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Abstract

Supercapacitors, which are also known as electro-double-layer capacitors
or electrochemical capacitors, are promising energy storage devices due to their
obvious advantages such as high energy density and long life and the
advantages of supercapacitors have made them the most promising candidates
to be the next generation of energy storage technology. High including energy
density, power density, material stability, long life and short charging time.
Moreover, as a required sustainable development strategy, it is also necessary
to consider environmentally friendly materials, low cost and natural vitality
when designing supercapacitive electrode materials. So a new electrode
material of super capacitors was synthesized and investigated to solve common
problems facing current energy storage technologies. It is used in medical
earphones and tactical communications for police and military. Carbon
substrate with ZnFe,O, has been studied for use as super capacitor electrode
material, providing energy density High and energy density. And it is proved to
be a suitable potential ZnFe,0, electrode material for super capacitors due to its
high theoretical capacitance, low cost, non-toxicity and large confinement in
nature. Due to the unique design, a specific capacitance of 1118 F/g with good
capacitance rate and high stability has been achieved. Electrochemical
properties performed at a current density of 2 A/g showed that 90% of the
initial amplitude was retained after more than 10,000 cycles as the structure
analysis was performed using X-ray diffraction patternand scanning electron
microscopy (SEM) . Therefore, this study identifies ZnFe,O, on a cheap,
abundant, environmentally friendly and non-toxic natural, used for various

energy storage, environmental and biomedical applications.



Contents

No. Subject Page
Dedication I
Acknowledgments ]
Abstract Il
Contents A\
List of Symbols VIl
List of Abbreviations VIII
List of Figures IX
List of Tables X
Chapter One : Introduction and Literature Review

1.1 Introduction 1

1.2 The Development Electrochemical Capacitors 3

1.3 Physical Model of Super Capacitors 6

1.4 Operation principle of Super Capacitors 9

1.4.1 Mechanism of Electric Double Layer Capacitors 10

1.4.2 Mechanism of electrochemical capacitors 11

1.5 SCs Capacitance Energy Density and Power Density | 12

1.6 Carbon Materials for EDLC 14

1.6.1 Activated Carbon 17

1.6.2 Carbon nanotubes 18

1.6.3 Templated porous carbon 19

1.6.4 Graphene 20

1.7 Faradic Materials 22

1.7.1 Conductive polymers 22

1.7.2 Transition metal oxides 23

1.8 (ZnFe,Q,) as Electrode Material for super Capacitor | 25

1.9 Literature Review 27

1.10 Aim of the study 29

Chapter Two: Theoretical Background

2.1 | Introduction 30

2.2 Supercapacitor Technology 30

2.2.1 Double —layer capacitors 30

2.2.2 Solid-state supercapacitors 31

2.3 Key Design and Cost Issues 32

2.4 Supercapacitor  Electrochemical Characterization | 33
Techniques

2.4.1 Cyclic voltammetry 34

2.4.2 Galvanostatic charge and Discharge 36

2.4.3 Electrochemical Impedance Spectroscopy 37

v




2.5 | The Evaluation of Electrochemical Capacitors [ 39
Chapter Three : Experimental Part
3.1 Introduction 41
3.2 | Materials and Chemicals | 42
3.3 Materials Synthesis Techniques 42
3.3.1 | Spray pyrolysis | 42
3.3.2 Hydrothermal synthesis 43
3.4 | Materials Characterizations | 45
34.1 X-Ray Diffraction (XRD) 45
3.4.2 Scanning Electron Microscopy (SEM)&Transmission | 46
Electron Microscopy (TEM)
3.4.3 Brunauer-Emmett-Teller (BET)Technique and Pore 47
Size Distribution
3.5 Electrochemical Testing 48
3.5.1 Preparation of ZnFe,0, nanoparticles 48
3.5.2 Electrochemical Measurements 49
3.6 The Evaluation of Electrochemical Capacitors 50
Chapter Four : Results and Discussions
4.1 Introduction 52
4.2 Results and discussion 52
4.3 Conclusions 58
4.4 Suggestion of Future Work 58
Reference | 59




