetric) device was successfully
fabricated using VS, nanosheets as the positive electrode and C-Fe/PANI as

a negative electrode. The fabricated VS,//C-Fe/PANI asymmetric device was
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found to perform at a high cell voltage of 1.7 V in 6 M KOH. At a current
density of 2 A g1, this device exhibited high energy and power densities of
27.8 Wh kg! and 2991.5 W kg respectively. In addition, a VS,//C-Fe/PANI
device showed excellent cycling stability with 95% capacity retention over

10 000 galvanostatic charge-discharge cycles at a current density of 5 A g~ 1.
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Chapter 1

Introduction

1.1 Background and general motivation

Due to high energy consumption and depleting natural resources globally, the
world economy is engaged in the transition to alternative energy to meet the
increasing energy demand for the socio-economic development of the society.

The need is to:

(i) Urgently adopt sustainable energy generation/resource management
that is ecologically beneficial and healthy for present and future

generations.

(ii) Move away from the fossil fuels (stop burning carbon in fossil fuels
into the atmosphere with its harmful environmental and public health

consequences).

12
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Nonrenewable energy sources (natural energy sources) are unsustainable
because sooner or later they will run out hence we cannot sustain our reliance
on them indefinitely, in fact, as they become more scarce, their scarcity will
only lead to rising prices, and the demand will continue to remain high, which
sooner or later will become a major issue. However, renewable energy is
sustainable and eco-friendly. As much as, renewable energy has attracted
significant attention in recent years, there is still little energy consumption

by renewable compared to nonrenewable sources, as illustrated in figure 1.1.

Renewable Nonrenewahble

Biomass 2.99% Petroleum 38.1%
Heating, electricity, transportation Transportation, manufacturing
wogill Hydropower 2.7% ' Natural Gas 22.9%
1 Electricity 4 Heating, manufacturing, electricity

Geothermal 0.3% Coal 23.2%
= = Heating electricity Electricity, manufacturing

'+ Wind 0.1% Uranium 8.1%
r | A Electricity 4 Electricity

] J

Xy
Solar energy 0.1% Propane 1.7%

Light, heating, electricity & ) Manufacturing, heating
I

Figure 1.1: The percentage distribution of US energy consumption by
renewable and nonrenewable sources [1].
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Due to an urgent need for efficient, clean, and sustainable sources of energy,
as well as new technologies associated with energy conversion and storage, the
most effective and practical technologies for electrochemical energy conversion
and storage are batteries, fuel cells, and electrochemical supercapacitors.
In recent years, there have been a large number of research articles and
technical reports on the development of electrochemical supercapacitors
[2-6], mainly motivated by their low energy density. In the approaches
to overcome the low energy density of supercapacitors (SCs), one of the
most intensive approaches is the development of new materials for SCs
electrodes. Hence in energy research, the foundation and the development
of the sustainable power conversion and energy storage systems focus on the
innovative electrode materials for batteries and supercapacitors and these
materials are investigated at the micro- and nano-scale [7,8]. Electrode
materials for electrochemical energy storage systems in micro- or rather
nano-scale show an increase in the surface area-to-volume ratio which leads
to an increase in the amount of interfaces and increased rate of transport
phenomena (i.e. enhanced electron and mass transport) yielding electrodes
with much higher current densities which is important for electrochemical
energy conversion [7,8]. The electrochemical energy conversion process
is basically a surface and interface process in which electron exchanges
between the surface of an electrode and solution (electrolyte) affecting the

electrochemical performance and stability of the energy storage systems.



Chapter 1. Introduction 15

Furthermore, asymmetric supercapacitors or hybrid supercapacitor devices
considered as future energy storage systems combine the best features of
metal-ion batteries and electrochemical supercapacitors to achieve enhanced
energy, power density, and cyclability at a lower cost (Figure 1.2).
Consequently, research focus in SCs is on improving the energy density (i.e.
~5-8 Wh kg1) without compromising its high power density (i.e. ~5-30 kW
kg™ 1) (Figure 1.3), unlike in rechargeable batteries which already have a high
energy density in the range of 120-200 Wh kg1, and hence the focus will be

on improving the power density which is in the range of 0.4-3 kW kg1 [8-11].

Among various types of energy storage devices, SCs have attracted great
attention for potential applications in electronic circuits, electric vehicles, and
backup power generators [13]. Since SCs have attractive properties such
as portability, high efficiency, fast charge-discharge capability, long lifecycle
stability, operational safety, and high power density [14]. The charge storage
mechanism in SCs is divided into two classifications, to be precise, the electric
double layer capacitors (EDLCs) and pseudocapacitors [7,8,15]. In EDLCs,
energy storage is attained by double-layer capacitance, and in this charge
storage process, there is no transfer of charges. Carbon-based materials with
a high surface area are usually used as for EDLCs. In pseudocapacitors, the
electrical energy is stored faradaically by electron charge transfer between
electrode and electrolyte [8]. This is accomplished through electrosorption,

reduction-oxidation reactions (redox reactions), and intercalation processes,
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Concept
Batteries Supercapacitors
Approach : o s
Multi-electron chemistry ks ey Materials and system architectures
Mg - 2e” = Mg?* :
S +2e” 3 S*
Organic redox
Redox
material
Enhanced energy,
power density, and
cyclability at a lower cost
Impact

Figure 1.2: Conceptual presentation of the development of fully integrated
rechargeable hybrid battery-supercapacitor (supercapbattery)
electrical energy storage devices [12].

called pseudocapacitance. The electrically conducting polymers and transition
metal oxides/hydroxide/sulfides are normally used in pseudocapacitors [16-19].
In addition, the two charge storage mechanisms of SCs are combined in hybrid

capacitors to yield high energy and power density.
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10%
‘Tm E
X J
210
b 3
2
010
e E EDLC Faradic
g (Eleg;?:ggrrlgal (Li-ion batteries)
0104
210
100 M ] ML | ML | Ty
10" 10° 10’ 10 10°

Energy Density (W h kg'1)
Figure 1.3: Ragone plot showing the relationship between energy and
power density regions for electrochemical capacitors (EDLC
behavior) and lithium-ion batteries (Faradic behavior), including

the research focus region for electrochemical capacitors and
lithium-ion batteries.

Furthermore, among various conducting polymers that have been studied,
PANI has attracted great attention as one of the most promising
pseudocapacitive material suitable for the next generation of supercapacitors
due to its high pseudocapacitance, light weight, low cost, controllable electrical
conductivity, high energy density, facile synthesis, and environmental
friendliness [20-23]. However, PANI experience volume changes, i.e. the
pseudocapacitive processes of PANI involve the swelling, shrinkage and
cracking of the material during charging/discharging, which could result in
cycling instability and poor rate performance [13,24,25]. It is shown in
previously published reports that the electrochemical performance of PANI

can be improved by use of PANI-carbon composites with carbon materials such
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as carbon nanotubes, nanofibers, graphene sheets and powdered activated
carbon due to their high stability, good conductivity and high affordability

[24-31].

Moreover, the need to develop high-performance supercapacitors has led to
the incorporation of metals and metal oxide particles into PANI to enhance
its electrical conductivity [32]. It has been shown that iron-containing
nitrogen-doped graphitic carbon materials, carbonized PANI in particular,
achieve high electrocatalytic performance and exhibit high stability [33,34].
These iron-containing nitrogen-doped PANI materials are synthesized by
pyrolysis of carbon materials and PANI, in which the nitrogen-atoms
originating from PANI coordinate Fe sites (Fe-PANI/carbon) [33,34]. Other
than containing nitrogen, the preference of PANI is as result of its phenyl
groups which easily produce a graphitic structure during pyrolysis, thus
leading to enhanced electrical conductivity [34]. Although carbonized
Fe-PANI/carbon studies have been reported in the literature for fuel cell
applications [33,34], there are few studies done on the carbonized Fe
adsorbed onto PANI (C-Fe/PANI) as a binder-free electrode material directly

synthesized on current collector for supercapacitor applications.

Until now, transition metal oxides/sulfides and layered transition-metal
dichalcogenides (TMDs) such as MoS,, VS;, WSy, FeS,, CoS,, and NiS,,
have been successfully established as a new paradigm in the chemistry of

nanomaterials especially for nanotubes and fullerene-like nanostructures as
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well as the graphene analogs, have been extensively investigated as the
positive electrode materials for SCs due to their high faradic capacitance
[35-39]. On the other hand, VS, has not received much attention in
two electrode supercapacitor devices. However, it has been investigated
for applications in SCs due to its promising electrochemical performance.
Recently, Feng et al. [40], reported all-in-solution route to synthesize VS,
phase for the first time, taking advantage of an intermediate intercalated
compound precursor of VS,-NHs. This report clearly demonstrated that
VS, nanosheets are highly conductive and have a high specific capacitance,
showing promising signs for 2D material to be utilized in energy storage
devices. Masikhwa et al. [41], reported the design of an asymmetric
supercapacitor based on 3D interconnected activated carbon as the negative
electrode and mesoporous VS, nanosheets as the positive electrode material.
The report suggests that pairing hybrid materials could be an excellent method

to produce SCs with high energy and power densities.

1.2 Aims and objectives

The aim and objectives of the study are divided into two parts:

Part 1: The study is aimed at investigating the structural, composition and
morphological characteristics of the as-synthesized electrode material, and the

electrochemical properties of C-Fe/PANI symmetric device.
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Part 2: Although studies about VS, electrode for supercapacitor applications
have been reported in the literature, there are few studies done on the
binder-free electrode material based on carbonized Fe cations adsorbed onto
PANI (C-Fe/PANI) and until now there are no reports on VS,//C-Fe/PANI
asymmetric cell device. Herein, we report on asymmetric supercapacitor
based on VS, nanosheets as a cathode and C-Fe/PANI as an anode. This
study is focused on structural and morphological characterization of the
as-synthesized electrode materials and the electrochemical properties of

VS,//C-Fe/PANI asymmetric device.

1.2.1 Specific research objectives:

(i) Synthesis of C-Fe/PANI by pyrolysis of the iron-PANI mixture coated on

nickel foam in a tube furnace under the N, atmosphere.
(ii) Synthesis of VS, nanosheets using a hydrothermal method.

(iii) Structural, and morphological characterization of the as-synthesized
electrode materials using X-ray diffraction (XRD), Raman spectrometer,
Fourier transform infrared (FTIR) spectrometer, scanning electron
microscopy (SEM), energy-dispersive X-ray spectrometer (EDS),
transmission electron microscopy (TEM) and X-ray photoelectron

spectroscopy (XPS).

(iv) Electrochemical characterization of the active electrodes using Biologic
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VMP-300 potentiostat (Knoxville TN 37,930, USA) controlled by the

EC-Lab V10.37 software at room temperature.

1.3 Outline of the thesis:

PART I: INTRODUCTION

Chapter 1: This chapter presents the general introduction of energy storage

systems, the aim and the objectives of the study.

PART II: LITERATURE OVERVIEW

Chapter 2: This chapter presents literature overview on supercapacitors.

PART III: EXPERIMENT AND PROCEDURE

Chapter 3: This chapter presents the synthesized materials characterized
using various techniques, namely, XRD, Raman spectroscopy, FTIR
spectroscopy, SEM, EDS, TEM and XPS and this chapter presents an

introductory overview of these techniques.

Chapter 4: This chapter presents the experimental procedures and
techniques used for the synthesis and characterizations of as-synthesized
materials. The first part of this chapter focuses on the synthesis of C-Fe/PANI
and VS, nanosheets, including the characterization techniques used for
structural, morphological and electrochemical analysis of the as-synthesized

materials. The last part of this chapter focuses on the fabrication of electrodes
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for three-electrode and two-electrode setup.

PART IV: RESULTS, DISCUSSIONS AND CONCLUSIONS

Chapter 5: This chapter presents experimental findings on the structural
and morphological characterization of the as-synthesized C-Fe/PANI electrode
in comparison to annealed and unannealed PANI electrode and includes the

electrochemical properties of the fabricated C-Fe/PANI symmetric device.

Chapter 6: This chapter presents the experimental findings on the structural
and morphological characterization of the as-synthesized electrode materials
(i.e. VS, nanosheets and C-Fe/PANI) and the electrochemical properties of the

electrodes and fabricated VS,//C-Fe/PANI asymmetric device.

Chapter 7: This chapter draws a general conclusion outlining the results

obtained in this study, including a brief discussion on the possible future work.
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Chapter 2

Literature overview on
supercapacitors

2.1 Introduction

This study focuses on the application of supercapacitors for electrochemical
energy storage. This chapter presents an overview of the different types
of suppercapacitors as well as the parameters that are involved in their
evaluation such as energy and power densities (Ragone plot), electrode
materials and electrolytes. A brief discussion on testing and fabrication of an
electrochemical cell and evaluation of electrode materials for electrochemical

capacitors is also presented.

2.2 Supercapacitors

Supercapacitors (SCs) which are also referred to as electrochemical capacitors

(ECs) have attracted great interest because of their important application

32
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in the area of electrochemical energy storage such as digital communication,
electric vehicles and other electric devices at high pulse power level [1-3]. SCs
are high power-delivery storage devices which are able to charge-discharge in
a shorter time by exploiting their fast surface or near surface reactions and
delivering high power compared to conventional batteries [4-7]. Though, SCs
are high power-delivery storage devices (have high power density) they have
low energy density especially compared to rechargeable batteries (e.g. Li-ion
batteries) [4,8]. Accordingly, research focus in SCs is on improving the energy
density which at the moment is within ~5-8 Wh kg~! without compromising
its high power density (i.e. ~5-30 kW kg~1), unlike in rechargeable batteries
which already have a high energy density ( 120-200 Wh kg~1), but low power
density (0.4-3 kW kg1) [4-6,9]. Recently, asymmetric (hybrid) systems have
been explored to increase the operating voltage to improve the energy density
of the SCs. Figure 2.1 is the Ragone plot showing variation of energy density

versus power density for different energy storage systems.
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Figure 2.1: Ragone plot of various energy density and power density for
different energy storage systems (Adopted from Ref. [4]).

2.3 Principle of energy storage in SCs

Generally, the behavior of the SCs is mainly influenced by the charge storage

mechanism which is divided into three classifications [10-12]:
(i) Electric double layer capacitors (EDLCs)

(ii) Pseudocapacitors or electrochemical capacitors (RECs)
(iii) Hybrid capacitors

The flow chart in figure 2.2 is showing an overview of each of

these classes of supercapacitors depending on charge storage

mechanism.
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Figure 2.2: The classification of electrochemical capacitors depending on the
charge storage mechanism (Adopted from Ref. [12]).

2.3.1 Electric double layer capacitors (EDLCs)

The energy storage of the EDLCs is generally achieved through a double-layer
capacitance and in this charge storage process; there is no transfer of
charges across the electrode/electrolyte interface. This implies that during
the charging process, the electrons travel from the negative electrode to the
positive electrode through an external circuit and during the discharging
process, the reverse processes take place. As demonstrated in figure 2.3, SCs
consist of a positive and negative electrode, an electrolyte, and a separator.
Generally, in EDLC cell the applied potential on the negative electrode attracts

the positive ions in the electrolyte, similarly, when the same potential is
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Figure 2.3: Schematic illustration of energy storage mechanism in EDLCs
(Adopted from Ref. [13]).

applied to the positive electrode, it attracts the negative ions. Typically,
the electrodes used for EDLCs are carbon materials and are separated by a
dielectric separator which prevent short-circuit of the device [13]. Charge
separation occurs upon polarization at the electrode/electrolyte interface
producing the EDLC. As a result, the EDLCs store charge based on pure
electrostatic charge accumulation at the electrode/electrolyte interface, as
illustrated in figure 2.3 [13]. Hence, this interface can be seen as a capacitor

with an electrical double-layer capacitance, which can be expressed as [13]:

Ag

C=

(2.1)

where A is the surface area of the electrode, € is the is the local dielectric

constant of the electrolyte (¢ = 1 for a vacuum and € > 1 for all other materials),
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and d is the effective thickness of the electrical double layer.

From equation 2.1 it can be seen that the electrodes with high surface area
and high porosity could have a large capacitance hence EDLCs store a very
large amount of energy as compared to normally electrolytic capacitors, this is
due to their porous surface structure of the electrode, electrolyte composition

and the potential field between the charges at the interface [13].

It is worth noting that in EDLCs there is no chemical reaction involved in
the energy storage mechanism. The EDLCs are electrochemically stable due
to the energy storage mechanism which is physical and are highly reversible.
Subsequently, the amount of charge and discharging mechanism in the EDLCs
are only reliant on the movement of ions hence the EDLCs can store and

release energy faster than batteries that relies on slower chemical reactions.

2.3.2 Pseudocapacitors

Pseudocapacitors differ from the EDLCs by means of charge storage
mechanism. In pseudocapacitors, the electrical energy is stored faradaically
by electron charge transfer between electrode and electrolyte. This
is accomplished through electro-sorption processes, reduction-oxidation
reactions (redox reactions) and intercalation process, as demonstrated in
figure 2.4 [4]. The electrochemical adsorption of ions onto the surface or
near the surface of an electrode material accompanied with a related faradaic

charge transfer is described as redox pseudocapacitance while intercalation
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Figure 2.4: Schematic illustration of different redox mechanisms that give
rise to pseudocapacitors (Adopted from Ref. [4]).

pseudocapacitance arises from the intercalation of ions into the layers or
pores of pseudocapacitive materials accompanied with a faradaic charge
transfer with no crystallographic phase change [4]. The formation of adsorbed
surface monolayer from ions contained within the electrolyte on the electrode
composed of a different metal which has a redox potential and is termed

underpotential deposition [4].
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Generally, Pseudocapacitors fill the gap between batteries and double layer
capacitors and are capable of charging and discharging from tens of seconds to
several minutes. Their main advantage is that they can store as much charge

as some batteries while operating much faster.

2.3.3 Hybrid capacitors

Apart from capacitance, the other two important parameters of the capacitor
are its energy and power densities. Since EDLCs have high power density, but
lower energy density compared to faradaic materials which have high energy
density but lower power density to achieve a high electrochemical performance
(e.g. high energy and power densities) hybrid capacitors integrate both EDLC
and faradaic energy storage mechanisms. Generally, hybrid capacitors refer
to the combination of both EDLC and faradaic materials. In hybrid capacitors,
both EDLC and faradaic capacitance mechanisms occur simultaneously,
however, one of them is dominating to achieve high capacitance and/or high
operating potential window. In these mechanisms, the essential properties
of the electrode materials are a large surface area, appropriate pore-size
distribution, and high conductivity. The most common fabrication of hybrid
capacitor consists of a battery-type electrode (e.g., faradaic or intercalating
metal oxide) and the EDLC-type electrode. Hybrid capacitors can also be
fabricated using two different mixed metal oxide or doped conducting polymer

materials. For instance, a composite hybrid capacitor consists of an electrode
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fabricated from a carbon material incorporated into a conducting polymer or
metal oxide material. Moreover, it can also be fabricated using the EDLC-type
material as an anode electrode and faradiac-type material as cathode electrode
(i.e. asymmetric capacitor). Therefore, hybrid capacitors can be categorized
into three classes, namely battery-type, composite and asymmetric hybrids
[10-12]. Typically, the charger-discharge characteristics of hybrid capacitors

are nonlinear.