List of Symbols

Symbol  Physical Meanings Unites
C The electric double layer capacitance Farad
€ The electrolyte dielectric constant -

D The thickness of electric double layer nm

& The dielectric constant -

€ The dielectric constant of vacuum -

A The surface area of the electrode m°/g
E Energy density Wh/kg
\Y Potential window of the capacitor \

P Power of super capacitor w/kg
Rs Equivalent series resistance Q

W Weight of the electrode G

B Radius of the pores nm

| The current A

m Mass of the electrode material G

F Farad F

VI




Abbreviations

List of Abbreviations

Physical Meanings

‘ Unites

LIBs Lithium-ion batteries -
EC Ethylene carbonate -
DMC Dimethyl carbonate

NEC Japanese company

SCs Supercapacitor -
AC Activited carbon -
FDK Company -
SHE Standard Hydrogen Electrode -
EDLC Electrode double layer capacitors -
SSA Specific surface area -
BET Bruauer -Emmett —Teller -
CNTs electrical double-layer -
PANI Polyaniline -
PPy Polypyrrole -
PTh Polythiophene -
TMOs Transition metal oxides -
STH Solar —to-Hydrogen -
CNTs Carbon nanotubes -
MWNT Multi —walled carbon nanotube -
SPEEK Solfonated poly(ether etherketone) -
PTFE Polytetrafluoroethylene -
PMMA Poly(methylmethacrylate) -
EC Ethylene carbonate -
PC Propylene carbonate -
PEG Polyethylene glycol -
PEO Polyethylene oxide -
XRD X-RAY Diffraction -
SEM Scanning Electron Microscopy

CHI1660B Potentionstat (CH Instrument)

Vil




List of Figures

No. Title Page

A diagram of gravimetric energy density and specific
power density of different energy storage technologies
such as electrochemical capacitors, PbO,/Pb batteries,
Ni/MH batteries, Lithium-ion Batteries and Li-primary
batteries.

The Relation of Potential with Distance away from
interfacial layer between electrode and electrolyte in three
1.2 | model Helmholtz’s model (A), Gouy and Chapman’s |7
model (B), and Stern’s model. Reproduced with permission
from

1.1

The circuit model of a supercapacitor which includes
capacitance and resistance in each small pores as well as
the external and membrane resistance. Reproduced with
permission

1.3

Ragone Plote Shoeing Energy density Versus Power

1.4 : . .
Density of common electric energy storge devices

11

(A) Cyclic voltammetry curves of microwave
exfoliation/reduction of GO electrode at different scan rate
of 100 mV/s, 200 mV/s and 500 mV/s. (B) Galvan static
charge-discharge curves of microwave
exfoliation/reduction of GO electrode under different
current density

1.5 15

(a) Different atomic structures corresponding to the
directions of rolling a graphene sheet. Atomic structure of
Zig-zag CNTs (b), atomic structure of Chiral CNTs (c), and
atomic structure of Armchair CNTs (d).

1.6 19

Schematic diagram of the three electrode configuration set

2.1 :
up for the electrochemical measurements

34

2.2 | A schematic view of cyclic voltammogram 35

2.3 Cyclic voltammogram of as synthesized partially 36

VIl



graphitized hierarchical porous carbon spheres at various
scan rates, which are tested in 1 mol/L sodium sulphate
solution with three electrode system Galvanostatic charge-
discharge profile of MnO2 and porous carbon
nanocomposite with the voltage range from 0.0 V to 1.0 V
vs. saturated calomel electrode (SCE) at different current
densities.

Galvanostatic charge-discharge profile of MnO2 and
porous carbon nanocomposite with the voltage range from

2.4 0.0 V to 1.0 V vs. saturated calomel electrode (SCE) at 37
different current densities.
2.5| Typical Schematic Illustrations of EIS Spectrum and the | 39
Equivalent Circuit Used to Interpret the Data for
Supercapacitors (Inset)[94]
2.6 | Applications of Supercapacitors 40
31 Schematic illustration of the overall experimental a1
" | procedure
3.2 Experimental setup for preparing metal oxides by the pray 43
" | pyrolysis technique
3.3 Experimental setup for hydrothermal synthesis ateflon — 42
' lined autoclave(left) and a stainless steel container(right)
Braggs law can be derived from the geometrical relation
3.4 between the interplaner spacing d and diffraction angle 46
4.1 | XRD patterns of ZnFe,0, ternery oxide 53
4.2 | High magnification - FESEM images of ZnFe»O4 nanoparticles 54
CV curves at different scan rates of theZnFe,O,, (b)
4.3 | charge/discharge curves at different currents of the |55
ZnFe,O, nanoparticles
44 a) Nyquist plots recorded between 1 Hz and 100 kHz, and b) cycling 57

performance of the ZnFe,O,




List of Tables

No. Title Page

3.1 | Materials and chemicals 42

4.1 | The specific capacitance values of ZnFe,O, at different | 56
current density

4.2 | The specific capacitance values of ZnFe,O, at various | 56

scanning rates




g 0 A 0 A, At At At A 8 A 2 0 0
II'% i
w L
i

TN o T N
.!IL+

=k =

[ o [ O
T

i

Chapter One

Introduction and

o Literature Review it

L3
[T
[,

A P P 2 I

R I A1 LTS P T

L

L PO 15 5 15 P10 155 15 £ 215 25 1

e R T R T R R e S e e



Chapter One Introduction and Literature Review

Chapter One

Introduction and Literature Review

1.1 Introduction

The ever-growing concerns about fossil fuel crisis and ecological
deterioration have attracted attention to the utilization of renewable energies
such as tidal, solar and wind. However, these energies are produced
intermittently, therefore energy storage, especially electrical energy storage, has
become one of the essential issues which lead to better utilization of sustainable
energies in the future. Among various energy storage technologies, lithium-ion
batteries (LIBs) and super capacitors hold great promise in broad applications
such as portable electronics, smart grids and electrical vehicles. LIBs, as a kind
of secondary batteries, have been prevalently used in people’s daily lives since
they were first commercialized by Sony Company in 1991. LIBs have high
energy density, around 150 ~ 200 Wh/kg, which enables it to store electrical
energy in lightweight devices. Therefore, LIBs are widely used not only in
portable electronics, but also in aircrafts and automotive vehicles, which are
commonly powered by fossil fuel. Besides, compared to conventional
secondary batteries, which suffer from memory effect, LIBs can be charged at
any time even after being only partially discharged. However, there are still
some technical challenges posed by LIBs. First, the electrolyte containing
flammable organic solvents such as ethylene carbonate (EC), dimethyl
carbonate (DMC) and diethyl carbonate are highly hazardous in the case of
short circuit. The explosion of LIBs is usually able to cause extremely serious
safety issues even death. The second concerns are related to the battery life.
Based on manufacturers’ information, the capacity of LIBs drops linearly to
80% after 500 cycles indicating batteries of phones that are used daily can

barely last for more than three years. In addition, for rechargeable batteries, a
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short recharge time is significant, especially for electric cars. For example, a
Tesla electric car can charge at the rate of 92 km of range per hour with a wall
connector and dual chargers, which is less convenient for long distance
travelling than traditional cars; however when a single charger and mobile
connector are utilized the charge rate is even lower. Therefore, the widespread
adoption of environmental friendly electrical vehicles is still hampered by the
long charge time of LIBs. At last, LIBs are extremely hard to compare with
fossil fuels in terms of power density, which are at least two magnitudes lower
than that of fossil fuel. As a result, to replace fuels with LIBs, a large quantity
of LIBs is needed, thus leading to a sharp increase in the mass of products.
Thus,supercapacitors SCs seem to be a promising technology for the next-
generation energy storage devices due to their safety, long cycling life, short

charge duration and high power [1].
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1.2 The Development Electrochemical Capacitors