Hybrid devices are considered as future energy storage systems since they
combine the best properties (energy storage mechanisms) of faradaic and
EDLC electrode materials to achieve enhanced energy, power density, and

cyclability.

2.4 Electrode material for supercapacitor

As had been shown in figure 2.3, SCs consist of three essential components,
viz., electrode, electrolyte and the separator. However, electrode material is
the most important component of a supercapacitor. It plays an important
role in determining the energy and power densities of supercapacitors.
Its electrochemical performances strongly depend on factors like electrical
conductivity, surface area, wetting of electrode and permeability of electrolyte

solutions.

The electrode materials of SCs can be categorized into three types:
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(i) Carbon materials (e.g. activated carbon, carbon aerogels, carbon

nanotubes, graphene etc.) [14,15].

(ii) Conducting polymers (e.g. polyaniline, polypyrrole and polythiophene)

[16-19].

(iii)) Metal oxides/hydroxides (e.g. RuO,, IrO,, MnO,, NiO and MoO
etc.) [20-26] and two-dimensional (2D) layered transition-metal

dichalcogenides (e.g. MoS,, CoS,, VS, and NiS») [27-30].

Carbon materials are widely used for supercapacitor applications due to their
low cost and versatile existing forms (e.g. powders, fibers, felts, composites,
mats, monoliths, and foils), good electronic conductivity, high chemical
stability, and wide operating temperature range [31,32]. As mentioned
earlier, the storage mechanism used by carbon materials is electrochemical
double layer formed at the interface between the electrode and electrolyte.
Having high specific surface area in the case of carbon materials, results in
a high capability for charge accumulation at the interface of electrode and
electrolyte. When improving specific capacitance for carbon materials, apart
from pore size and high specific surface area, surface functionalization must be
considered. The presence of functional groups on the surface of carbonaceous
materials may induce faradaic redox reactions on the surface of the material
leading to an increase in the total capacitance of the electrode [33]. Another

way to increase the capacitance and also enhance stability is to synthesis
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carbon-supported transition metal oxides composites.

Conducting polymers have been considered for electrochemical energy storage
applications due to their low cost, high conductivity in a doped state, high
voltage window and high storage capacity/porosity/reversibility [32,34-36].
Due to the high content of functional groups in conducting polymers, they
offer capacitance through the redox process. During the redox reactions
which involve the entire polymer, ions are transferred to the polymer
backbone during oxidation, and from the polymer backbone into the electrolyte
during reduction hence the processes are highly reversible [37]. The
common conducting polymers in supercapacitor applications are polyaniline,
polypyrrol, polythiophene [38-41]. However, due to swelling and shrinking
of conducting polymers which may occur during the charging/discharging
process the electrode may experience a fading electrochemical performance
during cycling. This compromises conducting polymers as electrode materials
for supercapacitor applications. To improve the challenge of low stability,
few approaches have been investigated. For instance, improving conducting
polymer materials’ structures and morphologies [42] and fabricating
composite electrode materials [43-50]. The electrochemical performance of
conducting polymers can be greatly enhanced by preparing a conducting
polymer-based composite using carbon, inorganic oxides/hydroxides, and

metal compounds.

Metal oxides/hydroxides/sulfides (layered transition-metal dichalcogenides) as
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electrode materials in SCs have received attention due to their potential
to attain high capacitance, and also due to their excellent physico-chemical
properties and cycling stability. In supercapacitor applications, the main
requirements for metal oxides/hydroxides/sulfides as electrode materials are:
(1) they should be electronically conductive, (2) the metal can exist in two or
more oxidation states with no phase changes, and (3) the protons can freely
intercalate into and out of the oxide/sulfide lattice on reduction and oxidation
respectively [32,51]. In general, metal oxides/hydroxides/sulfides in SCs
provide high capacitance than carbon materials and better electrochemical
stability than conducting polymer materials. Because of the electrochemical
faradaic reactions between electrode materials and ions within appropriate

potential windows [52-58].

2.5 Electrolytes for supercapacitor

The electrolyte which is placed between a supercapacitor’s anode and cathode
plays a very important role in supercapacitors (Figure 2.3). Basically, it
contains ions necessary for charge transport and charge storage. It is
worth mentioning that in two-electrode setup the electrolyte is between two
electrodes and its ions are transported through a separator between two
electrodes, however, in three-electrode setup, the electrodes (i.e. working,
reference and counter electrode) are immersed in the electrolyte. For the

electrolyte to be suitable in supercapacitors it has to meet the requirements
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such as having wide voltage window, high electrochemical stability, high ionic
conductivity and small solvated ionic radius, low resistivity, low viscosity, low
volatility, low toxicity, low cost as well as availability at high purity [32]. The
electrolyte used in supercapacitors can be classified into three types: aqueous,

organic, and ionic liquids (ILs) electrolytes.

In this study, aqueous electrolytes (such as H>SO4, KOH, Na»>SO4 and NH,4Cl
aqueous solution and so on) are preferred compared to organic electrolytes,
since they can provide a higher ionic conductivity. In addition, Aqueous
electrolytes can be prepared and utilized without stringently controlling the
preparing processes and conditions, while organic ones need strict processes

and conditions to obtain ultra-pure electrolytes.

Supercapacitors containing aqueous electrolyte may display higher
capacitance and higher power than those with organic electrolytes, probably
due to higher ionic conductivity and smaller ionic radius [32]. However, the
aqueous electrolytes have a limited operating voltage of 1.23 eV (theoretical
value) due to the decomposition of water at high applied voltages which might
limit the potential window of the supercapacitor. Nonetheless, SCs using
aqueous electrolytes have shown the capability to reach higher operating
voltages, ~2.0 eV, due to the synergy between the electrodes and the electrolyte

[69-61].
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2.6 Testing an electrochemical cell

For research purposes, the electrochemical performance of the single electrode
is first evaluated in three electrode configuration to obtain the electrochemical
properties of each electrode, then in two-electrode setup. Typically in
three-electrode setup, the device is referred to as a half-cell and in the
two-electrode setup as a full-cell. Figure 2.5 illustrates the schematic
diagram of three electrode setup. The three electrode setup consists
of a working electrode (WE), a counter electrode (CE) and a reference
electrode (RE). The type of counter and reference electrode depend on the
electrolyte used. The WE is usually made of active materials pasted on
the current collector which serve as a platform where the electrochemical
reaction occurs. The RE electrode which has a stable and known electrode
potential is usually used as a benchmark in the determination of the
potential of a WE without allowing current through it while the counter
electrode is used to complete the circuit and it allows the required amount
of current through the circuit to balance the current generated at the
WE. In the three-electrode system depending on the electrolyte used, e.g.
in an acidic electrolyte, a CE can be a glassy carbon plate or platinum
and silver/silver chloride electrode (Ag/AgCl) or saturated calomel electrode
(SCE) serves as the reference electrode. In neutral electrolyte, the same

configuration is used and nickel foil or foam can be used as a current collector.
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Figure 2.5: Schematic diagram of three electrode cell setup.

The two electrode cell setup is illustrated in figure 2.6. As it can be seen
from the figure, the current and sense (S) leads are connected together: The
CE and RE are connected on one of the electrodes while the WE and S are
also connected on the opposite electrode. In this setup, the potential across
the complete cell is measured, including contributions from the electrolyte/CE
interface and electrolyte itself. The S leads measure the voltage dropped by
the current across the working electrode, electrolyte, and counter electrode,
i.e. a whole cell. Typically this setup is used with energy storage or conversion

devices.
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Furthermore, the two electrode cell can either be symmetric or asymmetric.
As shown in figure 2.6, the asymmetric device it generally refers to any
combination of positive and negative electrodes, when the two electrodes
differ in mass, thickness, type of material and so on. On the other hand,
the symmetric device they refer to the combination of positive and negative,
when the two electrodes are made from the same material, having the same
mass, thickness and other similar electrochemical properties. However, it
is important to note that symmetric devices are not the best when comes
to designing the supercapacitors. This is due to the fact that electrodes
that are made of different materials can be used to expand the operating
potential window. In a hybrid/asymmetric device, different charge storage
mechanisms are applied in the positive and negative electrode materials
[62] which is the focus on the special case of asymmetric devices. Thus,
this idea of asymmetric device is exciting, since it allows us to produce
combination of positive and negative electrode materials and to perform smart’
balancing of their weight/volume, so that overall device performance can be
improved significantly in terms of voltage window, capacitance and longevity

in comparison with their symmetric counterparts [62,63].

The electrochemical performance of the cell is determined by an electrode,
which is the main engine of the cell. To mention a few, this is determined in
terms of life expectancy, self-discharge, capacity and resistance. The electrode

fabrication including an active material coating process is the most important
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Figure 2.6: The schematic view of the two electrode cell setup including the
design of the assembled structure of supercapacitor devices.

step. As a result, a strict control of the preparation process is necessary for
achieving both high performance and durability. Recently, nickel foam has
been used as a current collector to study the electrochemical performance of
electrodes for supercapacitor applications [64-68]. The nickel foam is actually

preferred as the current collector because of its high electrical conductivity,
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chemical stability in the electrolyte and the mechanical strength since these

are the requirements of a current collector in supercapacitor applications.

In the process of coating electrodes (fabricating electrodes), firstly, binders,
active materials and conductive additives are mixed to obtain a homogeneous
slurry with the desired density, and then the slurry is coated onto annealed
nickel foam, followed by drying the electrode and roll pressing to achieve a
uniform electrode coating layer. A pair of such electrodes, with a separator
layer inserted between them, is wound around a central mandrel into the
desired shape. Then the electrolyte is filled into this separator. The
electrolyte-filling process generally requires special care. The amount of
electrolyte in the cell is critical, because excess electrolyte can lead to excessive
gassing and leakage in operation. After the completion of electrolyte filling and

sealing of the cell, the cell is subjected to cycling test.

2.7 Evaluation of electrode material for
electrochemical capacitors

The electrochemical performance of the electrodes is evaluated using
cyclic voltammetry (CV), galvanostatic chronopotentiometry (GCP) and

electrochemical impedance spectroscopy (EIS).
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2.7.1 Cyclic voltammetry (CV)

CV is a potentiodynamic electroanalytical technique that provides qualitative
information on the thermodynamics of redox processes, kinetics of
heterogeneous electron transfer reactions and adsorption processes that
occur at the electrode/electrolyte interphase in an electrochemical cell. The
CV measurements are performed by cycling the potential of a WE and
measuring the resulting current. Therefore, a CV curve is a plot of a
current response versus the applied potential, as shown in figure 2.7, which
describe the nature of the processes that can occur at the electrode/electrolyte
interphase. For instance, in figure 2.7, the CV plot reveals the behavior of the
electrode as either electrochemical double layer capacitive (i.e. rectangular
CV curve) or pseudocapacitive (i.e. CV curve with redox peaks due to faradic
reactions) [69]. In electrochemical double layer capacitive behavior, the
reverse scan of an ideal EDLC electrode is a mirror image of the forward
scan, suggesting that the measured current in CV is independent of the
applied potential [70]. However, in the pseudocapacitive electrode, the charge
accumulation on the electrode (the measured current) is dependent on the
applied potential [71]. In CV, there are three electron transfer processes that
occur at the surface of the electrode depending on the nature of the material

evaluated, namely, reversible, quasi-reversible or irreversible.
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Figure 2.7: Typical CV curves of an ideal EDLC electrode and
pseudocapacitive electrode.

Furthermore, using CV curves the specific capacitance (Cg) of the electrodes

can be calculated using the following equation [4,72,73]:

1(V))dV
Cs(Fg!) = JWV)dv m(v A)V (2.2)

where mis the total mass of the active material (g), v is the scan rate (V s™1),

AV =V —V;, and V¢ and V; are the integration potential limits of the CV curve

(V), and 1 (V) is the current (A).

Since in two electrode asymmetric device there is difference in the specific
capacitance of the two electrodes, a charge balance, Q. = Q_ can be done,

where Q, and Q_ are charge stored in both positive and negative electrodes
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respectively, expressed as

Q = CsmAvV (2.3)

The charge balance is necessary in order to acquire the optimal performance of
the device. Based on charge balancing, the mass balance between the positive

and negative electrode can be expressed using the following equation [40]:

m _ StV (2.4)
m_ CS(+)AV+

where Cg ) and Cg_) are the specific capacitance of the electrodes in positive
and negative potential window respectively, m,. and m_ are the masses of the
electrodes in positive and negative potential window, and AV, and AV_ are the

positive and negative potential windows of the working electrodes respectively.

2.7.2 Galvanostatic charge-discharge (GCD)

The GCD is one of the most important characterization tool for the
determination of the electrochemical performance of the supercapacitors
electrodes. This test is carried out by applying a controlled current
pulse (I) between the working electrode and the counter electrode and
the corresponding generated voltage (V) is measured relative to reference
electrode as function of time, as shown in figure 2.8. In GCD measurements,

upper and lower potential limits are set for the working electrodes. Once one of
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Figure 2.8: Typical CD curves of an ideal EDLC electrode and faradaic
electrode.

the limits is reached the charge-discharge curve stop and the current reverses

and the next step in the cycle begins (Figure 2.8. Similar to the CV plot, the

CD curve reveals the behavior of the electrode as either electrochemical double

layer capacitive (i.e. linear CD curve) or faradaic (i.e. non-linear CD curve due

to faradic reactions) [69] as shown in figure 2.8.

The specific capacitance can also be calculated from GCD curves depending
on the behavior the material is displaying. In GCD curves, the specific
capacitance of the EDLC electrode can be calculated using the following

equation [4,72-75]:

| x At

— 2.
mx AV (2.5)
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where At is the time taken for a complete discharge cycle (s), mis the total mass
of the active material (g), AV is the potential window (V), and | is the current
(A). In this case, specific capacitance is linear with time within the working

potential window.

Moreover, if the working electrode show faradaic behavior the specific
capacitance can be calculated by integrating the area under the GCD curve

using the following equation:

2l

In this case, the specific capacitance is non-linear with time, hence it is
preferred to report the specific capacity (Qgs) of faradaic material. The specific
capacity of the electrodes can be calculated from the GCD curves, using the

following equation [4,72-75]:

|t
Qs(mAhg 1) = — (2.7)

where | is the applied current (A), mis the total mass of the active material

(g), and t is the time taken for a complete discharge cycle (s).

Moreover, the energy density, Eq and the power density, Py can be calculated
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from the GCD curves, using the following equations:

Eq(Whkg™1) = r'—n / V3<‘t6>dt (2.8)
6E
Pa(Wkg ™) = BZ ] (2.9)

where | is the applied current (A), mis the total mass of the active material
(g), [V (t)dt is the integral under the discharge curve from CD of the device,
and At is the discharge time (s). The maximum power density of the device
can further be calculated to show the maximum power the device can deliver.

This can be calculated using the following equation:

V2

— 2.1
Pinax 4mRg (2.10)

where V is the potential window, mis the total mass of the active material, and

Rsis solution resistance.

2.7.3 Electrochemical impedance spectroscopy (EIS)

To further evaluate the electrochemical behavior of the electrode
materials (i.e., the conductivity and charge transport properties at the
electrode/electrolyte interface) the EIS is used. EIS is a tool used for

analyzing a single parameter and evaluation of mechanism of electrode
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materials. It can be carried out at different voltages and thus analyzing
the response of the material at different stages in the pure double layer
range or in the redox regime. This is often represented as the Nyquist plot
(imaginary component, Z” versus the real component, Z' of the impedance),
as shown in figure 2.9. EIS has attracted the attention of many researchers
due to the concept of electrical resistance in electrical systems. Electrical
resistance is basically the ability of the circuit element to resist the flow
of electrical current. In addition, the EIS has also gained popularity since
it can measure and give feedback on the electrical resistance in systems
such as supercapacitors and Li-ion batteries(LIBs). In EIS, the broad range
of physical and chemical phenomena is characterized by running a single
experiment which covers a sufficient range of frequencies. The Bode plot
is one of the important EIS plot which shows the impedance phase angle
dependence on a frequency. As shown in figure 2.9, the Nyquis plot consists

of the low-frequency region and the high-frequency region.

In the high-frequency region, the equivalent series (solution) resistance, Rg
and the charge transfer resistance, Rct, can be obtained [76]. The Rsand Rct
values represent the ohmic resistance of the electrodes and the charge-transfer
kinetics (fast ion transport) respectively. In the low-frequency region, an ideal
supercapacitor exhibits a vertical line parallel to the imaginary axis, however,
in practice supercapacitors show deviation from this ideal behavior which is

attributed to a leakage resistance, R, arising from the faradaic charge transfer
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Figure 2.9: Nyquist impendance plot.

process [77,78]. The small Rs and Rct values, i.e.

~1 Q indicate fast ion

diffusion and low charge transfer resistance which suggest nearly an ideal

capacitive performance of the electrodes/cell.

Furthermore, in the low-frequency region, the frequency dependence of the

real and imaginary part of the capacitances (C'(w) and C”(w)) can be evaluated

using a complex capacitance model presented by the following equations

[30,79]:

The impedance, Z(w) given by

- jwxC(w)

(2.11)
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can be written in the complex form as

ZC)=Z(w)+jZ" (w) (2.12)

Therefore, equation 2.11 and 2.12 gives:

1 —(Z'(w) — jZ'(w))
Clw) = _ = 2.13
W0z 7M@) ) (219
Thus, C(w) in the complex form can be written as:
C(w) =C(w) - jC"(w) (2.14)
which gives
Z//(w
Cllw)=— (2.15)
w|Z(w)[?
7 Zl(w
C'w)=—"=— (2.16)
w|Z(w)[?

where Z' and Z” are the real and the imaginary parts of the impedance,

respectively, defined as

1Z(w)]? = Z/(w)?+ 2" (w)? (2.17)
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and w = 2mf. C'(w) is the real accessible capacitance that can be delivered and
C’(w) corresponds to energy loss by the irreversible process of the electrodes

[79].
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Chapter 3

Characterization techniques

3.1 Introduction

The synthesized materials that were investigated in this study were
characterized using various techniques (X-ray diffraction (XRD), Raman
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM), energy-dispersive X-ray spectrometer (EDS),
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS)) and this chapter provides an introductory overview of these techniques.
The structure, morphology and elemental composition of the materials were
investigated using XRD, Raman spectroscopy, FTIR spectroscopy, SEM, TEM
and EDS, respectively. The chemical state of the elements of the synthesized
materials was investigated using XPS. In materials characterization, these

techniques have proven to be complementary to each other for detail analyses.