The growing crisis of fossil fuels and the severe environmental pollution

resulting from exhaust gas of internal combustion engine have made
researchers focus on developing new energy storage devices to replace
conventional engines. Great effort has already been made towards developing
hybrid powers, fuel cells, and chemical cells. However, due to their short
service life, high cost and low temperature performance, it is hard to solve all
the problems at the same time. The emergence of super capacitors which have
outstanding features such as long cycling life, high temperature performance
and environmental benignity, has opened a way to solve almost all the
problems that are faced by current energy storage technologies. Because of the
advantages of super capacitors, they can replace conventional batteries or even
novel energy storage devices utilized in electrical vehicles. Moreover, super
capacitors have more widespread applications than traditional batteries.
Therefore, many researchers are sparing no efforts to study the electrode
materials of super capacitors.
The discovery of electrolytic capacitors was a coincidence when researchers
were conducting experiments for fuel cells and secondary batteries using
porous carbon as the electrode in early 1950s. Researchers found that porous
activated carbon (AC) with high specific surface area could be used for energy
storage. Although the mechanism of electric double layer had not been
thoroughly studied, the first “Low voltage electrolytic capacitor with porous
carbon electrode” was still reported in 1957 by H.I. Becker [1].

Electrolytic capacitors are energy storage devices with a special metal
and electrolyte as anode and cathode materials, respectively. The metal which
Is used in the electrolytic capacitor is easy to form a layer of metal oxide as the
dielectric of the capacitors. Three family members of electrolytic capacitors are

aluminum electrolytic capacitors, tantalum electrolytic capacitors and niobium
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electrolytic capacitors [2] .Since the first report of electrolytic capacitors,
hundreds of patents and articles related to various aspects of this field were
subsequently written by developers. However, electrolytic capacitors only have
limited capacitance [3] . Researchers were not able to achieve a breakthrough
until the emergence of electrochemical capacitors.

In the early stage, electrodes of electrochemical capacitors were usually
made of activated carbon coating on aluminum foil and the electrodes were
soaked in liquid or solid electrolyte with a porous separator between them. This
mechanical design established the prototype of electrochemical capacitors,
which greatly increased the capacitance to the order of 1 farad. In 1971, this
invention was successfully commercialized as “super capacitors” by the
Japanese company, NEC Corporation. At that time, SCs only had limited
applications and were mainly used as back-up power supplies for volatile clock
chips or computer memories [4] . The capacitance of first generation SCs was
mainly hampered by large internal equivalent series resistance (ESR), owing to
the low conductivity of electrodes and electrolytes used during that time. These
problems were basically solved with improved electrode materials and
electrolyte by the 1980s; when large amount of SCs were marketed, most of
them were applied in the military due to their high cost. From 1975 to 1980,
Brain Evan Conway, a researcher form the University of Ottawa, conducted a
large number of experiments using ruthenium oxide as SCs electrode
material [5].This special material not only can store electrostatic charges by
electrical double layer, but also generate a kind of “pseudo capacitance”
resulting from faradaic reaction or under potential deposition on the surface of
electrode. Based on his research, the concept of SCs has been extended, and
B.E. Conway explained the difference between batteries and super capacitors in
his report in 1991 [6] .
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Figure 1.1: A diagram of gravimetric energy density and specific power density of
different energy storage technologies such as electrochemical capacitors,
PbO,/Pb batteries, Ni/MH batteries, Lithium-ion Batteries and Li-
primary batteries [6].

Recently, in order to combine the high power density of SCs and the high
energy density of LIBs, hybrid capacitors have been popular in the research
which are also known as lithium-ion capacitors [7-9]. This technology was first
reported by FDK company who used carbon and pre-doped lithium-ion as the
electrode materials in 2007. The pre-intercalation of lithium ions is capable of
lowering the potential of anode electrodes leading to higher a potential widow
and a higher energy density of Capacitors. For example, the initial potential of
carbonaceous electrodes are approximately( -0.1 V) versus Standard Hydrogen
Electrode (SHE). After doping of lithium ions, the electrode potential can be
reduced to( -2.8V). As can be seen in Figure(1.1) lithium-ion capacitors have at
least one magnitude higher energy density than electrode double layer

5
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capacitors (EDLC). However, the power density of lithium-ion capacitors are
comparable with EDLCs. But, the organic solvent containing in the lithium-ion
capacitor electrolyte has potential risk of explosion when a short circuit occurs.
In order to avoid the safety issue that exists in lithium-ion capacitors, many
other scenarios of improving energy density of super capacitors are being
studied. Compared with dangerous organic electrolytes, aqueous super
capacitors hold more promise. But at the same time, novel electrode materials

are highly demanded for aqueous super capacitors to increase the capacitance.