75
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3.2 X-ray diffraction

X-ray powder diffraction is an analytical technique (non-destructive technique)
primarily used for bulk phase identification (i.e., crystal structures and atomic
spacing (d-spacing)) of crystalline samples. It can also be used in studying
grains sizes, lattice constants, and degree of crystallinity in a mixture of

amorphous and crystalline materials [1].

During XRD operation, X-rays generated by a cathode ray tube (X-ray tube)
are filtered (to produce monochromatic radiation), collimated and directed
towards the sample (Figure 3.1(a)). The interaction of the incident X-rays
with the sample produces diffracted rays (constructive interference) when
conditions satisfy Bragg’s Law. Briefly, considering the incident and diffracted
X-rays from the atomic layers, as shown in figure 3.1(b), where the angle of
incidence is given by 0, and the angle 26 gives the experimentally measured
diffraction angle. The total path difference, X, between the X-rays marked 1
and 2 when they arrive at the detector, point A and B respectively, is given by

[1]

x=2dsno (3.1)

For constructive interference the path difference is equal to a whole number of

wavelengths, nA, where nis a whole number. As a result, equation 3.1 becomes
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(a) X-Ray tube (source) Diffraction detector

gﬁl/ = __IIFi"if.\_iz_

slit 4
14
| Diffracted X-rays

Figure 3.1: (a) Basic components of X-ray diffractometers showing the X-Ray
source/tube and detector relative to the sample. (b) Schematic
illustration of the diffraction of incident X-rays by atomic planes.

Bragg’s Law

nA =2dsiné (3.2)
where n is a positive integer, A is the wavelength of incident X-rays, d is the
interplanar spacing and 6 is the scattering angle.

Since the wavelength of the incident X-rays is known, e.g. for Cu A =

0.15406 nm and for Co A = 0.17890 nm, and the angles at which constructive
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interference occurs are measured by goniometer (Figure 3.1(a)), the use of
the Bragg’s equation 3.2 allows determining the d spacing of the materials.
Therefore, the XRD result is a plot of scattered X-ray intensity versus the

scattering angle 26 which is unique for each material (see figure 3.2 for VS,).

Experimental: VS,

Intensity (a.u.)

XRD database: VS, (#86519)
I‘ = Illl = i i

10 20 30 40 50 60 70 80 90
2 0 (degree)

Figure 3.2: The XRD pattern of the VS, nanosheets and the best matching
ICSD card from XRD database. (Adopted from this study).
Usually, to obtain the phase data of the material which is analysed with
XRD, the measured XRD pattern is compared to the database patterns to find
the best matching standard (Figure 3.2). On the other hand, the matching
standard can be used to generate a unit cell or a molecule using appropriate
software, e.g. diamond crystal and molecular structure visualization software,

as shown for VS in figure 3.3.
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3221 A

Figure 3.3: The unit cell of the VS, based on the best matching ICSD card.
(Adopted from this study).

3.3 Raman spectroscopy

Raman spectroscopy is a non-destructive technique which has a high
molecular specificity, making it an excellent technique for materials analysis.
It provides information about chemical structure/phase, crystallinity and

molecular interactions (i.e. structural information).

In Raman spectroscopy, there is a scattering of incident photons (from primary
laser light source) by phonons (vibrational modes) upon the interaction of
photons with the chemical bonds within a material, as demonstrated in
figure 3.4). The interaction of incident photons of energy /ity with the chemical
bonds within a sample creates a time-dependent perturbation which increases
the ground state energy (Ecs) to a total energy of Egs+ Aw_ making a system
(molecule) to be unstable [2,3]. Since the system has no stationary state (i.e.
is in the unstable situation), the photon is emitted by the perturbed system

and the system goes back to the stationary state (ground state), and if the



80 3.3. Raman spectroscopy

hws.= hw, + hQ

hQ
A
1
&
hw, ) hws, = hw,
Incident photons Rayleigh scattern?g
(Laser source) S\
1
v
Stretchingvibration
(Molecule)
hws.= hw, - hQ
(Raman shift)

Figure 3.4: Schematic illustration of light scattering by Rayleigh, Stokes and
Anti-Stokes scattering processes in a vibrating molecule due to
the time-dependent perturbation introduced by incident photons.

frequency of the emitted photon (ws:) is the same as the incident one, w_ (i.e.
elastic scattering), this is referred to as Rayleigh scattering (Figure 3.4) [2,4].
On the other hand, as the molecule returns to a ground state a photon can lose
part of its energy in the interaction process and scatted from the sample with
a lower energy hws. = hwy — hQ, where hQ is a phonon energy. This process
is referred to as Stokes process (inelastic scattering) [2,4]. Additionally, if the
molecule is in the excited vibrational state, and after the photon interaction
the molecule returns to its ground state, the photon leaves the sample with an
increased energy hws. = it + hQ. This process is referred to as Anti-Stokes

process [2,4].

Therefore, between Stokes and Anti-Stokes processes, Stokes process is the

most probable, hence Raman spectra are Stokes measurements plots of the
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intensity of the scattered photon as a function of the difference between
incident and scattered photon energy (i.e. Raman shift /or Wavenumber) [2].
Generally, a Raman spectroscopy has a high molecular specificity hence the
spectrum reveal peaks which correspond to a specific molecular bond vibration,
as shown for VS, in figure 3.5. The Raman spectrum of VS, reveals vibration
bands at 140, 285 and 405 cm~! which are Eig, Eog and Ajg respectively,

corresponding to the in-plane (E) and out-of-plane (A) stretching modes of

S—V-S [5,6].
3
&
2
@
c
7]
=
£ E,,
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~—_|
100 200 300 400 500 600

Raman shift (cm™)

Figure 3.5: The Raman spectrum of the VS, nanosheets (Adopted from this
study).

To briefly explain how the Rayleigh scattering are eliminated from the
Raman measurements, figure 3.6 is presented which gives an overview of key
instrumental components of a typical Raman system. However, in practice
there are numerous Raman spectroscopic variations available depending

on the instrument manufacture. For instance, the beam path will be
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Figure 3.6: Schematic illustration of fundamental instrumental components
of a typical Raman system (Adopted from Ref. [8]).

slightly different and may have additional optical components for different
manufactures. It can be seen from the figure that Rayleigh scattering are
optically filtered and filters are specific to the laser wavelength [7]. Filters
are used in conjunction with diffraction grating which is used to disperse the

Raman scattered light.

Furthermore, to detect the weak intensity of Raman scattering, the detector
needs to be extremely sensitive hence charge-coupled devices (CCDs) are
commonly used in Raman detector, because they exhibit high quantum
efficiencies and low signal-to-noise ratios [8]. In CCDs, a charge collected from
scattered photons is directly proportional to the Raman scattering intensity.
There are several laser source options available within Raman systems or
some of the Raman systems, and a choice of each laser source is determined
mainly by the desired wavelength and the desired spot size. Based on the

choice of the laser source and the material, the Raman spectrum might
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Figure 3.7: Simplified overview of the effect of laser excitation wavelength
on the fluorescence background (Adopted from Ref. [8]). A
532 nm laser (green line), is largely susceptible to fluorescence
background (black line), whereas high-energy UV (purple)
and lower-energy IR (red) wavelengths are relatively free of
fluorescence.

consist of fluorescence contribution (shown by black line in figure 3.7) which
can be avoided by exciting the sample with a wavelength that falls outside
fluorescence region, e.g. UV (purple) and lower-energy IR (red) wavelengths

[8].

3.4 Fourier transform infrared spectroscopy

Infrared (IR) spectroscopy is a non-destructive analytical technique which
is mainly used to identify organic and inorganic materials. Generally, the
spectroscopy systems used to detect molecular vibrations in materials are
based on the processes of infrared absorption (transmittance) and Raman

scattering, and are widely used to provide information on chemical structures
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and molecular interactions (structural information).

Similar to Raman spectroscopy, in IR spectroscopy there is a scattering of
incident photons by vibrational modes upon the interaction of photons with
the chemical bonds within a material (Figure 3.4). However, in addition to
the Stokes scattering (Raman shift) emitted by the perturbed molecule which
is exactly what is measured in IR spectroscopy, each peak represents the
percentage of light transmitted through the sample. Hence, the intensity
scale (y-axis) in IR plots is given as transmittance percentage (Figure 3.8).
Figure 3.8 shows the IR plot of PANI which is compared to the Raman
spectrum, and from the two spectra it can be seen that the main peaks which

reveal the functionalities of PANI are within the same range of wavenumber.

% Transmittance / Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Wavenumber (cm™

Figure 3.8: The Raman and FTIR vibration spectra of PANI (Adopted from
this study).

In view of instrumentation, most commercial IR instruments measure IR

radiation using Fourier transform spectrometers, hence the technique is
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known as Fourier transform infrared (FTIR) spectroscopy [9]. A simplified
layout of a typical FTIR spectrometer is shown in figure 3.9. The
basic components of the FTIR spectrometer are a radiation source, an
interferometer, mirrors and a detector. A Fourier transform spectrometer uses
the configuration of mirrors and beam splitter, and one of the mirrors can be
moved rapidly back and forth. A rapid mirror motions result in significant
noise reduction. Fourier transform spectrometers are used primarily in the

infrared region of the spectrum.

£
©
o
©
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N 2
(7 g N O
Mirror Sample
:; ) I!ﬁ
B
= Mirror
\\ /4
Sample Compartment

Figure 3.9: A simplified layout of a typical FTIR spectrometer (Adopted from
Ref. [10]).
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3.5 Scanning electron microscopy and energy
dispersive X-ray spectroscopy

Scanning electron microscopy is a non-destructive technique which is mainly
used for imaging the surfaces of almost any material on a micro to nanometre
scale. The technique uses a beam of focused electrons under ultra-high
vacuum conditions to obtain high levels of magnification and resolution for
imaging. The image resolution offered by SEM depends not only on the
parameters of the electron beam, but also on the interaction of the electron
beam with the sample. Typically, the SEM analyses can yield information
about topography, morphology, composition and crystallography of materials
using other analysers intergraded in SEM system [11]. When a focused beam
of high-energy primary electrons impinges the surface of a sample, among
others (Figure 3.10(a)), it generates low energy secondary electrons with
energies typically smaller than 50 eV [12]. Therefore, an image of the sample
surface (topography/ morphology) is constructed by measuring the intensity of
these secondary electrons as a function of the position of the scanning primary
electron beam [11]. Field Emission SEM produces high resolution images,
unique image contrast and a large depth of field. Figure 3.10(b), shows the
low and high magnification (inset to the figure) SEM images of the layered

structure of VS, which displays the nanosheets morphology of the sample.

Furthermore, X-rays which are ejected when an incident electron beam strikes

a sample can be characterized by an energy dispersive X-ray spectroscopy
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Figure 3.10: (a) A schematic diagram of a typical scanning electron
microscopy (Adopted from Ref. [13]). (b) Low and high
magnification (insert figure) SEM images of the layered
structure of VS, (Adopted from this study).

(EDS) if the X-ray spectrometer (detector) is attached to the SEM system
(Figure 3.10(a)). Since each element has a unique energy difference between
outer and inner electron shells, the X-rays that are detected yield elemental

identification hence EDS analysis gives elemental composition of the sample.
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3.6 Transmission electron microscopy

Transmission electron microscopy is a non-destructive high spatial resolution
characterization tool. It uses a beam of focused high-energy electrons (under
ultra-high vacuum conditions) which is transmitted through a thin sample
(Figure 3.11(a)) and interacts with the sample as it passes through. The
transmitted electrons are used to generate an image of a sample. Different
types of images can be obtained in TEM from different interactions of electron
beam with a sample. For instance, an image of electron diffraction patterns
is obtained from elastically scattered electrons (diffracted beam), bright field
image from unscattered electrons (transmitted beam) and dark field image
from elastically scattered electrons (diffracted beam) [11,14]. TEM can be
used to characterize samples to obtain information about particle size, shape,

crystallinity, and interparticle interaction.

Figure 3.11(b) shows typical bright field TEM image (at low magnification)
of carbonized Fe/PANI sample which displays Fe dispersion on PANI. In this
figure, a contrast in the image is caused by attenuation of the transmitted

beam in dense (high atomic number) areas of the sample.
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Figure 3.11: (a) Schematic diagram of a TEM (Adopted from Ref. [15]). (b) A
TEM image of carbonized Fe/PANI (C-Fe/PANI) (Adopted from

this study).

3.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a surface-sensitive quantitative technique

that measures the elemental composition, chemical state and electronic state
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of the elements within a sample. The high surface specificity of XPS is achieved
by using smaller angles of incidence or exit of the photoelectrons. Additionally,
the mean free path of the detected photoelectrons is in the order of a few
nm which corresponds to the topmost surface atomic layers of the sample
[16]. XPS involves irradiation of the sample with a beam of X-rays (Al-Ka
or Mg-Ka) while measuring the number and the kinetic energy of elastically
scattered photoelectrons of the analysed sample [16]. The kinetic energy of the
ejected electrons (photoelectrons) depends upon the photon energy (hv) and
the binding energy of the electron in the core-shell of an atom and is usually
analysed with a hemispherical energy analyser (see Figure 3.12(a)). Generally,
XPS analysis is coupled with ion sputtering with noble gas ions (e.g. Ar™)
for surface cleaning and depth profiling and analysis are carried out under
ultra-high vacuum conditions. In XPS spectrum, peaks appear from atoms
emitting electrons of a particular characteristic energy. The energies and
intensities of these electrons (photoelectron peaks) enable identification and
quantification of the surface chemistry of a material, as shown in figure 3.12(b).
Briefly, figure 3.12(b) shows the XPS core level spectrum of V 2p photoelectrons
of the VS; sample and the fitted binding energy peaks of the V 2p3, core level

confirm the predominance content of V4* oxidation state in the sample.
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Figure 3.12: (a) Schematic view of the photoemission process in XPS:
Incident photon energy, hv is absorbed by a core level electron, if
hv > BE then the electron is ejected from the atom with kinetic
energy, KE. This is then detected by an analyser and the binding
energy, BE of the ejected electron is determined by, BE = hv -
KE - W, where W is the work function of the electron analyser,
not the analysed material. (b) The XPS core level spectrum
of vanadium, V 2p of the VS, nanosheets (Adopted from this
study).
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Chapter 4

Experimental procedure

4.1 Introduction

This chapter presents the experimental procedures and techniques used for
the synthesis and characterizations of as-synthesized materials. The first part
of this chapter focuses on the synthesis of C-Fe/PANI and VS, nanosheets,
including the characterization techniques used for structural, morphological
and electrochemical analysis of the as-synthesized materials. The last part
of this chapter focuses on the fabrication of electrodes for three-electrode and

two-electrode setup.

4.2 Materials

All the reagents used in this work are of analytical grade and were used as
received without further purification. Chemicals used for VS, nanosheets and

C-Fe/PANI synthesis were purchased from Sigma Aldrich (see table 4.1). A 3D

100
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scaffold template of polycrystalline Ni foam with an areal density of 420 g m?
and thickness of 1.6 mm was used as a current collector, and was purchased

from Alantum (Munich, Germany).

| C-Fe/PANI \ VS, |
Aniline hydrochloride Sodium orthovanadate
(CeHsNH,-HCI, purity >99%) | (1 mM NazVOy, purity 99.98%)
Ammonium persulphate Thioacetamide

((NH4)2S20g, purity >99%) (5 mM C,HsNS, purity >99%)
Iron nitrate nonahydrate —
(Fe(NO3)3-9H,0, purity >99%)

Table 4.1: Chemicals used for the synthesis of C-Fe/PANI and VS,
nanosheets purchased from Sigma Aldrich.

4.3 Synthesis of C-Fe/PANI

The PANI used for the synthesis of C-Fe/PANI was prepared as follows: 0.2
M aniline hydrochloride was added to a 50 ml solution of 1.0 M HCI, and
in a separate beaker 0.25 M solution of ammonium persulphate was added
to 1.0 M HCI. The prepared solutions were kept at room temperature for
1 h, thereafter, they were mixed and stirred for about an hour and left to
polymerize. After polymerization, PANI precipitate was collected on a filter
(after been washed several times with 100 ml of 0.2 M HCI, and acetone)
and dried at 60 °C overnight. Furthermore, PANI was used as a substrate
for adsorbing carbonized Fe cations. Briefly, 0.2 g of Fe(NO3)3-9H,O and
0.0125 g of PANI were dissolved in 50 mL of ethanol and sonicated in

ultra-sonication bath until the ethanol was almost completely evaporated.
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FFe(NO3)3-9H20 (Fe source)

Sonication

Figure 4.1: Schematic illustration of the synthesis route for C-Fe/PANI.

Thereafter, the slurry was coated on nickel foam (current collector) which was
loaded in a tube furnace and heated to 850 °C and pyrolyzed for 2 h under
the N> atmosphere (Figure 4.1). After pyrolysis, the as-synthesized sample
which shows homogeneously dispersed nanograin particles (see micrograph
in figure 4.1) was used as the negative and positive electrodes in symmetric

and asymmetric supercapacitor devices.

4.4 Synthesis of VS, nanosheets

VS, nanosheets were synthesized by the hydrothermal method as shown in
figure 4.2. In figure 4.2, 1.65 g of 1 mM Na3VO4 and 3.37 g of 5 mM C,H5NS
were dissolved in 120 mL of deionized water and stirred for 1 h at room
temperature using a magnetic stirrer. After stirring, the resultant solution

was transferred into a sealed, 150 mL Teflon-lined, stainless-steel autoclave
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V32 nanosheets

Nas¥O4 (X source) Hydrothermal

C,HsNS (S source) @160 °C for 24h

u» R
Autoclave Recovered product

rre
@Room temperature
for1h

Figure 4.2: Schematic illustration of the synthesis route for VS; nanosheets.

and kept at a temperature of 160 °C for 24 h and then cooled naturally down
to the room temperature. Subsequently, the obtained precipitate was filtered
and washed with deionized water several times and dried at 60 °C overnight.
Finally, the recovered product of VS, nanosheets was obtained as displayed by

micrograph in figure 4.2.

4.5 Structural, and morphological
characterization

The characterization techniques used in this work are listed in table 4.2,
including the systems settings. The results obtained from these

characterization techniques are presented in chapter 5 and 6.
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| Apparatus \ Systems settings |
XRD: > X-ray source: cobalt (Co) Ka
XPERTPRO diffractometer (A =0.17890 nm)
(PANalytical BV, Netherlands) > Generator operation:
50 kV and 30 mA

> Measurement settings:
20 = 10— 90°, step size = 0.017°
and time per step = 15 s

Raman spectrometer:

T64000 micro-Raman spectrometer > Laser wavelength: 514 nm
(HORIBA Scientific, Jobin Yvon > Laser power: 3.0 mW
Technology) > Spectral acquisition time: 120 s

> Objective: 100x/0.9

WITec alpha300R confocal Raman > Laser wavelength: 532 nm
microscope > Laser power: 4.0 mW
> Spectral acquisition time: 10 s
> Objective: 100x/0.9

FTIR spectrometer: > Range: 400 to 4000 cm !
Perkin Elmer Spectrum > Samples analyzed as
RXI system KBr pellets
SEM: > Voltage: 2.0 kV

Zeiss Ultra Plus 55 field emission
scanning electron microscope
equipped with EDS

TEM: > Voltage: 200.0 kV
Jeol JEM-2100F Field Emission
Electron Microscope
XPS: > Beam voltage: 10 kV
Physical Electronics VersaProbe
5000 spectrometer

Table 4.2: Characterization techniques (apparatus and systems settings).

4.6 Electrochemical characterization

All electrochemical analysis were carried out on a Biologic VMP-300
potentiostat (Knoxville TN 37,930, USA) controlled by the EC-Lab V10.37

software at room temperature. In the three-electrode system, a glassy carbon
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plate was used as the counter electrode and Ag/AgCl (3 M KCl) electrode
served as the reference electrode. The electrochemical performance of the

electrodes was evaluated in both three and two electrode setup using the

settings listed in table 4.3.

| Experiments \ Settings |
Cyclic voltammetry > Scan rates: 5 to 100 mV s~ 1
> Voltage range: 0.0— 0.5V and

—1.2—-0.0V vs. Ag/AgCl

(three-electrode);

0.0— 1.7V (two-electrode)
Galvanostatic charge/discharge | > Current density: 0.2—10A g1
> Voltage range: 0.0— 0.5 and

—1.2—-0.0V vs. Ag/AgCl
(three-electrode);
0.0— 1.7V (two-electrode)
Electrochemical impedance > Frequency: 10 mHz—100 kHz
spectroscopy (Open circuit potential)

Table 4.3: Electrochemical analysis settings for three and two electrode
setup.

4.7 Preparation of the working electrodes

The working electrode of VS, nanosheets was prepared by coating a mixture
of 80 wt% active material, 10 wt% carbon black and 10 wt% polyvinylidene
fluoride (PVDF) binder dispersed in N-methylpyrrolidone (NMP) solution onto
a piece of nickel foam (1 x 1cm?), as illustrated in figure 4.3. The slurry was
coated on both sides of the current collector for three-electrode and on one
side for two-electrode measurements. After pasting, the electrode was dried

at 60 °C overnight, and thereafter, the coated active material was pressed onto
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Polyvinylidene fluoride
Active material Carbon black (PVDF) binder

80 wt% 10 wt% 10 wt%

el Grinding in a mortar

N — % 1 “%?N-methylpyrrolidone
| SZ{(NMP) solution

Current collector (Ni foam)

Pasted slurry (mass = 2 mg)

Figure 4.3: Process scheme for electrode preparation by coating a mixture
of active material, carbon black and PVDF binder dispersed in
NMP solution onto a piece of nickel foam.

the nickel foam under a pressure of 30 MPa.

The C-Fe/PANI working electrode was prepared as discussed in the synthesis
method (see figure 4.2). Similar to preparation of VS, electrode, the slurry
was coated on both sides of the current collector for three-electrode and on one

side for two-electrode measurements.

The masses of the working electrodes (both positive and negative) ranged

between 2 and 5 mg. The electrochemical measurements of VS, and
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C-Fe/PANI electrodes were carried out in the three-electrode system in 6 M

KOH, 1 M Li»SO4 and 1 M Na,SO4 electrolyte solution.

4.8 Fabrication of the supercapacitor device

The supercapacitor devices were fabricated based on VS, nanosheets as
a cathode and C-Fe/PANI as an anode (asymmetric supercapacitor) and
C-Fe/PANI electrode as both positive and negative electrode (symmetric
supercapacitor) using 6 M KOH electrolyte, as illustrated in figure 4.4.
Due to the difference in the specific capacity of the electrode in positive
and negative potential window, a charge balance, Q. = Q_ was done (see
equation 2.4 in chapter 2). Based on this, the mass balance between the
electrode in positive and negative potential window was achieved and for
VS,//C-Fe/PANI asymmetric supercapacitor the mass ratio is m /m_ ~ 4,
and for C-Fe/PANI//C-Fe/PANI symmetric supercapacitor the mass ratio is
m; /m_ = 1. The electrochemical performance of the fabricated supercapacitor

devices was evaluated using the settings listed in table 4.3.



(a) ', -r Positive case (b) l,\_-‘; Positive case
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f » VS, (Cathode) / » C-Fe/PANI
Asymmetricrl Symmetric ,' (Cathode)
supercapacitor " > Separator  supercapacjtor > Separator
» C-Fe/PANI » C-Fe/PANI
) (Anode) (Anode)
» Spacer » Spacer
‘ 'l
“ > Spring > Spring
\
A ’ B .
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Figure 4.4: Schematic illustration of the assembled structure of
supercapacitor devices based on (a) VS, nanosheets as a cathode
and C-Fe/PANI as an anode (asymmetric supercapacitor) and
(b) C-Fe/PANI electrode as both positive and negative electrode
(symmetric supercapacitor) using 6 M KOH electrolyte.
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Chapter 5

Symmetric supercapacitor with
supercapattery behavior based
on carbonized iron cations
adsorbed onto polyaniline

5.1 Introduction

This chapter presents experimental findings on the structural and
morphological characterization of the as-synthesized C-Fe/PANI electrode,
including the electrochemical properties of the fabricated C-Fe/PANI

symmetric device.

5.2 Results and discussion

The structural, morphological and compositional characterization of the
as-synthesized electrode materials was carried out using different techniques

such as X-ray diffraction (XRD) for crystal structure analysis, Raman

110
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and Fourier transform infrared (FT-IR) spectroscopy for information on
chemical structures and molecular interactions (vibrational modes), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
for morphology, energy-dispersive X-ray spectrometer (EDS) for elemental
composition of the sample and X-ray photoelectron spectroscopy (XPS) for the

elemental composition and chemical state of the elements within a sample.

The electrochemical properties of the C-Fe/PANI electrode were evaluated in
a three-electrode cell configuration in both positive and negative potential
window using 6 M KOH electrolyte, and thereafter, a C-Fe/PANI symmetric

device was successfully fabricated.

The results for structural, morphological and composition characterization
are discussed in the attached publication below, including the electrochemical

characterization.
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The electrode material based on the carbonization of Fe cations adsorbed onto polyaniline (PANI)
(C-Fe/PANI) was directly synthesized on nickel foam by pyrolysis of the iron-PANI mixture coated on
nickel foam in a tube furnace under the N, atmosphere. The characterization of the as-synthesized
electrode materials was carried out using X-ray diffraction (XRD), Raman spectroscopy, Fourier trans-
form infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), high-resolution transmission
electron microscopy (HR-TEM) equipped with a scanning transmission electron microscopy along with
energy dispersive X-ray (STEM-EDX) and X-ray photoelectron spectroscopy (XPS). The electrochemical
behavior of the working electrode was analyzed in both positive and negative potential window in a
three-electrode cell configuration using 6 M KOH electrolyte, and thereafter, a C-Fe/PANI symmetric
device was successfully fabricated. The C-Fe/PANI symmetric device was found to perform at a high
applied potential difference of 1.65 V in 6 M KOH. At a current density of 0.5 A g, this device exhibited
energy and power densities of 4.3 Whkg ! and 231.9W kg ! respectively. Additionally, the device
exhibited a maximum power of 469.4 kW kg~ . The device further showed excellent cycling stability with
100% Columbic efficiency and capacity retention of 72% at a current density of 5Ag~" over 10000

galvanostatic charge-discharge cycles.

© 2018 Published by Elsevier Ltd.

1. Introduction

The development of high-performance energy storage devices is
an important issues due to the great need for energy consumption
in our modern daily lives [1—4]. Among various types of energy
storage devices, supercapacitors (SCs) have attracted great atten-
tion for potential applications in electronic circuits, electric
vehicles, and backup power generators [5]. This is due to the
attractive properties of SCs such as portability, high efficiency, fast
charge-discharge capability, long lifecycle stability, operational
safety, and high power density [1]. The charge storage mechanism
in SCs is divided into two classifications, namely, the electric
double-layer capacitors (EDLCs) and pseudocapacitors [4,6,7]. In
EDLCs, the electrochemical capacitors main energy storage is
attained by double-layer capacitance, and in this charge storage
process, there is no transfer of charges. Carbon-based materials
with a high surface area are usually applied in SCs. In pseudoca-
pacitors instead, the electrical energy is stored faradaically by

* Corresponding author.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

https://doi.org/10.1016/j.electacta.2018.01.001
0013-4686/© 2018 Published by Elsevier Ltd.

electron charge transfer between electrode and electrolyte [4]. This
is accomplished through electrosorption, reduction-oxidation
reactions (redox reactions), and intercalation processes, called
pseudocapacitance. The electrically conducting polymers and
transition metal oxides/hydroxide/sulfides are normally used in
pseudocapacitors [8—11].

Among various conducting polymers, that have been studied,
polyaniline (PANI) has attracted great attention as one of the most
promising pseudocapacitive material suitable for the next genera-
tion of SCs due to its high pseudocapacitance, lightweight, low cost,
controllable electrical conductivity, high energy density, facile
synthesis, and environmental friendliness [12—15]. However, PANI
experience volume changes, i.e. the pseudocapacitive processes of
PANI involve the swelling, shrinkage and cracking of the material
during charging/discharging, which could result in cycling insta-
bility and poor rate performance [5,16,17]. It is shown in previous
published reports that the electrochemical performance of PANI
can be improved by use of PANI—carbon composites with carbon
materials such as carbon nanotubes, nanofibers, graphene sheets
and powdered activated carbon due to their high stability, good
conductivity and high affordability [ 16—23]. Moreover, The need to
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develop high-performance supercapacitors has led to the incor-
poration of metals and metal oxide particles into PANI to enhance
its electrical conductivity [24]. It has been shown that iron-
containing nitrogen-doped graphitic carbon materials, PANI in
particular, achieve high electrocatalytic performance and exhibit
high stability [25,26]. These iron-containing nitrogen-doped PANI
materials are synthesized by pyrolysis of a mixture of iron, carbon
materials and PANI, in which the nitrogen-atoms originating from
PANI coordinate Fe sites (Fe-PANI/carbon) [25,26]. Other than
containing nitrogen, the preference of PANI is as result of its phenyl
groups which easily produce a graphitic structure during pyrolysis,
thus leading to enhanced electrical conductivity [26]. Although
carbonized Fe-PANI/carbon studies have been reported in the
literature for fuel cell applications [25,26], there are rare studies
done on the carbonized Fe cations adsorbed onto PANI (C-Fe/PANI)
as an electrode material directly synthesized on current collector
for supercapacitor applications.

Herein, we report on a symmetric supercapacitor with super-
capattery behavior based on C-Fe/PANI electrode material. This
study focuses on structural, morphological and composition char-
acterization of the as-synthesized electrode material, and the
electrochemical properties of C-Fe/PANI symmetric device. The
C-Fe/PANI symmetric device was found to perform at a high applied
potential difference of 1.65V in 6 M KOH. At a current density of
0.5Ag" !, this device exhibited a maximum energy and power
densities of 41.3Whkg™! and 231.9Wkg™~! respectively. In addi-
tion, the device showed excellent cycling stability with 100%
Columbic efficiency and 72% capacity retention over 10 000 galva-
nostatic charge-discharge cycles at a current density of 5Ag™".

2. Experimental
2.1. Materials

All the reagents used in this work are of analytical grade and
were used as received without further purification. Aniline hydro-
chloride (CgHsNH;-HCl, purity >99%), ammonium persulphate
((NH4)2S20s, purity >99%) and iron nitrate nonahydrate
(Fe(NO3)3-9H,0, purity >99.95%) were purchased from Sigma
Aldrich. Polycrystalline Ni foam used as a current collector which is
a 3D scaffold template with an areal density of 420gm? and

Fe(NO;);-9H, (Fe source)
PANI

-Iliﬁ.n»

Sonication

Pasted slurry

thickness of 1.6 mm was purchased from Alantum (Munich,
Germany).

2.2. Synthesis of carbonized iron cations adsorbed onto polyaniline

For PANI synthesis: 0.2 M aniline hydrochloride was added to a
50ml solution of 1.0M HCI, and in a separate beaker 0.25M
solution of ammonium persulphate was added to 1.0 M HCl. The
prepared solutions were kept at room temperature for 1 h, there-
after, they were mixed and stirred for about an hour and left to
polymerize. After polymerization, PANI precipitate was collected on
a filter (after been washed several times with 100 ml of 0.2 M HCI,
and acetone) and dried at 60 °C overnight. Furthermore, a mixture
of Fe and PANI was carbonized, in which the N-atoms originating
from PANI can coordinate Fe sites (Scheme 1). Briefly, 0.2 g of
Fe(NOs3)3-9H,0 and 0.0125 g of PANI were dissolved in 50 ml of
ethanol and sonicated in the ultra-sonication bath until the ethanol
was almost completely evaporated. Thereafter, the slurry was
coated on nickel foam (current collector) which was loaded in a
tube furnace and heated to 850 °C and pyrolyzed for 2 h under the
N, atmosphere. After pyrolysis, the as-synthesized carbonized iron
cations adsorbed onto polyaniline prepared directly on Ni foam
(current collector, Scheme 1) without a binder were used as the
negative and positive electrodes (symmetric supercapacitor) with
masses of ~3 mg.

2.3. Structural, morphological and composition characterization

The crystallite structure analysis of the as-synthesized C-Fe/
PANI material was carried out using X-ray diffraction (XRD)
XPERTPRO diffractometer (PANalytical BV, Netherlands) with theta/
2 theta geometry, operating with a cobalt (Co) tube at 50 kV and
30 mA. WITec alpha300R confocal Raman microscope with 532 nm
excitation laser was used to characterize the as-synthesized elec-
trode materials. Raman spectra were measured at room tempera-
ture with the laser power of 4 mW. Fourier transform infrared
(FT-IR) spectroscopy performed in the range of 400—4000cm™!
using Perkin Elmer Spectrum RX I FT-IR system was used to char-
acterize the as-synthesized materials. The scanning electron
microscopy (SEM) images of the samples were obtained using a
Zeiss Ultra Plus 55 field emission scanning electron microscope

’
N

~. Pyrrolic

C-Fe/PANI
Carbonization

Scheme 1. Schematic illustration of the synthesis route for carbonized iron cations adsorbed onto polyaniline (C-Fe/PANI), and representation of PANI structure with the different
possible N configurations (i.e. pyridinic N, pyrrolic N and graphitic N) some of which coordinate Fe sites.
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(FE-SEM) operated at 2.0 kV. For transmission electron microscopy
(TEM) analysis of the samples, the ethanol solution containing the
sample was dispersed on a formal-coated copper grid and the
analysis was carried out in a high-resolution transmission electron
microscopy (HR-TEM) JEOL 2100 (from Tokyo Japan) equipped with
LaBg filament, a Gartan U1000 camera of 2028 x 2028 pixels and
operated at 200kV. The HR-TEM is equipped with a scanning
transmission electron microscopy along with energy dispersive
X-ray (STEM-EDX) which were used for elemental distribution
analysis and to estimate the elemental composition of the samples.
X-ray photoelectron spectroscopy (XPS) measurements of the
as-synthesized material were carried out using a Physical Elec-
tronics VersaProbe 5000 spectrometer.

2.4. Electrochemical characterization

All electrochemical analysis were carried out on a Biologic
VMP-300 potentiostat (Knoxville TN 37,930, USA) controlled by the
EC-Lab V10.37 software at room temperature. The working elec-
trode (C-Fe/PANI) was prepared as discussed in the synthesis
method (Scheme 1). Briefly, a mixture of PANI and Fe dissolved in
ethanol was sonicated until the ethanol was almost completely
evaporated, and thereafter, the slurry was coated on nickel foam
(i.e. on both sides for three-electrode and on one side for two-
electrode measurements) which was loaded in a tube furnace for
pyrolysis. After pyrolysis, the as-synthesized C-Fe/PANI samples

M.N. Rantho et al. / Electrochimica Acta 262 (2018) 82—96

with a mass of about 3 mg (i.e. a mass of the active material) were
used as the cathode and anode. The electrochemical measurements
of C-Fe/PANI electrodes were carried out in the three-electrode
system using 6 M KOH aqueous electrolyte solution. Cyclic
voltammetry (CV) was performed at scan rates of 5-100mV s~ in
the applied potential range of 0.0—0.45V vs. Ag/AgCl and —1.2 to
0.0V vs. Ag/AgCl for cathode and anode, respectively. The galva-
nostatic charge-discharge (GCD) curves for both working elec-
trodes were tested. The electrochemical impedance spectroscopy
(EIS) was measured in an open circuit potential over a frequency
range of 10 mHz—100 kHz. The electrochemical analysis of the
C-Fe/PANI electrode was also evaluated in a two-electrode sym-
metric device using 6 M KOH aqueous electrolyte solution. It is
worth mentioning that the C-Fe/PANI electrode materials for both
three-electrode and two-electrode electrochemical cells are the
same and the current collector is Ni in both cells.