1.3 Physical Model of Supercapacitors

A typical structure of a super capacitor involves two polarized
electrodes connected with current collectors. Power source is able to be applied
on the current collectors to polarize the electrodes to charge the device. A
separator which is located between two electrodes is ion-permeable but can
prevent electrons from passing through. Both electrodes and the separator is
immersed into electrolyte, which contains positive and negative ions. When a
voltage is applied, the ions with opposite polarity to the electrode will be
absorbed onto the corresponding electrode, forming an electric double layer on
the interface between the electrode and the electrolyte. The electric double layer
model was firstly proposed by Helmholtz in 1853 [10]. Helmholtz model can
be simply described as a capacitor since he supposed that only a single layer of
ions is absorbed on the surface. The electric double layer capacitance

calculated by this model is indicated as:

Where: ¢ is the electrolyte dielectric constant, which is also known as
permittivity of the electrolyte, and d is the thickness of electric double layer.
However, the Helmholtz model is not accurate enough to show the relation

between capacitance and voltage, because Helmholtz failed to a consider the

6
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resistance in the electrolyte which can lead to a different distribution of

charges.
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Figure 1.2: The relation of potential with distance away from interfacial layer between
electrode and electrolyte in three models: Helmholtz’s model (A), Gouy and
Chapman’s model (B), and Stern’s model C [10].

The Helmholtz model was later modified by Gouy and Chapman who
proposed the existence of a diffuse layer of ions which leads to an
exponentially decrease of the electric potential from the electrode surface to the
bulk of electrolyte. As Gouy and Chapman did not involve the dimension of
ions and molecules in their model, the relationship between surface capacitance
versus surface potential cannot be described correctly especially at high surface
potential. To solve this problem, Sterrn established a new model by combining

theories of Helmholtz and Gouy and Chapman, which separates the space of
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charges into two parts: the compact, formed by absorption of electrolyte ions
and diffused layer, explained by Gouy and Chapman [11-12]. Thus, the total
specific capacitance C depends on the surface capacitance of the compact layer
Cc and the diffused layer Cd:

T T (1.2)
C C. C,

For a conventional capacitors or parallel electrode capacitors, their capacitance

can be determined by the following equation:

A
B e (1.3)

C=¢

r

Where: er is the dielectric constant, €0 is the dielectric constant of vacuum, d is
the distance between separated charges, and A is the surface area of the
electrode [13]. According to electric double layer theory, if larger surface area
of an electrode can contact with the electrolyte and if more charges can be
absorbed onto the electrode, a super capacitor can have higher capacitance.
Therefore, porous materials (e.g. activated carbon), which have large specific
surface area (SSA) and are highly conductive, are ideal super capacitors
electrode materials. It is possible to imagine that each pore in the porous
electrode works as a conventional parallel electrode capacitor. Thus, as shown
in Figure 1.3, a super capacitor is composed of billions of small electric double
layer capacitors. When a super capacitor is converted to a circuit model, it is
necessary to involve the resistance of each pore, the external resistance and the

membrane resistance [14].
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Figure 1.3 Circuit model of a supercapacitor which includes capacitance and resistance
in each small pores as well as the external and membrane resistance [10].

1.4 Operation Principle of Supercapacitors

Unlike traditional capacitors whose energy is stored on the two metal
electrodes separated by a dielectric media, Super capacitors can store energy by
forming electric double layers between the electrode and the electrolyte.
Depending on whether a faradaic reaction occurs in an energy storage process,
the capacitance of super capacitor is classified into electric double layer
capacitance and pseudo capacitance. The capacitor which has electric double
layer capacitance is called electric double layer capacitor because it stores
energy in an electrostatic way by separating electrons and electrolytic ions in
the electric double layer. The capacitor which has pesudocapacitance is called
electrochemical capacitor since it stores energy in an electrochemical way by
having fast faradaic redox reaction on the surface of electrodes.
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1.4.1 Mechanism of Electric Double Layer Capacitors

In an electric double layer capacitor, there is no faradaic reaction
involved in the energy storage process leading to the major difference from
batteries whose electrodes have redox reaction during charging and
discharging. On the electrodes of electric double layer capacitor, there are only
absorption and desorption of ions when external voltage is applied. Thus, the
electrode polarization of electric double layer capacitor is much faster than
batteries due to the absence of limitation of chemical reaction kinetics. The fast
charge and discharge features of super capacitors can lead to better power
performance than that of batteries. From the Rag one Plot shown in
Figure (1.4), double layer capacitors have one magnitude higher power density
than LIBs, solar batteries and fuel cells. In addition, faradaic reactions that
occur in active materials on the electrodes may result in the swell or dissolve of
active materials during charge and discharge. For example, the dendritic Li
growth on the electrode during charge and discharge may penetrate the
separator between two electrodes and causes a short circuit or even
explosion [15]. Similar phenomena also present in silicon based anode of LIBs.
Insertion and extraction of lithium ions can cause large volume and
morphology change of silicon based electrode. This drawback is the main
reason for degradation of electrode materials and inferior cycling stability of
silicon based LIBs [16]. Lithium sulfur batteries also suffer from the loss of
active electrode materials because sulfur can convert to dissolvable products
during charge and discharge, which is well known as the “shuttle effect” [17].
However, electric double layer capacitors take the advantage of absence of
faradaic reaction, so generally, double layer capacitors can maintain over
100,000 cycles. Compared with SCs, batteries can only survive thousands of
cycles. Besides, double layer capacitors have more choices in terms of the

electrolyte. Unlike batteries, the reactions of electrodes and electrolytes are

10
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fixed, double layer capacitors can adopt various electrolyte to satisfy different

functions.
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Figure 1.4: Ragone Plot showing energy density versus power density of common

electrical energy storage devices [18].

1.4.2 Mechanism of Electrochemical Capacitors

Electrochemical capacitors are designed by using the active
materials which can have fast and reversible reaction on the surface of
electrodes. Due to the presence of faradaic reactions, electrochemical
capacitors are similar to batteries. Thus, electrochemical capacitors are also
called pseudo-capacitors, and the capacitance of electrochemical capacitors is
defined as pseudo capacitance. When a voltage is applied on the two electrodes
of electrochemical capacitors, faradaic redox reaction occurs on the surface of
the electrode to transfer charges between electrodes and the electrolyte,

generating circuit in the electrochemical capacitors system. Transition metal

11
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oxides such as MnQO,, [19] RuO,, [20] NiO, [21] C030,, [22] and V,0s [23] are
common active materials of electrochemical capacitors. In addition to
conventional transition metal oxides, materials that possess pseudo capacitance
also include: ternary metal oxides and metal hydroxides such as NiCo0,0;,,
[24]ZnC0,04,[25] Ni(OH),,[26] and Co(OH),;[27] metal sulfides; and
conductive polymers such as polypyrrole, polyaniline, and polythiophene.[28].

Generally, pseudocapacitance is higher than electric double layer capacitance
because electrochemical capacitors not only store electrical energy on electrode
surface but also store energy in the bulk of the electrode near the surface. The
average specific capacitance of AC is only 150 F/g whereas specific
capacitance of some pseudo-capacitors can reach over 1000 F/g [29].
Therefore, electrochemical capacitors are able to provide higher energy density

than electric double layer capacitance according to the equation (1.4).

Where: E refers to energy, C is the capacitance, and V is the potential window
of the capacitor.