3. Results and discussion
3.1. Structural, morphological and composition characterization

Fig. 1(a) shows the XRD pattern of the as-synthesized C-Fe/PANI
sample which displays very strong diffraction peaks of the Ni
(current collector) which suppresses the weak diffraction peaks of
the active material, i.e. carbonized Fe/PANI mixture. The strong
diffraction peaks of the Ni substrate were avoided by preparing

(a)

Ni

(b) T
— C-Fe/PANI
—— C-PANI

—— PANI

s .
. -
(1] .
-y s\
2 Ni ]
[ 1
= £ |==Fe (a)
J —Fejc (®
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. C-H
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Fig. 1. The XRD pattern of the as-synthesized C-Fe/PANI: (a) with Ni foam (current collector) and (b) without Ni foam, and the matching ICSD cards for Fe, FesC and FeS. The XRD
pattern of the carbonized PANI (C-PANI) and pure PANI. (c) The Raman and (d) FTIR vibration spectra of the as-synthesized C-Fe/PANI, C-PANI and PANIL
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C-Fe/PANI as a powder sample (i.e. without pasting on Ni foam)
following the same procedure illustrated in Scheme 1, and
Fig. 1(b) shows the XRD of the as-synthesized sample. The
diffraction peaks of the as-synthesized C-Fe/PANI sample were
indexed to an orthorhombic structure of Fe3C with a space group
of P n m a using the best matching Inorganic Crystal Structure
Database (ICSD) card #16593 for FesC, as shown in Fig. 1(b).
However, some of the diffraction peaks of the C-Fe/PANI do not
match with the FesC standard, those were found to match the
ICSD card no. 35008 for FeS (crystal system: orthorhombic and
space-group: P n m a) which suggests that during the pyrolysis
process the degradation of ammonium persulphate from PANI
synthesis generated iron sulfide. In addition to FesC and FeS
diffraction peaks, the diffraction peak at about 52° could also be
due to metallic Fe, since during the pyrolysis process the Fe
cations could be reduced to metallic iron by the reaction with
pyrolytic carbon from PANI [27]. A broad diffraction peak at
about 30° matches the PANI peak in comparison to pure PANI
XRD, however, is it assigned to the XRD graphitic plane (002). In
addition, the XRD pattern of the pure PANI and carbonized PANI
(C-PANI) appear similar and show a broad diffraction peak at
about 30°. The values of 20 and d-spacing obtained from the XRD
pattern of the as-synthesized C-Fe/PANI sample (Fig. 1(b)) and
the matching data of FesC, FeS and Fe from the crystal structure
database are summarized in Table 1.

The chemical structure of the as-synthesized C-Fe/PANI was
investigated using the Raman and FTIR vibration spectra, as shown
in Fig. 1(c) and (d) respectively. Additionally, the Raman and FTIR
vibration spectra of the C-Fe/PANI were compared to the vibration
spectra of pure PANI and carbonized PANI (Fig. 1(c) and (d)). The
Raman spectra in Fig. 1(c) show the D band (~1350 cm™~!) which is a
breathing mode of sixfold rings (Ajg symmetry) and confirms the
presence of the functional groups of PANI since it only appears in
the presence of disorder in the carbon lattice sites. The Raman
spectra also show the G band (~1602 cm~") which involves in-plane
bond stretching displacements of sp? carbon atoms (E2g symmetry)
hence is common to all sp>-hybridized carbonaceous materials
[28]. In the range of 1240—1700cm™}, the vibration bands are

Table 1

attributable to PANI functional groups, as shown in Fig. 1(c) for
C-Fe/PANL Generally, the Raman spectrum of PANI reveals func-
tional groups at approximately 1210 and 1346 cm™! (C—N stretch-
ing), 1412cm~! (C—C stretching), 1490 cm™!(C=N stretching),
1585cm ™! (C=C stretching) and 1610cm™! (C—C stretching),
[12,29]. Furthermore, the vibration bands in the range of
200-550 cm ™! originate from Fe—PANI vibration bands (e.g. Fe—C,
Fe—N, Fe—S, etc.), and are similar to those reported by Pradhan et al.
[30]. In view of the FTIR spectra in Fig. 1(d), the FTIR spectra clearly
show that a pure PANI has high-intensity vibrational peaks in the
range of 400—1800 cm ™! confirming a high content of functional-
ities in the material. However, these peaks are noticeably decreased
by carbonization of the PANI (see the FTIR spectrum of C-PANI)
suggesting that PANI is partially converted into a new carbon
structure upon pyrolysis. Generally, the functional groups of PANI
are observable at the IR bands of 1139cm™' (C—C stretching),
1296 cm ™! (C—H in-plane bending) and 1588 cm ™! (C=C stretching
of the quinoid ring) [12]. In addition, the functional groups of PANI
are also found at 2922 cm™~! (C—H stretching), 3420 and 3715 cm™!
(N—H stretching), however, the vibration band in the range of
3010—3680 cm ™! is usually assigned to O—H stretching vibrations
[12,31—-33]. No obvious characteristic peaks of iron—compounds
vibrations at ~500 cm~! are observed.

The morphology of the C-Fe/PANI sample was examined using
SEM and the results are shown in Fig. 2(a) and (b). From these
figures, it can be seen that the sample consist of agglomerated
nanograins distributed all over the surface suggesting that Fe
cations adsorbed onto PANI matrix are uniformly dispersed on the
surface of the sample.

Fig. 3(a) and (b) show high-resolution TEM images of the
as-synthesized PANI and C-Fe/PANI, respectively. From these
figures, PANI does not show lattice fringes, as expected because is
amorphous. In contrast to PANI, C-Fe/PANI shows obvious lattice
fringes attributed to the Fe cations on PANI (Fig. 3(c) and (d)). In
addition, Fig. 3(e) and (f) show the diffraction intensity profile of
the lattice fringes area in Fig. 3(c) and (d), respectively. Fig. 3(e)
displays the lattice fringe spacing of 0.298 nm corresponding to the
(011) plane of FeS. The lattice fringe spacing of 0.201 nm in Fig. 3(f)

The values of 20 and d-spacing obtained from the XRD pattern of the as-synthesized C-Fe/PANI sample (Fig. 1(b)) and the matching 20 values, including the d-spacing
and the corresponding (h k [) planes obtained from the crystal structure database for FesC, FeS and Fe.

Obtained data Crystal structure database

C-Fe/PANI FesC (#16593) FeS (#35008) Fe (#64795)

20 (°) d-spacing (nm) 20 (°) d-spacing (nm) hkl 20 (°) d-spacing (nm) hkl 20 (°) d-spacing (nm) hkl
29.72 0.349

34.81 0.299 34.676 0.300 011

39.16 0.267 39.175 0.267 111

41.38 0.253 41.155 0.255 200

43.99 0.239 43.992 0.239 121

46.48 0.227 46.599 0.226 002

47.49 0.222 47.569 0.222 201 47.302 0.223 210

50.56 0.209 50.241 0.211 211 50.674 0.209 211

51.16 0.207 51.293 0.207 102

52.32 0.203 52.24 0.203 220 51.995 0.204 011
53.73 0.198 53.829 0.198 112

55.29 0.193 56.871 0.188 022

57.08 0.187 56.415 0.189 103

57.65 0.186 57.715 0.185 221

61.11 0.176 61.003 0.176 122

62.38 0.173 62.153 0.173 013

64.16 0.168 64.043 0.169 040

66.21 0.164 66.553 0.163 302

68.46 0.159 68.539 0.159 301

72.63 0.151 72.575 0.151 222 73.173 0.150 004

75.02 0.147 75.795 0.146 400

76.37 0.145 76.617 0.144 002
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Fig. 3. (a) and (b) High-resolution TEM images of the as-synthesized PANI and C-Fe/PANI, respectively. (c) and (d) High-resolution TEM images of the as-synthesized C-Fe/PANI
displaying lattice fringes attributed to the Fe cations on PANL. (e) and (f) The diffraction intensity profile of the lattice fringes area in (c) and (d), respectively.
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corresponds to the (220) and (011) planes of FesC and Fe, respec-
tively (see Table 1).

To further evaluate the dispersion of Fe cations on the PANI
structure, the elemental mapping was obtained for as-synthesized
PANI and C-Fe/PANI using a scanning transmission electron
microscopy along with energy dispersive X-ray and the maps are
displayed in Figs. 4 and 5, respectively. Fig. 4(a) shows a scanning
transmission electron microscopy image and Fig. 4(b)—(e) show the
corresponding energy dispersive X-ray maps of C, N, O and S
obtained from the as-synthesized PANI sample. Similarly, Fig. 5(a)
shows a scanning transmission electron microscopy image and
Fig. 5(b)—(f) show the corresponding energy dispersive X-ray maps

of C, N, O, S and Fe obtained from the as-synthesized C-Fe/PANI
sample. In Fig. 4, the detected elements, i.e. C, N and O are the main
elements of the composition of PANL In this sample, the detection
of S only shows trace amount (0.01 wt%). In contrast to PANI,
C-Fe/PANI sample shows a significant amount of S (6.4 wt%, see
Table 2) attributed to the degradation of ammonium persulphate
during the pyrolysis process. In addition, a significant amount of Fe
aggregates is also observed confirming that Fe cations adsorbed
onto PANI matrix are dispersed on the surface of the agglomerated
nanograins distributed all over the surface of the C-Fe/PANI sample.
The EDX elemental compositions for as-synthesized PANI and
C-Fe/PANI samples are listed in Table 2.

Fig. 4. (a) Scanning transmission electron microscopy image and (b)—(e) the corresponding energy dispersive X-ray maps of C, N, O and S obtained from the as-synthesized PANI

sample.

Fig. 5. (a) Scanning transmission electron microscopy image and (b)—(f) the corresponding energy dispersive X-ray maps of C, N, O, S and Fe obtained from the as-synthesized C-Fe/

PANI sample.



118

5.3. Publication

88
Table 2
Summary of the EDX elemental compositions of as-synthesized C-Fe/PANI and PANIL.
Sample Element (Wt%)
C N [¢] S Fe
C-Fe/PANI 51.1 8.2 4.1 6.4 30.2
PANI 81.03 10.16 8.80 0.01 -

The configuration of atoms (e.g. Fe, N, C and O) in the
as-synthesized C-Fe/PANI sample was further analyzed by XPS.
Fig. 6(a) shows the core level spectrum of Fe 2p of the
as-synthesized C-Fe/PANI sample which reveals the binding energy
peak at around 707eV corresponding to Fe 2ps;; core level
photoelectrons. The fitted Fe 2p3); peak reveals Fe3* (708.1 eV) and
Fe?* (706.5 eV) oxidation states present in the sample which could
be mainly due to iron-carbide, iron-sulfide and iron-nitride
configurations. On the other hand, the fitted peak at 706.5eV
(Fe®) also indicates the presence of metallic Fe in the sample [34]. In
Fig. 6(b), the core level spectrum of N 1s reveals different nitrogen
configurations, i.e. pyridinic N at 398.6 eV, pyrrolic N at 400.2 eV
(bound to a hydrogen atom) and graphitic N at 401.5 eV (includes
ammonium species) present in the sample which are typically
found in N-containing/doped carbon materials (e.g. PANI). A
pyridinic N peak (398.6eV) and N—Fe bound configuration peak
(399.3 eV) occur at almost the same binding energy [35], hence
pyridinic N peak may also consist of contribution from N—Fe.

M.N. Rantho et al. / Electrochimica Acta 262 (2018) 82—96

Fig. 6(c) shows the core level spectrum of C 1s which reveals
different carbon components, namely, C=C at 284.5 eV (sp? car-
bon), C—C at 285.3 eV (sp> carbon), C—OH/C—N at 286.5 eV, C—0—C
at 287.6 eV and C=0 at 288.9 eV [36,37]. The high-intensity peak at
284.5eV (C=C) confirms the predominance content of graphitic
carbon in the sample. Additionally, the core level spectrum of O 1s
(Fig. 6(d)) shows oxygen components at binding energies of
532.7 and 5309 eV attributed to C—OH/C—0—C and C=O0 respec-
tively [38].

3.2. Electrochemical characterization

To study the electrochemical performance of the material, the
C-Fe/PANI electrodes were firstly evaluated in three-electrode
configuration in both positive and negative potential window
using three different electrolytes at a scan rate of 50mVs~/, as
shown in Fig. 7(a). From the figure, it can be seen that 6 M KOH is
the best electrolyte for both positive and negative potential win-
dow compared to 1M NaySO4 and 1M Li,SO4 electrolytes, as it
gives a high current response. The low current response in 1M
NapS04 and 1M LipSO4 electrolytes may be due to the ionic con-
ductivity of Na* and Li* which are much lower than that of K*.
Consequently, the ionic conductivity of 1 M Na;SO4 and 1 M Li;SO4
electrolytes is much lower than that of 6 M KOH electrolyte, which
is attributed to the high mobility of OH™ anions in water solutions.
In fact, the OH™ anion has the highest ionic conductivity among
anions [39]. A high concentration of 6 M KOH electrolyte also

(a)

Fe 2p
Fe2p,,

2+, 0
Fe2p,, Fe" /Fe
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N1s
Pyridinic N/N-Fe
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Graphitic N
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Fig. 6. (a) The XPS core level spectrum of (b) Fe 2p, (c) N 1s, (d) C 1s and (e) O 1s of the as-synthesized C-Fe/PANI sample.
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Fig. 7. (a) CV curves of C-Fe/PANI in different electrolytes at a scan rate of 50 mV s~ in both positive and negative potential window. (b) CV curves of both C-PANI and C-Fe/PANI at a
scan rate of 50mV s~ ! in 6 M KOH electrolyte. (c) GCD curves of both C-PANI and C-Fe/PANI at 1 Ag~". (d) The specific capacity of both C-PANI and C-Fe/PANI and as a function of a

cycle number at a current density of 5Ag~".

increases the number of ions hence the ionic conductivity of the
electrolyte also increases. It is noticeable that in the negative
potential window, carbonaceous part of the electrode (i.e. PANI)
dominates displaying EDLC behavior, however, in the positive
potential window, the faradic behavior dominates. Such behavior in
the positive electrode is mainly influenced by the presence of
functional groups in electrochemical activities and the additional
contribution of pseudocapacitance of iron-composite layer. Fig. 7(b)
shows the CV curves of both carbonized PANI and carbonized
Fe/PANI mixture in both positive and negative potential window at
a scan rate of 50 mVs~! in 6 M KOH electrolyte. From Fig. 7(b) it is
clear that C-Fe/PANI exhibits high current response compared to
C-PANIL. This clearly reveals that Fe cations enhance the electrical
conductivity of C-Fe/PANI.

To further evaluate the cycling performance of the C-Fe/PANI in
comparison to C-PANI, the electrodes were subjected to 5000
charge-discharge cycles at a current density of 5A g~ ! of which the
few cycles for both electrodes are shown in Fig. 7(c). From the
figure, it can be seen that C-PANI charge and discharge fast than
C-Fe/PANI electrode which suggest that C-Fe/PANI electrode has a
better charge storing capacity. From the acquired GCD curves the
specific capacity (Qs) for both C-PANI and C-Fe/PANI electrode was
calculated, and shown as a function of number of circles in Fig. 4(d),

using the following equation [4,40—43]:

()

where [ is the applied current (A), m is the total mass of the active
material (g), and t is the time taken for a complete discharge cycle
(s).

From Fig. 7(d), it can be seen that C-Fe/PANI has high specific
capacity compared to C-PANI electrode and also exhibits excellent
cycling stability with 78% capacity retention over 5000 GCD cycles
compared to C-PANI with capacity retention of 66%. This is in
agreement with studies that have shown that iron-containing PANI,
achieve high electrocatalytic performance and exhibit high cycling
stability [25,26]. In addition, the recent reports have shown that
iron sulfides in conducting polymers improve cycling stability [44].

To further evaluate the C-Fe/PANI electrode in the three elec-
trode configuration using 6 M KOH electrolyte, the CV curves of
C-Fe/PANI electrode at different scan rates in the range of
5-100 mV s~ ! in a negative potential window range of —1.2 to 0.0V
are shown in Fig. 8(a). In the figure, the CV curves show relatively
rectangular shapes, which is a typical EDLC behavior. Also, in a
negative potential window range of —1.2 to 0.0 V, the GCD curves of

I
m

-t
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Fig. 8. (a) CV curves of C-Fe/PANI negative electrode at different scan rates in a potential window range of —1.2 to 0.0 V. (b) GCD curves of the C-Fe/PANI negative electrode at
different current densities. (c) CV curves of C-Fe/PANI positive electrode at different scan rates in a potential window range of 0.0—0.45 V. (d) CD curves of the C-Fe/PANI positive
electrode at different current densities. (e) Specific capacitance as a function of scan rate for C-Fe/PANI positive and negative electrode, respectively. (f) The specific capacity of both

C-Fe/PANI positive and negative electrodes as a function of current density.

C-Fe/PANI electrode at various current densities in the range of
0.5-5Ag"! are shown in Fig. 8(b). These GCD curves show almost
linear behavior, thus, illustrating mostly EDLC behavior in agree-
ment with the CV curves of the C-Fe/PANI electrode. Furthermore,
the C-Fe/PANI electrode was evaluated in a positive potential
window range of 0.0—0.45V, and Fig. 8(c) shows the CV curves of
the electrode at different scan rates ranging from 5 to 100 mV's ™.

These CV curves reveal the presence of a well-defined pair of redox
peaks (cathodic at ~0.2V and anodic at ~0.4V) and the corre-
sponding peaks shoulders (cathodic peak shoulder at ~0.3V and
anodic peak shoulder at ~0.2V) which are due to the electro-
chemical redox reactions arising from the presence of functional
groups which have high redox reactivity characteristics in the
positive potential window. Additionally, the cathodic peak can also
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be attributed to the reversible conversion between Fe(II/Ill) redox
couple and on the other hand, the anodic peak can be attributed
to the oxidations: FesC — Fe>* and Fe — Fe?*. FeS is reported to
behave much less reversibly [45]. Consequently, the high current
response observed in the positive potential window is attributed to
synergistic electrochemical effect/reaction caused by PANI and Fe.
The GCD curves of C-Fe/PANI electrode are shown in Fig. 8(d) at
current densities ranging from 0.5 to 5.0 Ag™". These curves show
potential steps, i.e. a fast potential drop (~0.4—0.25V) and slow
potential drop (~0.25—0.15 V) which confirms the faradic behavior
of the C-Fe/PANI electrode in the positive potential window in
agreement with the CV curves. Moreover, the specific capacitance
(Gs) of C-Fe/PANI was calculated as a function of scan rate from the
CV curves integrals for both positive and negative potential win-
dows as shown in Fig. 8(e), using the following equation:

/I(V)dv
&= AV 2)

where m is the total mass of the active material (g), v is the scan rate
% 5! ), AV = V¢—Vj, and Vrand V; are the integration potential limits
of the CV curve (V), and I (V) is the CV current (A).