Some electrochemical processes can even increase the working potential
window to further enhance the energy density. However, the rate of
electrochemical processes is limited by chemical kinetics, resulting in the
sacrifice of the power density. Moreover, electrochemical capacitors also suffer
from poor cycle life due to the presence of reversible redox reaction, which can
lead to loss of active materials.

1.5 SCs Capacitance, Energy Density and Power Density

In the structure of a super capacitor, the two electrodes are able to be

treated as two capacitors in series. Thus, the total capacitance of a super

capacitor can be described using the following equation:

12
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1 1 1
s (1.5)
¢ G 2
Cc.C
Or Cr=—2"2 1.6
TTCiC, (1.6)

Herein, C+ is the total capacitance and C,, C, are individual capacitance of each
electrode. When the materials of two electrodes are same, C; is equal to C..
According to equation (1.6), the total capacitance is half of individual
capacitance of one electrode. This type of SCs is called symmetric super
capacitors. On the other hand, if C; is not equal to C,, which illustrates the
materials of two electrodes are different, the corresponding super capacitors are
named asymmetric super capacitors. Based on equation (1.6), the total
capacitance of asymmetric super capacitors is mainly determined by the
electrode which has lower capacitance. Depending on the total capacitance and
the operational voltage of the super capacitor, it is possible to evaluate the total
energy that can be stored in this device by equation (1.4). In addition, the power

of a super capacitor is given by the following equation:

V2
=i 1.7
4Rs ( )

Where: Rs represents the equivalent series resistance (ESR) of a super
capacitor. ESR generally derives from the intrinsic resistance of electrode
materials and electrolyte, transfer resistance of the diffusion of ions from
electrolyte to the surface of the electrode as well as the resistance between
electrodes and current collectors due to poor contact.

Hence, in order to achieve a high power, it is necessary to reduce the
inner resistance of a super capacitor. On the other hand, since the value of
power is proportional to the square of voltage, extending the potential window

of a super capacitor is a more effective way to increase the power. Basically,

13
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the potential window is associated with the intrinsic property, structure of the
electrode materials and the stability of the electrolyte. With regard to energy
density, it can be determined by equation (1.4). In addition to increasing the
potential window, enhancing the specific capacitance of a super capacitor is
also beneficial for its energy density. The specific capacitance is defined as the
amount of capacitance possessed by unit mass of a material. The relationship of

specific capacitance and mass is indicated by the following equation:

@)
3

Where: Cs is the specific capacitance whose unit is F/g, Ct is the total
capacitance of an electrode whose unit is Farad (F), and W is the weight of the
electrode whose unit is gram (g). However, although some materials have
extremely high theoretical specific capacitance, they may be unable to exert
their capacitance completely in practical operation because of the low utility
ratio of electrodes. On one hand, the utility ratio is hampered by the bad
diffusion of electrolyte ions, which makes the ions fail to arrive at the whole
surface of the electrode. On the other hand, poor conductivity of the electrode
materials can also reduce the utility ratio of an electrode by impeding the
formation of an electric double layer or by retarding the reversible redox
reactions. Thus, to boost the utility ratio of an electrode, it is essential to build a
rational electrode structure with effective electrons and ions transition channels.
1.6 Carbon Materials for EDLC

Carbon materials are found to be suitable materials for super
capacitors electrodes in early stage due to their large reservation in nature, low
cost, environmental benignity, facile processing procedure, controllable pore
size, high specific surface area, high electrical conductivity, good chemical
stability and stable performance in wide range of temperature. Carbon materials

are basically utilized in electric double layer capacitors. Due to the stability of
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carbon materials in electrolyte, it can hardly be used as electrochemical
capacitors electrodes which store electrical energy by fast reversible reaction.
As shown in Figure 1.5, the cyclic voltammetry of carbon materials are
approximately rectangular without any redox peaks. With regard to the
galvanostatic charge-discharge curves, the charge curves and corresponding
discharge curves are basically symmetrical, indicating the high columbic utility

ratio of electrostatic energy method.