From Fig. 8(e) it can be seen that at a scan rate of 5mVs~,
C-Fe/PANI electrode exhibits a high specific capacitance of
1130.8 Fg~ ! in the positive potential window compared to negative
potential window in which it exhibits a specific capacitance of
486.5Fg~'. Additionally, the specific capacity of the electrode in
both positive and negative potential window was calculated as a
function of current density from the GCD curves using Equation (1),
as shown in Fig. 8(f). From Fig. 8(f) it is clear that C-Fe/PANI exhibits
higher specific capacity of 106.7mAh g~! in the negative potential
window compared to 14.6mAhg' exhibited in the positive
potential window at a current density of 0.5 A g~ It is clear that the
specific capacity of the working electrode continuously decreases
with increasing current density in both potential windows.
Generally, this may be due to the increasing electronic field within
the cell setup, increased by increase in current density which alters
both faradic and EDLC processes. In addition, the observed decrease
in the specific capacity can also be attributed to the ion exchange
mechanism where at low current density, a high specific capacity is
obtained because the K" in the negative and OH™ in the positive
potential window has enough time to be intercalated/extracted
into/out of the electrode during charging/discharging [46].
However, at high current density, a low specific capacity is obtained
because less charge is transferred between electrolyte and the
electrode.

In order to fully explore electrochemical performance of
C-Fe/PANI electrode as both positive and negative electrode, a
symmetric supercapacitor device (scheme in Fig. 9(a)) with a
supercapattery behavior was fabricated using 6 M KOH electrolyte.
In addition, due to the difference in the specific capacity of the
electrode in positive and negative potential window, a charge
balance, Q. = Q_ was done, where Q, and Q. are charge stored in
the electrode in both positive and negative potential window
respectively. The charge balance is necessary in order to acquire the
optimal performance of the device. Based on the charge definition,
Q = CsmAV, the mass balance between the electrode in positive and
negative potential window was achieved (m./m_ = 1) using the
following expression [40]:

my Cs(—y x V-
m_ Gy x Vi

(3)

where Cs(;) (= 1130.8Fg™! at a scan rate of 5mVs~!) and Cs(_)

(= 486.5Fg ™! at a scan rate of 5mV s~ ') are the specific capaci-
tance of the active material of the electrodes in positive and
negative potential window respectively, m, and m_ are the masses
of the active material of the electrodes in positive and negative
potential window, and V, (= 0.45V) and V_ (= 1.2V) are the
positive and negative potential windows of the working electrodes
respectively.

After the mass balance ratio (m,/m_= 1) was obtained, the
as-synthesized positive and negative electrode with similar masses
(m, = 2.6 mg and m. = 2.4 mg) were used for device fabrication.
Fig. 9(b) shows the CV curves of C-Fe/PANI electrode in the positive
and negative potential window evaluated in three-electrode
measurements at a scan rate of 50mVs~. Since the C-Fe/PANI
electrode has a potential window range of —1.2 to 0.0V and
0.0—0.45V in the negative and positive potential window respec-
tively, the CV curves of the C-Fe/PANI symmetric cell was able to
reach potential window in the range of 0.0—1.65V, as shown in
Figs. 9(c) and 6(d). Fig. 9(c) shows the CV curves of the device in the
potential window of 0.0—1.2 and 0.0—1.65V both at a scan rate of
50mVs . The figure clearly illustrates the EDLC and faradic
behavior of the device. It can be seen that the EDLC contribution has
equivalent positive and negative currents, on the other hand, the
faradic contribution shows much higher positive current compared
to EDLC contribution suggesting that the contribution of the posi-
tive electrode to the total current of the device dominates hence the
device has mostly faradic behavior. Fig. 9(d) shows the CV curves of
the device at different scan rates in the range of 5-100mV s~ It
can be seen from the CV curves that a device has a combined
contribution of EDLC and faradic behavior and such combined
behavior was named “supercapattery” (supercapacitors-batteries:
from combined characteristics of pseudocapacitor behavior for
negative electrode and battery-like behavior for positive electrode)
[47,48]. In addition, Fig. 9(e) show the GCD curves at different
current densities in the range of 0.5—5Ag~! which shows the
potential steps confirming the faradic behavior of the device in
agreement with CV curves (Fig. 9(d)).

In addition, the energy density, Eq (W h kg~') and power
density, Py (W kg~!) of the fabricated C-Fe/PANI symmetric
supercapacitor device were calculated from the GCD curves at
different current densities in the range of 0.5-5Ag™" (Fig. 9(e))
using the following expressions:

. (i) / v(t)dt “

3.6E,
Py =5 (5)

where [ is the applied current (A), m is the total mass of the active
material (g), [ V(t)dt is the integral under the discharge curve from
GCD curve of the device, and At is the discharge time (s).

At a current density of 0.5 A g™, the device exhibited energy and
power densities of 41.3Whkg™! and 231.9Wkg ™! respectively.
Fig. 10(a) shows the Ragone plot of the device which describes the
relationship between energy density and power density, including
the energy and power density regions for lithium ion batteries
(faradic behavior) and electrochemical capacitors (EDLC behavior).
The Ragone plot clearly shows that the power densities for C-Fe/
PANI symmetric supercapacitor device are within the upper end of
the electrochemical capacitors' region confirming the super-
capacitor characteristics the device and the energy densities for the
device extend to the upper end of lithium Ion batteries' region
confirming a battery-like behavior of the device at low current
densities. Therefore, based on the power and energy density
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Fig. 9. (a) Schematic illustration of the fabricated C-Fe/PANI symmetric supercapacitor using 6 M KOH aqueous electrolyte. (b) CV curves of C-Fe/PANI electrode in the positive and
negative potential window evaluated in three-electrode measurements at a scan rate of 50mV s~ (c) CV curves of the device in the potential window of 0.0-1.2 and 0.0-1.65V
both at a scan rate of 50 mV s~ (illustrates the EDLC and faradic behavior of the device). (d) CV curves of the device at different scan rates in the range of 5-100mVs~' (e) GCD

curves of the device at different current densities in the range of 0.5-5Ag ..

(combined supercapacitor-battery characteristics), it is suggested
that the C-Fe/PANI symmetric device could be classified as
“supercapattery” type of electrochemical power sources. Further-
more, as shown in the Ragone plot, the power and energy densities

obtained in this work are superior to those reported on PANI based
symmetric devices [5,18,49]. Furthermore, the maximum power,
Pmax of the device obtained is 469.4 kW kg~ .. The following stan-
dard approach was used to calculate the maximum power at the
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Fig. 10. (a) Ragone plot of the C-Fe/PANI symmetric device showing the relationship between energy and power densities, including the energy and power density regions for
lithium ion batteries (faradic behavior) and electrochemical capacitors (EDLC behavior). (b) The columbic efficiency and the specific capacity retention as a function of a cycle
number for the device at a current density of 5A g~". (c) The Nyquist plots before and after cycling stability of the device (the inset shows the enlarged high-frequency region of the
plots). (d) The equivalent circuit diagram used to fit the Nyquist plot after stability in (c) (i.e. a red solid-line). (e) The phase angle versus frequency. (f) Real and imaginary plot of
capacitance as a function of frequency. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

matched impedance condition [1]:

V2
Prmax = 4mRg

(6)

where V is the maximum potential window of the device (= 1.65 V),
m is the total mass of the active materials (= 5.0 x 10-6kg), and Rs

is the solution resistance (= 0.29 Q) as determined from the Nyquist
plots.

Fig. 10(b) shows the plots of columbic efficiency and specific
capacity as a function of cycle number for the device performed at a
current density of 5.0Ag~", which reveals an excellent cycling
stability of the device with a columbic efficiency of 100% and 72%
capacity retention of the initial capacity up to 10 000 cycling. The
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electrochemical behavior of the device was further evaluated using
the EIS, and the EIS of the C-Fe/PANI symmetric device before and
after cycling stability was carried out (Fig. 10(c)). In Fig. 10(c), the
Nyquist plots (imaginary component, Z” versus the real component,
Z' of the impedance) show semi-circle in the high-frequency region
and in the low-frequency region the plots show a linear component
(slightly tilted vertical line with superior angles than 45°) indi-
cating a deviation from ideal capacitive behavior, and also the
existence of a low diffusion resistance of ions within the electrode
materials. The Nyquist plot after cycling stability shows a slight
increase in the diameter of the semi-circle in the high-frequency
region (see the inset to the figure) compared to the Nyquist plot
before cycling stability, indicating some loss of conductivity and
deterioration of the active material due to possible degradation
reactions during cycling. This could be attributed to the adhesion
loss of some electro-active material on the current collector during
a cycle test. The electrodes before and after cycling stability display
a similar and shorter diffusion length descriptive of the easiness of
the movement of ions towards the electrode/electrolyte interface
and the transfer of the charge to the electrodes. Moreover, the plot
after stability was fitted (see a red solid-line in Fig. 10(c)) using
the equivalent circuit diagram shown in Fig. 10(d). In the high-
frequency region, the equivalent circuit diagram presents the
equivalent series (solution) resistance, Rs in series with the charge
transfer resistance, Rcy, and Warburg impedance characteristic
element, W, which can be expressed as W:A/(iw)”z, where A is the
Warburg coefficient, w is the angular frequency parallel to the real
capacitance (Q;) [50]. The Rs and Rcr values represent the ohmic
resistance of the electrodes and the charge-transfer kinetics (fast
ion transport), respectively. In the low-frequency region, an ideal
supercapacitor exhibits a vertical line parallel to the imaginary axis
with a mass capacitance, Q,, however, in practice supercapacitors
show deviation from this ideal behavior which is attributed to a
leakage resistance, Ry arising from the faradaic charge transfer
process [51,52]. In the equivalent circuit, Ry is parallel to the Q. The
Rs and Rct values before stability (Rs = 0.29 Q and Rcr = 1.51 Q) and
after stability (Rs=0.29 Q and Rcr = 2.01 Q) are small and similar
signifying good chemical stability of the electrodes.

Fig. 10(e) shows the impedance phase angle dependence on a
frequency (Bode plot) for the C-Fe/PANI symmetric device and
presents the phase angle value of about —68° in the low-frequency
region, not far from an ideal value of —90° which suggests a full
capacitive behavior of the device. In the low-frequency region, the
frequency dependence of the real and imaginary part of the ca-
pacitances (C'(w) and C”’(w)) was evaluated (Fig. 10(f)) using a
complex capacitance model presented by the following equations
[53,54]:

The impedance, Z(®) given by

1
Z(w) :m (7)
Therefore, C'(w) and C’(w) can be calculated as follows:
) Z'(w)

C =" 8
P @
. Z'(w)

C =— 9

(w) olZ() 9)

where Z' and Z” are the real part and the imaginary part of the
impedance, respectively, defined as

IZ(w)? = Z'(0)* + Z"(w)? (10)

and o =27f. C'(®) is the real accessible capacitance of the cell that
can be delivered and this corresponds to the deliverable capaci-
tance of 0.65 F (Fig. 10(f)). C"(®) corresponds to energy loss by the
irreversible process of the electrodes [54]. In Fig. 10(f), C"(®) shows
a peak at 0.2 Hz giving a relaxation time of 4.31 s which is obtained
by taking reciprocal of maximum frequency. This value reveals that
the device can be fully charged within a short time.

4. Conclusion

In this work, the C-Fe/PANI electrode material was directly
synthesized on a current collector by pyrolysis of the iron-PANI
mixture coated on nickel foam in a tube furnace under the N,
atmosphere. The XRD analysis of the as-synthesized C-Fe/PANI
electrode material confirmed the diffraction peaks of Fe, FesC, FeS
and a broad diffraction peak of graphitized PANI. The Raman and
FTIR vibration spectra of C-Fe/PANI revealed features of the
graphitized carbon material, PANI functional groups, and Fe—PANI
vibration bands. The SEM images of the C-Fe/PANI sample showed
agglomerated nanograins. Additionally, HR-TEM images and
STEM-EDX analysis confirmed the dispersion of Fe cations on the
PANI structure. Furthermore, the XPS analysis confirmed the
presence of Fe>* and Fe?' oxidation states in the sample which
could be mainly due to iron-carbide, iron-sulfide and iron-nitride
configurations. The electrochemical behavior of each working
electrode was analyzed in a three-electrode cell configuration using
6M KOH electrolyte, and thereafter, a symmetric device was
successfully fabricated using C-Fe/PANI as a positive and negative
electrode. The C-Fe/PANI symmetric device was found to perform at
a high applied potential difference of 1.65V in 6 M KOH. At a
current density of 0.5 A g~ !, this device exhibited energy and power
densities of 41.3Whkg™! and 231.9Wkg™! respectively. Addi-
tionally, the device exhibited a maximum power of 469.4 kW kg~ .
Based on the power and energy density, it is suggested that the
C-Fe/PANI symmetric device could be classified as “supercapattery”
type of electrochemical power sources. The device further showed
excellent cycling stability with 100% Columbic efficiency an
capacity retention of 72% at a current density of 5A g~ ! over 10 000
galvanostatic charge-discharge cycles.
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Chapter 6

Asymmetric supercapacitor
based on VS, nanosheets as a

cathode and C-Fe/PANI as an
anode

6.1 Introduction

This chapter presents the experimental findings on the structural and
morphological characterization of the as-synthesized electrode materials (i.e.
VS, nanosheets and C-Fe/PANI) and the electrochemical properties of the

electrodes and fabricated VS,//C-Fe/PANI asymmetric device.

6.2 Results and discussion

The structural, morphological and compositional characterization of the
as-synthesized electrode materials was carried out using different techniques

such as X-ray diffraction (XRD), Raman spectroscopy, Fourier transform

127
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infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM). The
electrochemical properties of the working electrodes (VS, nanosheets and
C-Fe/PANI) were evaluated in a three-electrode cell configuration using 6 M
KOH electrolyte, and thereafter, asymmetric device based on VS, nanosheets

as a cathode and C-Fe/PANI as an anode was successfully fabricated.

Similar to the previous chapter, the results for structural, morphological and
composition characterization are discussed in the attached publication below,

including the electrochemical characterization.
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Energy storage

VS, nanosheets electrode material was successfully synthesized by the hydrothermal method, and the
electrode material (C-Fe/PANI) based on the carbonization of Fe cations adsorbed onto polyaniline (PANI)
was directly synthesized on a nickel foam (current collector) by pyrolysis of the iron-PANI mixture coated
on nickel foam in a tube furnace under the N, atmosphere. The structural and morphological charac-
terization of the as-synthesized electrode materials was carried out using X-ray diffraction (XRD), Raman
spectroscopy, Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM).
The electrochemical behavior of each working electrode was analyzed in a three-electrode cell config-
uration using 6 M KOH electrolyte, and thereafter, a hybrid (asymmetric) device was successfully
fabricated using VS, nanosheets as the positive electrode and C-Fe/PANI as a negative electrode. The
fabricated VS;//C-Fe/PANI asymmetric device was found to perform at a high applied potential difference
of 1.7 V in 6 M KOH. At a current density of 2 A g, this device exhibited high energy and power densities
of 27.8 Wh kg~ ! and 2991.5 W kg~ ' respectively. In addition, a VS,//C-Fe/PANI device showed excellent
cycling stability with 95% capacity retention over 10,000 galvanostatic charge-discharge cycles at a
current density of 5 A g1,

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Supercapacitors (SCs) which are also referred to as electro-
chemical capacitors (ECs) have attracted great interest for the
important application in the area of electrochemical energy storage
because of increasing demand for digital communication, electric
vehicles and other electric devices at high pulse power level [1-7].
Since, SCs are high power-delivery storage devices which are able
to discharge in a shorter time by exploiting their fast surface or near
surface reactions and delivering high power compared to conven-
tional batteries [2,8—10]. Though, SCs are high power-delivery
storage devices (have high power density) they have low energy
density especially compared to rechargeable batteries (Li-ion bat-
teries) [2,11]. Accordingly, research focus in SCs is on improving
their energy density (i.e. ~5—8 Wh kg~!) without compromising
their high power density (i.e. ~5—30 kW kg™!), unlike in
rechargeable batteries which already have high energy density in

* Corresponding author.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

https://doi.org/10.1016/j.electacta.2017.11.074
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

the range of 120—200 Wh kg™, the focus will be on improving the
power density which is in the range of 0.4—3 kW kg~! [2,8,9,12].
Recently, asymmetric (hybrid) systems have been explored to in-
crease the operating electrode potential to improve the energy
density of the SCs. Generally, the behavior of the SCs is mainly
influenced by the charge storage mechanism which is divided into
two classifications, namely, the electric double layer capacitors
(EDLCs) and pseudocapacitors [1,2,13]. In EDLCs, the predominant
energy storage is achieved by double-layer capacitance, and in this
charge storage process, there is no transfer of charges. On the other
hand, in pseudocapacitors, the electrical energy is stored faradai-
cally by electron charge transfer between electrode and electrolyte
[2]. This is accomplished through electrosorption, reduction-
oxidation reactions (redox reactions), and intercalation processes,
called pseudocapacitance.

The electrochemical capacitors have three main categories of
electrode materials which are carbon materials such as carbon
nanotubes, transition metal oxides (e.g. MnO; and RuO;), and
electrochemically conducting polymers, for instance, polyaniline
(PANI) and polypyrrole [14—17]. Among various pseudocapacitive
materials that have been studied, PANI has attracted great attention
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as one of the most promising pseudocapacitive polymer material
suitable for the next generation of supercapacitors. This is due to its
attractive properties such as high pseudocapacitance, light weight,
low cost, controllable electrical conductivity, high energy density,
facile synthesis, and environmental friendliness [18—21]. PANI is
often used as electrode material for supercapacitors and it has three
oxidation states (leucoemeraldine, emeraldine salt, and perni-
graniline) which contribute to its high specific capacitance [22].
Among its three oxidation states, the emeraldine salt has lower
electronic conductivity than that of typical metals [23]. The need to
develop high-performance SCs has led to the incorporation of
metals and metal oxide particles into PANI to enhance its electronic
conductivity [24]. It has been shown that iron-containing nitrogen-
doped graphitic carbon materials, carbonized PANI in particular,
achieve high electrocatalytic performance and exhibit high cycling
stability [15,16]. Generally, carbonaceous materials with Fe cations
have shown enhanced electrochemical performance as the nega-
tive electrode materials for SCs, including iron oxides and hy-
droxides [25—27]. Therefore, the synthesis of carbonized Fe-PANI
hybrid material is promising for achieving high-performance SCs.
In this study, Fe cations are found to be interesting since they can
easily adsorb onto PANI by the complexation and electrostatic in-
teractions due to the active binding sites present in functional
groups on PANI [18,28—30].

Until now, transition metal oxides/sulfides and layered
transition-metal dichalcogenides (TMDs) such as MoS;, VS, WS,,
FeS,, CoS,, and NiS; have been successfully established as new
paradigm in the chemistry of nanomaterials especially for nano-
tubes and fullerene-like nanostructures as well as the graphene
analogs and have been extensively investigated as the positive
electrode materials for SCs due to their high faradic capacitance
[31-35]. On the other hand, VS; has not received much attention in
two electrode supercapacitor devices. However, it has been inves-
tigated for applications in SCs due to its promising electrochemical
performance. Recently, Feng et al. [36], reported all-in-solution
route to synthesize VS; phase for the first time, taking advantage
of an intermediate intercalated compound precursor of VS,-NHs.
This report clearly demonstrated that VS, nanosheets are highly
conductive and have a high specific capacitance, showing prom-
ising signs for 2D material to be utilized in energy storage devices.
Masikhwa et al. [37], reported the design of an asymmetric
supercapacitor based on 3D interconnected activated carbon as the
negative electrode and mesoporous VS; nanosheets as the positive
electrode material. The report suggests that pairing hybrid mate-
rials could be an excellent method to produce SCs with high energy
and power densities.

Although studies about VS; electrode for supercapacitor appli-
cations have been reported in the literature, there are rare studies
done on the binder-free electrode material based on carbonized Fe
cations adsorbed onto PANI (C-Fe/PANI) and until now there are no
reports on VS;//C-Fe/PANI asymmetric cell device. Herein, we
report on asymmetric supercapacitor based on VS; nanosheets as a
cathode and C-Fe/PANI as an anode. This study focuses on struc-
tural, and morphological characterization of the as-synthesized
electrode materials and the electrochemical properties of VS,//C-
Fe/PANI asymmetric device. The VS,//C-Fe/PANI asymmetric device
was found to perform at a high applied potential difference of 1.7 V
in 6 M KOH. At a high current density of 2 A g, this device
exhibited energy and power densities of 27.8 Wh kg~! and
29915 W kg~ ! respectively. In addition, a VS,//C-Fe/PANI device
showed excellent cycling stability with 95% capacity retention for
10 OOOlgalvanostatic charge-discharge cycles at a current density of
5Ag .

2. Experimental
2.1. Materials

All the reagents used in this work are of analytical grade and
were used as received without further purification. For VS, nano-
sheets synthesis: Sodium orthovanadate (1 mM Nas3VOy, purity
99.98%) and thioacetamide (5 mM C;HsNS, purity >99%), were
purchased from Sigma Aldrich. For C-Fe/PANI synthesis: Aniline
hydrochloride (CgHsNH;-HCl, purity >99%), ammonium persul-
phate ((NH4)2S70s, purity >99%) and iron nitrate nonahydrate
(Fe(NOs3)3-9H,0, purity >99.95%) were also purchased from Sigma
Aldrich. Polycrystalline nickel foam (Ni-F) used as a current col-
lector which is a 3D scaffold template with an areal density of
420 g m? and thickness of 1.6 mm was purchased from Alantum
(Munich, Germany).

2.2. Synthesis of VS, nanosheets using hydrothermal method

VS, nanosheets were synthesized by the hydrothermal method
as shown in Scheme 1(a). In the synthesis, 1.65 g of 1 mM Na3VO4
and 3.37 g of 5 mM CyHsNS were dissolved in 120 mL of deionized
water and stirred for 1 h at room temperature using a magnetic
stirrer. After stirring, the resultant solution was transferred into a
sealed, 150 mL Teflon-lined, stainless-steel autoclave and kept at a
temperature of 160 °C for 24 h and then cooled naturally down to
the room temperature. Subsequently, the obtained precipitate was
filtered and washed with deionized water several times and dried
at 60 °C overnight. Finally, the recovered product of VS; nanosheets
was obtained as displayed by micrograph in Scheme 1(a).

2.3. Synthesis of C-Fe/PANI

For PANI synthesis: 0.2 M aniline hydrochloride was added to a
50 mL solution of 1.0 M HCI, and in a separate beaker 0.25 M so-
lution of ammonium persulphate was added to 1.0 M HCIL. The
prepared solutions were kept for 1 h at room temperature, there-
after, they were mixed and stirred for about an hour and left to
polymerize. After polymerization, PANI precipitate was collected on
a filter (after been washed several times with 100 mL of 0.2 M HC],
and acetone) and dried at 60 °C overnight. Furthermore, PANI was
used as a substrate for adsorbing Fe cations. Briefly, 0.2 g of
Fe(NO3)3-9H,0 and 0.0125 g of PANI were dissolved in 50 mL of
ethanol and sonicated in ultra-sonication bath until the ethanol
was almost completely evaporated. Thereafter, the slurry was
coated on nickel foam (current collector) which was loaded in a
tube furnace and heated to 850 °C and pyrolyzed for 2 h under the
N, atmosphere. After pyrolysis, the as-synthesized sample which
shows homogeneously dispersed nanograin particles (Scheme
1(b)) was used as the negative electrode (i.e. without a binder).

2.4. Structural, and morphological characterization

The crystallite structure analysis of the as-synthesized VS, and
C-Fe/PANI materials was carried out using X-ray diffraction (XRD)
XPERTPRO diffractometer (PANalytical BV, Netherlands) with theta/
2 theta geometry, operating with a cobalt (Co) tube at 50 kV and
30 mA. A T64000 micro-Raman spectrometer (HORIBA Scientific,
Jobin Yvon Technology) with a 514 nm laser wavelength and
spectral acquisition time of 120 s was used to characterize the as-
synthesized electrode materials. The Raman system laser power
was set as low as 3 mW in order to minimize heating effects. Fourier
transform infrared (FT-IR) spectroscopy performed in the range of
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Scheme 1. Schematic illustration of the synthesis route for (a) VS, nanosheets and (b) carbonized iron cations adsorbed onto polyaniline (C-Fe/PANI).

400—4000 cm™! using Perkin Elmer Spectrum RX I FT-IR system
was used to characterize VS, and C-Fe/PANI materials. The scanning
electron microscopy (SEM) images were obtained using a Zeiss
Ultra Plus 55 field emission scanning electron microscope (FE-SEM)
operated at 2.0 kV to obtain the morphology of the VS, and C-Fe/
PANI materials.

2.5. Electrochemical characterization

All electrochemical analysis were carried out on a Biologic VMP-
300 potentiostat (Knoxville TN 37,930, USA) controlled by the EC-
Lab V10.37 software at room temperature. In the three-electrode
system, a glassy carbon plate was used as the counter electrode
and Ag/AgCl (3 M KCl) electrode served as the reference electrode.
The working electrode (VS; nanosheets) was prepared by coating a
mixture of 80 wt% active material, 10 wt% carbon black and 10 wt%
polyvinylidene fluoride (PVDF) binder dispersed in N-methyl-
pyrrolidone (NMP) solution onto a piece of nickel foam (1 x 1 cm?).
After coating, the as-synthesized electrode was dried at 60 °C
overnight, and thereafter, the coated active material was pressed
onto the nickel foam under a pressure of 30 MPa. However, the
other working electrode (C-Fe/PANI) was prepared without a
binder as discussed in the synthesis method (Scheme 1(b)). Briefly,
a mixture of Fe and PANI dissolved in ethanol was sonicated until
the ethanol was almost completely evaporated, and thereafter, the
slurry was coated on nickel foam (i.e. on both sides of the foam for
three electrode and on one side for two electrode measurements)
which was loaded in a tube furnace and heated to 850 °C and py-
rolyzed for 2 h under the N, atmosphere. After pyrolysis, the as-
synthesized sample was used as the negative electrode. The elec-
trochemical measurements of VS, and C-Fe/PANI electrodes were
carried out in the three-electrode system in 6 M KOH aqueous
electrolyte solution. Cyclic voltammetry (CV) was performed at
scan rates of 5-100 mV s~! in the applied potential range of

0.0—0.5 V vs. Ag/AgCl and 0.0 to —1.2 V vs. Ag/AgCl for the positive
and negative electrode, respectively. The galvanostatic charge/
discharge (GCD) curves for both working electrodes were tested.
The electrochemical impedance spectroscopy (EIS) was measured
in an open circuit potential over a frequency range of
10 mHz—100 kHz. The electrochemical analysis of the active ma-
terial was also evaluated in a two-electrode asymmetric device. In
the two-electrode asymmetric device (VS,//C-Fe/PANI), VS, and C-
Fe/PANI electrode served as a positive and negative electrode,
respectively.

3. Results and discussion
3.1. Structural and morphological characterization

Fig. 1(a) shows the XRD pattern of the as-synthesized VS,
sample which shows the characteristic diffraction peaks of VS, with
clear main two diffraction peaks corresponding to (001) and (011).
The XRD pattern agrees with the one reported in the literature of
VS, nanosheets synthesized using the hydrothermal method [36].
In Fig. 1(a), the diffraction peaks were indexed using the matching
Inorganic Crystal Structure Database (ICSD) card no. 86519 with
chemical formula VS, space-group P —3 m 1 and cell parameters
a =3.221 A and ¢ = 5.755 A. From Fig. 1(b) it can be seen that va-
nadium disulfide is a hexagonal layered transition metal dichalco-
genide with each layer composing of one vanadium sheet
sandwiched between the two sulfur sheets. The sandwiches are
separated by van der Waals gap [38]. The unit cell and the molecule
of the VS, shown Fig. 1(b) are based on Crystallographic Informa-
tion File (CIF) of ICSD card no. 86519.

Figure S1 (supporting information) shows the XRD of the as-
synthesized C-Fe/PANI sample which displays very strong diffrac-
tion peaks of the Ni (current collector) which suppresses the weak
diffraction peaks of the active material. To avoid the Ni diffraction,
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Fig. 1. (a) The XRD pattern of the as-synthesized VS, nanosheets and the matching ICSD card. (b) The unit cell and the molecule of the VS, based on CIF of the matching ICSD card.
(c) The XRD pattern of the as-synthesized C-Fe/PANI without current collector and the matching ICSD cards for Fe, FesC and FeS.

the C-Fe/PANI was prepared without Ni foam and Fig. 1(c) shows
the XRD of the sample. The diffraction peaks for C-Fe/PANI sample
were indexed using the matching ICSD card no. 16593 with
chemical formula FesC, crystal system: orthorhombic and space-
group: P n m a. In addition, the other diffraction peaks that did
not match the ICSD card no. 16593 for Fe3C were found to match the
ICSD card no. 35008 for FeS (crystal system: orthorhombic and
space-group: P n m a.) which suggests that during the pyrolysis
process the degradation of ammonium persulphate from PANI
synthesis generated iron sulfide. Furthermore, A diffraction peak at
about 52° could also be due to metallic Fe in addition to FesC and
FeS, because during the pyrolysis process, Fe cations could be
reduced to metallic iron by the reaction with pyrolytic carbon from
PANI [39]. A broad diffraction peak at about 30° (PANI) is assigned
to the XRD graphitic plane (002), indicating a graphitization of
carbon material. In fact, the phenyl groups of PANI easily produce a
graphitic structure during pyrolysis, thus leading to enhanced
electrical conductivity [40].

The chemical structure of the as-synthesized VS, was investi-
gated using the Raman and FTIR vibration spectra as shown in
Fig. 2(a). The Raman spectrum of VS; reveals vanadium disulfide
characteristic vibration bands at approximately 140, 285 and
405 cm™! which are E1g E2g and Aqg respectively, corresponding to
the in-plane (E) and out-of-plane (A) modes of S—V—S (Fig. 2(b)).
Similar characteristic vibration bands were previously observed for
2H-TaS; by Sugai et al. [41]. In fact, the Raman signal of VS, is
similar to that of other group V metal sulfides [41,42]. FTIR vibration
spectrum of VS, (Fig. 2(a)) shows the characteristic V—S stretching
vibration band of VS, below 600 cm~! and in the range of
~800—4000 cm ™! the observed vibration bands may originate from
the oxidation of VS; and absorbed gas molecules on the surface of

VS, nanosheets during exposure to the atmosphere.

Similarly, the chemical structure of the as-synthesized C-Fe/
PANI was also investigated using the Raman and FTIR vibration
spectra (Fig. 2(c)). The Raman spectrum of C-Fe/PANI reveals fea-
tures of the graphitized carbon material, namely the D band
(~1350 cm™!) which is a breathing mode of sixfold rings (Arg
symmetry) and becomes active in the presence of disorder in the
carbon lattice sites, and G band (~1602 cm™~') which involves in-
plane bond stretching displacements of sp? carbon atoms (E2g
symmetry) (Fig. 2(d)) [43]. The observed vibration bands in the
range of 1240—1700 cm ™" are attributed to PANI functional groups.
Generally, the Raman spectrum of PANI reveals functional groups at
approximately 1610 cm~! (C—C stretching), 1585 cm~! (C=C
stretching), 1490 cm~! (C=N stretching), 1412 cm~' (C—C
stretching), 1346 cm! (C—N stretching), 1210 cm~! (C—N stretch-
ing) [18,30]. Furthermore, the vibration bands at about 781 and
895 cm ™! are associated with the deformation of amine, imine, and
benzenoid/quinoid rings [ 18], and the bands at about 215, 280, 395,
and 505 cm™! originate from Fe—PANI (e.g. Fe—C, Fe—N, Fe—S, etc.)
vibration bands which are similar to those reported by Pradhan
et al. [44]. In view of the FTIR spectra of C-Fe/PANI, the functional
groups of PANI are observable at the IR bands of 1583 cm™! (C=C
stretching of the quinoid ring), 1296 cm™~! (C-H in-plane bending)
and 1139 cm™! (C—C stretching) [18]. In addition, the functional
groups of PANI are also found at ~3715 and 3420 cm~! (N—H
stretching), and 2922 cm™! (C-H stretching), however, the broad
vibration band in the range of 30103680 cm ™! is usually assigned
to O—H stretching vibrations [18,45—47]. No characteristic peaks of
Fe-S or Fe—0 vibrations at ~500-600 cm™! are observed.

The morphology of as-synthesized layered structure of VS, was
examined using SEM and the results are shown in Fig. 3(a) and (b)
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Fig. 3. (a) Low and (b) high magnification SEM images of the as-synthesized layered structure of VS,. (c) Low and (d) high magnification SEM images of as-synthesized C-Fe/PANI.
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at low and high magnification respectively. It can be seen from
these figures that the sample is composed of a large number of
nanosheets. The morphology of the C-Fe/PANI sample was also
examined using SEM and the results are shown in Fig. 3(c) and (d).
At low magnification, in Fig. 3(c), it can be seen that the crystallites
are agglomerated and well distributed all over the sample surface
suggesting that Fe cations adsorbed onto polyaniline are uniformly
dispersed on the surface of the C-Fe/PANI sample.

3.2. Electrochemical characterization

Before fabricating a two-electrode asymmetric device based on
VS, nanosheets as a cathode and C-Fe/PANI as an anode, the elec-
trochemical performances of the VS, and C-Fe/PANI electrodes
were evaluated in three-electrode cell configuration. Firstly, the
cyclic voltammetry (CV) of the cathode (VS; nanosheets) was
evaluated in three-electrode cell configuration using 1 M KOH, 6 M
KOH and 1 M Na,SO4 electrolytes, as shown in Fig. 4(a) (also see
Fig. S2 (supporting information)). From the figure it can be seen
that VS, electrode performs better (has a highest current response)
in KOH than in NapSQy, this is due to the difference in the hydrated
radius of K* ions (0.331 nm) and Na* ions (0.358 nm). The lower
hydrated radius of K* ions favors enhanced ionic mobility and
interaction with the electrode material. Furthermore, it is worth
mentioning that the reported conductivity of K™ ions is higher than
that of Na* ions at room temperature [48]. K ions acquire small
charge density, i.e. weak solvation interactions with the water
molecule that favors easier polarization during the de-solvation
processes. This causes an easy passage of K* ions into the elec-
trode during the redox reactions. In addition, the OH™ anion has the
highest ionic conductivity among anions [48]. The high concen-
tration of 6 M KOH also increases the number of ions and therefore
the ionic conductivity of the electrolyte. The VS, in KOH electrolyte
also shows faradic behavior which leads to much higher specific
capacitance compared to using Na,SOa. In Fig. 4(b) the CV curves of
VS, and Ni-F are shown, to illustrate that Ni-F has no obvious in-
fluence in the observed redox peaks (a reduction and oxidation
peaks at 0.15 V and 0.31 V respectively) of VS, which clearly shows
that these peaks are from VS;

The CV curves of VS; electrode are shown in Fig. 5(a) at different
scan rates of 5, 10, 20, 50, and 100 mV s~ . The curves of VS, elec-
trode reveal the presence of two redox peaks which are due to the
electrochemical redox reactions arising from the presence of oxy-
gen functionalities which have high redox reactivity characteristics
in the positive potential window [49]. The observed redox peaks in
the CV curves of VS, electrode indicates the faradic behavior of the
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electrode. Furthermore, the GCD curves of VS, electrode are shown
in Fig. 5(b) at current densities of 0.5, 1, 2, 3, and 5 A g”. The
discharge curves show potential steps, i.e. a fast potential drop
(0.41-0.25 V) and slow potential drop (0.25—0.18 V) which con-
firms the faradic behavior of the VS; electrode as suggested by CV
curves. Fig. 5(c) shows the CV curves of C-Fe/PANI at different scan
rates ranging from 5 to 100 mV s~ The CV curves of C-Fe/PANI
show relatively rectangular shapes, which is a typical EDLC sample
behavior. In addition, the GCD curves of C-Fe/PANI at various cur-
rent densities ranging from 0.5 to 5.0 A g~ are shown in Fig. 5(d).
These curves show pseudocapacity behavior, thus, illustrating
mostly EDLC behavior in agreement with the CV curves of the C-Fe/
PANI electrode. Furthermore, for both VS, and C-Fe/PANI electrode
the specific capacitance, Cs of the electrode was calculated from the
CV curves integrals, as shown in Fig. 5(e), using the following
equation [2,50,51]:

' / 1(V)dv

G = mvAV

(1)
where m is the total mass of the active material (g), v is the scan rate
(v s’l), AV = V;-V;, and Vrand V; are the integration potential limits
of the CV curve (V), and I (V) is the CV current (A).

In addition, the specific capacity (Qs) for both VS; and C-Fe/PANI
electrode showing the EDLC and faradic behavior respectively, was
calculated from the GCD curves, as shown in Fig. 5(f), using the
following equation [2,50—53]:

I
)
where [ is the applied current (A), m is the total mass of the active
material (g), and t is the time taken for a complete discharge cycle
(s).

In Fig. 5(e), it can be seen that at a scan rate of 5 mV s~ 1, VS,
electrode exhibit a high specific capacitance of 516.5 F g~! than C-
Fe/PANI electrode which exhibit a specific capacitance of
486.5 F g~ 1. Additionally, from Fig. 5(f) it can also be seen that C-Fe/
PANI exhibits higher specific capacity than VS,. The specific ca-
pacities of C-Fe/PANI and VS, at current density of 0.5 A g~ ! are
106.7 and 81.0 mA h g, respectively. It is clear that the specific
capacitance and capacity continuously decrease with increasing
scan rate and current density for both working electrodes. Gener-
ally this may be due to the increasing electronic field within the cell
setup, increased by increase in scan rate or current density which
alters both Faradic and EDLC processes. In addition, the observed
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decrease in the specific capacity can also be attributed to the ion
exchange mechanism where at low current density, a high specific
capacity is obtained because the OH™ has enough time to be
intercalated/extracted into/out of the electrode during charging/
discharging [54]. However, at high current density, a low specific
capacity is obtained because less charge is transferred between
electrolyte and the electrode. The charge storing capacity of C-Fe/
PANI was further compared to carbonized PANI (C-PANI) where the
C-PANI electrode was prepared in the similar way as C-Fe/PANI
electrode without incorporating Fe. From Fig. S3 (supporting
information), it can be seen that C-PANI charge and discharge
faster than C-Fe/PANI electrode which suggest that C-Fe/PANI
electrode has a better charge storing capacity signifying that Fe in
C-Fe/PANI enhance electrochemical performance of the electrode.

In addition, the EIS was carried out to evaluate the factors that

influence the capacitive performance of the working electrodes
such as the electronic resistance of the electrode, an ionic resistance
of the electrolyte, the charge-transfer resistance of redox reactions
and the diffusive resistance of the electrode in the electrolyte. The
EIS was carried out in an open circuit potential and the frequency
range of 10—100 mHz. To evaluate the cycling performance of the
electrodes, the electrodes were subjected to 1000 cycles at a cur-
rent density of 5 A g, as shown in Fig. 6(a). It can be seen that the
electrodes show good cycle stability with 100% columbic efficiency
up to 1000 charge-discharge cycles, signifying good electro-
chemical stability of the electrodes. Fig. 6(b) shows the Nyquist plot
(imaginary component, Z” versus the real component, Z' of the
impedance) for VS, before and after stability test. As it can be seen
from the plot, VS, electrode shows electrolyte/solution resistance,
Rs value of 0.60 Q and 0.63 Q (see inset figure) before and after
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stability respectively. The observed Rs values before and after
cycling stability test are almost equal, hence confirming the good
chemical stability of the electrode. For C-Fe/PANI electrode, the
Nyquist plot is also shown in Fig. 6(c), and the Rs values are 0.94 Q
and 0.86 Q before and after stability respectively which are almost
equal confirming the good chemical stability of the electrode.
Briefly, the VS, and C-Fe/PANI electrodes show good cycling sta-
bility at a high current density of 5 A g~! with 100% columbic ef-
ficiency up to 1000 charge-discharge cycles suggesting that
continuous cycling does not cause any structural change on the two
electrode materials.

In order to fully explore the electrochemical performance of the
VS, and C-Fe/PANI electrodes, a two-electrode asymmetric device
based on VS, as cathode and C-Fe/PANI as anode was fabricated and
investigated by a two-electrode system using 6 M KOH electrolyte
(Fig. 7(a)). Due to the difference in the specific capacity of the two
electrodes (Fig. 5(f)), a charge balance, Q. = Q_was done, where Q,
and Q_ are charge stored in both positive and negative electrodes
respectively, expressed as Q = CsmAV. The charge balance is
necessary in order to acquire the optimal performance of the de-
vice. Based on charge balancing, the mass balance between the
positive and negative electrode can be expressed using the
following equation [40]:

my CS(—) x V_
e S T 3)
m_ Csi) X Vi
where Cs,) and Cs(—) are the specific capacitance of the active
materials in positive and negative electrodes respectively, m, and
m_ are the masses of the active materials in positive and negative
electrodes and V. and V_ are the potential window of the positive
and negative electrodes respectively.

Fig. 7(b) shows the CV curves of both VS, and C-Fe/PANI elec-
trodes at a scan rate of 50 mV s~ ! evaluated in three-electrode.
Since the C-Fe/PANI electrode has a potential window range of
0.0 to —1.2 Vand VS; of 0.0—0.5 V, the CV curves of VS,//C-Fe/PANI
asymmetric cell was able to reach potential window range of
0.0—1.7 V, as shown in Fig. 7(c) and (d). Fig. 7(c) shows the CV
curves of the device in the potential window of 0.0—1.2 and
0.0—1.7 V both at a scan rate of 50 mV s~ The figure clearly il-
lustrates the EDLC and faradic behavior of the device. It can be seen
that the EDLC contribution has equivalent positive and negative
currents (i.e. anodic and cathodic reactions), however, the faradic
contribution shows much higher positive current (anodic re-
actions) compared to EDLC contribution suggesting that the
contribution of the positive electrode (VS;) to the overall current of
the device dominates. Consequently, the device has predominantly
a battery-like behavior. The CV curves of the device at different scan
rates in the range of 5-100 mV s~ ! are shown in Fig. 7(d). It can be
seen that the CV curves at different scan rates display a combined
contribution of EDLC and faradic behaviors which is a typical
behavior of hybrid asymmetric supercapacitor. In addition, the GCD
curves at different current densities in the range of 2—5 A g~
(Fig. 7(e)) show potential steps which confirm the faradic behavior
of the device as suggested by CV curves (Fig. 7(d)). Since the device
shows mostly faradic behaviour, the specific capacity of the device
was calculated from the GCD curves using Equation (2) and found
to be 19,10, 7,and 5 mA h g~ ! at current densities of 2.0, 3.0, 4.0 and
5.0 A g~ ! respectively (Fig. 7(f)). The observed drop in specific ca-
pacity with increasing current density could be due to the limited
movement of ions by diffusion accessing only the outer surface of
the material for charge storage at higher current density [55]. The
observed drop in specific capacity values for fabricated device
compared to three-electrode measurements, may be due to the
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potential window of 0.0-1.2 and 1.7 V, (d) CV curves at different scan rates in the range of 5-100 mV s/, and (e) CD curves at different current densities in the range of 0.5-10 A g~",

(f) the specific capacity as the as a function of current density.

increasing electronic field within the cell setup (operated in a high
potential window), increased by an increase in current density
which alters the synergy of Faradic and EDLC processes. Similar
behavior for the VS,-based device can be observed in Ref. [37], for
instance, from the GCD curves of the VS,//AC device the specific
capacity at current densities of 1.0, 2.0 and 5.0 A g~ ! are 40, 22 and
15 mA h g, respectively.

Moreover, the energy density, Eq (W h kg™') and the power
density, Py (W kg™ ') were calculated from the GCD curves, as
shown in Fig. 8(a), using the following equations:

(4)

3.6
Pa= Atd

(5)

where [ is the applied current (A), m is the total mass of the active
material (g), [ V(t)dt is the integral under the discharge curve from
CD of the device, and At is the discharge time (s).

The VS,//C-Fe/PANI asymmetric device exhibited highest energy
and power densities of 27.8 W h kg~ ! and 2991.5 W kg~ ! respec-
tively at a current density of 2 A g~ . Fig. 8(a) shows the Ragone plot
of the device which describes the relationship between energy
density and power density, including the energy and power density
regions for lithium ion batteries (faradic behavior) and electro-
chemical capacitors (EDLC behavior). Ragone plot clearly shows
that the energy densities for VS,//C-Fe/PANI asymmetric device are
close to the upper end of lithium Ion batteries' region confirming a
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battery-like behavior of the device. As shown in the Ragone plot,
the values obtained in this work are comparable with those found
in the previously published report on VS,//AC asymmetric device
[37] and superior to those reported on other metal disulfide based
asymmetric devices [56,57].

Fig. 8(b) shows the stability test of the device which reveals an
excellent cycling stability with a columbic efficiency of 98% and
retains 95% of its initial capacity up to 10 000 cycling at a current
density of 5 A g, To further evaluate the electrochemical behavior
of the device (i.e., the conductivity and charge transport properties
at the electrode/electrolyte interface), the EIS of the VS;//C-Fe/PANI
asymmetric device before and after cycling stability was carried out
(Fig. 8(c)). In Fig. 8(c), the Nyquist plots (imaginary component, Z”
versus the real component, Z' of the impedance) show negligible
semi-circle in the high-frequency region and in the low-frequency

region the plots show a linear component almost parallel to the
imaginary axis (y-axis) suggesting nearly ideal behavior of the
asymmetric supercapacitor. The Nyquist plots before and after
cycling stability are comparable (also see the inset figure) con-
firming the good chemical stability of the device. The plot after
stability was fitted (see a red solid-line in Fig. 8(c)) using the
equivalent circuit diagram shown in Fig. 8(d). In the high-frequency
region, the equivalent circuit diagram presents the equivalent se-
ries (solution) resistance, Rs in series with the charge transfer
resistance, Rct, and Warburg impedance characteristic element, W,
which can be expressed as W = A/(jw)*>, where A is the Warburg
coefficient, w is the angular frequency parallel to the real capaci-
tance (Q) [58]. The Rs and Rcr values represent the ohmic resis-
tance of the electrodes and the charge-transfer kinetics (fast ion
transport) respectively. In the low-frequency region, an ideal
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supercapacitor exhibits a vertical line parallel to the imaginary axis
with a mass capacitance, Q,, however, in practice supercapacitors
show deviation from this ideal behavior which is attributed to a
leakage resistance, R arising from the faradaic charge transfer
process [59,60]. In the equivalent circuit, Ry is parallel to the Q. The
Rs and Rct values before stability (Rs = 0.73 Q and Rcr = 0.61 Q) and
after stability (Rs = 1.10 Q and Rcr = 0.56 Q) are small and similar
signifying fast ion diffusion and low charge transfer resistance,
hence suggesting nearly an ideal capacitive performance of the
device and good chemical stability of the electrodes.

Fig. 8(e) shows the impedance phase angle dependence on a
frequency Bode plot for the VS,//C-Fe/PANI asymmetric device and
presents the phase angle value of about —76° in the low-frequency
region, which is close to the ideal value of —90° suggesting a full
capacitive behavior of the device. In the low-frequency region, the
frequency dependence of the real and imaginary part of the ca-
pacitances (C'(w) and C’(w)) was evaluated (Fig. 8(f)) using a
complex capacitance model presented by the following equations
[61]:

The impedance, Z(w) given by

1
Z(w) :m (6)
can be written in the complex form as
Z(w) = Z'(0) +jZ" () (7)
Therefore, Equations (6) and (7) gives:
C(w) = I S
Cwx (jZ'(w) - Z"(w) s
_ —(Z"(w) +jZ'(w)) ®
wlZ(w)?
Thus, C(w) in the complex form can be written as:
Clw) = C'(w) —jC"(w) (9)
which gives
"
Clw) =21 (10)
w|Z(w)|
!
oy = 2 a1
w|Z(w)|

where Z' and Z” are the real part and the imaginary part of the
impedance, respectively, defined as

Z)* =Z()?+2" () (12)

and w = 27f. C'(w) is the real accessible capacitance of the cell that
can be delivered and this corresponds to the deliverable capaci-
tance of 0.065 F (Fig. 8(f)). C"(w) corresponds to energy loss by the
irreversible process of the electrodes [61]. In Fig. 8(f), C"(w) shows a
peak at 8.0 Hz giving a relaxation time of 0.13 s which is obtained by
taking reciprocal of maximum frequency. This value reveals that
the VS,//C-Fe/PANI asymmetric device can be fully charged within a
very short time.

4. Conclusion

In this work, VS, nanosheets electrode material was successfully
synthesized by the hydrothermal method, and the C-Fe/PANI

electrode material was directly synthesized on a current collector
by pyrolysis of the iron-PANI mixture coated on nickel foam in a
tube furnace under the N, atmosphere. The structural and
morphological characterization of the as-synthesized VS, electrode
showed characteristic XRD peaks of VS,. Furthermore, the Raman
and FTIR vibration spectra also showed the characteristic vibration
bands of VS,. The SEM images of the VS, sample showed that is
composed of a large number of nanosheets. Similarly, the structural
and morphological characterization of C-Fe/PANI electrode
confirmed diffraction peaks of Fe, Fe3C, FeS and a broad diffraction
peak of graphitized PANI. The Raman and FTIR vibration spectra of
C-Fe/PANI revealed features of the graphitized carbon material,
PANI functional groups, and Fe—PANI vibration bands. The SEM
images of the C-Fe/PANI sample showed agglomerated nanograins.
The electrochemical behavior of each working electrode was
analyzed in a three-electrode cell configuration using 6 M KOH
electrolyte, and thereafter, an asymmetric device was successfully
fabricated using VS, nanosheets as the positive electrode and C-Fe/
PANI as a negative electrode. The fabricated VS,//C-Fe/PANI asym-
metric device was found to perform at a high applied potential
difference of 1.7 V in 6 M KOH. At a current density of 2 A g/, the
device exhibited a maximum energy and power densities of
27.8 Wh kg~ ! and 2991.5 W kg~ ! respectively. In addition, a VS,//C-
Fe/PANI device showed excellent cycling stability with 95% capacity
retention over 10 000 galvanostatic charge-discharge cycles at a
current density of 5 A g~ .
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Figure S1. The XRD pattern of the as-synthesized C-Fe/PANI with a current collector.
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The EIS for VS; in different electrolytes was carried out to evaluate the factors that influence the
capacitive performance of the working electrode (i.e. the electronic resistance of the electrode
and an ionic resistance of the electrolyte), as shown in figure S2. From the figure, the
electrolyte/solution resistance, Rs values are 0.99 Q and 2.14 Q for 1 M KOH and 1 M Na,;SO4
electrolytes, respectively. This reveals that the equivalent series resistance is lower for KOH
electrolyte compared to the Na,SO, electrolyte.
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Figure S2. The Nyquist plots for VS, in different electrolytes. The inset shows the enlarged
high-frequency region of the plot.

Figure S3(a) and S3(b) show the cycling performance of the C-Fe/PANI in comparison to C-
PANI over 3000 charge-discharge cycles at a current density of 5 A g™*. Figure S3(a) shows the
few cycles for both electrodes and figure S3(b) displays the corresponding specific capacities for
both electrodes.
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of both C-PANI and C-Fe/PANI as a function of a cycle number at a current density of 5 A g™.



Chapter 7

General conclusions and future
work

7.1 General conclusions

In this work, the electrochemical properties of both VS, and C-Fe/PANI
electrode materials were investigated for supercapacitor applications. The
VS, nanosheets electrode material was successfully synthesized by the
hydrothermal method, and the C-Fe/PANI electrode material was directly
synthesized on a current collector by pyrolysis of the iron-PANI mixture coated

on nickel foam in a tube furnace under the N, atmosphere.

The structural and morphological characterization of the as-synthesized
electrode materials was carried out using X-ray diffraction (XRD), Raman
spectrometer, Fourier transform infrared (FT-IR) spectrometer, scanning
electron microscopy (SEM), energy-dispersive X-ray spectrometer (EDS),

transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
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(XPS). The XRD analysis of the as-synthesized C-Fe/PANI electrode material
confirmed the diffraction peaks of Fe-compounds and a broad diffraction peak
of graphitized PANI. The Raman and FTIR vibration spectra of C-Fe/PANI
revealed features of the graphitized carbon material, PANI functional groups,
and Fe-PANI vibration bands. The SEM images of the C-Fe/PANI sample
showed agglomerated nanograins. Additionally, the EDS analysis of the
sample confirmed main elements of the sample (Fe and C), TEM images
further confirmed the dispersion of Fe on the PANI structure. The XPS
analysis confirmed the presence of Fe3t and Fe?' oxidation states in the
sample which could be mainly due to iron-carbide, iron-sulfide and iron-nitride
configurations. Similarly, the structural and morphological characterization
of the as-synthesized VS, electrode showed characteristic XRD peaks of
VS,. Furthermore, the Raman and FTIR vibration spectra also showed the
characteristic vibration bands of VS,. The SEM images of the VS, sample
showed that is composed of a large number of nanosheets. The XPS analysis
confirmed the V** and S%~ oxidation states in the VS, electrode material

revealing the formation of a pure VS, phase.

The electrochemical behavior of each working electrode was analyzed in a
three-electrode cell configuration using different electrolytes (1 M Na,SOg4, 1 M
Li»SO4, 6 M KOH), and 6 M KOH electrolyte was preferred since it showed high
current response compared to the other electrolytes. A symmetric device was

successfully fabricated using C-Fe/PANI as a positive and negative electrode.
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To further evaluate the electrochemical performance of C-Fe/PANI with a
metal disulfide material (VS>), a hybrid (asymmetric) device was successfully
fabricated using VS, nanosheets as the positive electrode and C-Fe/PANI
as a negative electrode. Both devices (symmetric and asymmetric) showed
excellent electrochemical performance and the energy and power densities
obtained from both devices are comparable with those found in the previously

published reports as shown in figure 7.1 and 7.2.
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Figure 7.1: Ragone plot of the energy and power densities of the C-Fe/PANI
symmetric device and those found in the previously published
report on PANI based symmetric devices (PANI/CNT [1], PANI
[2], PANI/PCNF [2] and PANT/MWNTs [3]).
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Figure 7.2: Ragone plot of the energy and power densities of the
VS,//C-Fe/PANI asymmetric device and those found in the
previously published report on VS,/AC asymmetric device [4],
and metal disulfide based asymmetric devices (MoS,/GF//AEG
[5] and MoS,/GO//GO [6]).

7.2 Future work

Future research is necessary to further develop and understand the influence
of surface chemistry on the electrochemical properties of the electrode
materials investigated in this work. The surface chemistry of the electrode
materials can be modified by altering or nanostructuring the surface of the
electrodes. Additionally, explore new electrolytes and coupled electrolyte
additives, which offers an alternative approach for the design of an efficient
electrochemical energy storage device that operates over a wide voltage
window.  Generally, effects of electrode thickness, dimensionality and
chemistry among other factors are likely to be significant and need further

study [7]. There is relatively little understanding of the self-discharge
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mechanisms and how it can be minimized in hybrid devices containing redox
electrolytes, particularly, the use of redox electrolytes may lead to faster

self-discharge and new approaches to modifying this effect are necessary.
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