A B 40
200 35] OTAQ 28Ag 14AQ
5)
E 3.04
o 100
% S 2.5
= 0 2.0+
2 0 g
[ o 151
0 >
& 1.0
6 100
A 0.5
7]
'200 1 1 1 ¥ Ll L 1 ) 1 y I 2 1 ] 1 OO- | ! | A | ' I I 1
00 05 10 15 20 25 B30 35 0 50 100 150 200
Potential (V) Time (s)
Figure 1.5: (A) Cyclic voltammetry curves of microwave

exfoliation/reduction of GO electrode at different scan rate of 100
mV/s, 200 mV/s and 500 mV/s. (B) Galvan static charge-discharge
curves of microwave exfoliation/reduction of GO electrode under

different current density [30].

Since carbon materials are only able to store electrical energy on the
surface of the electrode, the capacitance of carbon materials is mainly
associated with the characteristics of electrode surface such as specific surface
area, pore volume, pore shape, pore size distribution, and conductivity. As
reported by Jiujun Zhang, [31] among all the factors mentioned above, the

performance of carbon materials are dominantly influenced by specific surface
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area and pore size distribution. Currently many carbon materials with high
surface area have been reported such as AC [32], templated porous carbon[33],
carbon aerogels[34], carbon nanotubes (CNTSs), [35] and graphene [36].

High specific surface area plays an essential role in super capacitor
electrode materials. Since carbonaceous materials only store energy on the
interface between electrode and electrolyte by the absorption and desorption of
charges, higher specific surface area can allow the electrode to accumulate
more charges in unit mass materials. Based on Brunauer-Emmett—Teller (BET)
theory, the specific surface areas (SSA) of different carbonaceous materials are
studied. SSA of commercial AC is between 500-1700 m?/g [37] .The SSA of
activated carbon fiber varies with the processing techniques. The highest SSA
of AC can be more than 3000 m?/g. [38-39] SSA of templated porous carbons
Is mainly associated with the property of templates. Some templated porous
carbons can achieve as high as 4000 m?g [40-43] .In addition to specific
surface area, pore size also has significantly effect on specific capacitance. But
the mechanism of this effect is still not quite clear. A theoretical formula is
reported by Huang et al [44] . In case of mesoporous carbon whose pore size is
larger than 2 nm and smaller than 100 nm, the model showing the relation of
pore size and specific capacitance with fixed SSA can be described in the

following equation:

C  &¢

K— b ............
bin
(b_d)

Where: b is the radius of the pores, d is the distance between electrolyte ions
and carbon surface. Recent study shows that when the pore size is below 1 nm,
the capacitance increases sharply and reaches the maximum value when the
pore size is the same as that of ions, indicating the highest capacitance is

achieved when a single ion is in one pore. Further research was carried out to
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demonstrate that it is necessary for ions to remove the solvation shells when

they enter into pores.

1.6.1 Activated Carbon

Activated carbon materials not only have the general characteristics of
carbonaceous materials such as benign conductivity, chemical stability, and
application in a wide temperature range, but also have high SSA, making it
preferred materials for super capacitors. AC is enormously popular due to the
low cost and facile processing techniques. Many carbonaceous materials, such
as coke wood, and charcoal, can be used as precursors of AC. Materials with
low degree of porosity are able to be processed to AC by suitable activation
including chemical activation, physical activation, and hybrid activation [45].
Carbonization is usually applied to synthesize AC, since most of other elements
such as hydrogen, oxygen, and nitrogen are removed by the heat treatment in
the inert atmosphere. After calcination, the carbonized materials only generate a
little porosity. In order to largely increase the SSA of carbonized product,
further activation is necessary.

Basically two scenarios: chemical activation and physical
activation, are able to be adopted. In chemical activation procedures, some
activation agents such as ZnCl,, H;PO4, KOH, K2S and KCNS are added and
are subsequently removed by washing to obtain pores. Physical activation is
also known as partial gasification which uses steam, carbon dioxide, and air as
the activation agents. Following reactions may happen during the physical

activation such as endothermic reaction of carbon with steam:

C+H,0-5CO+H, . (1.10)

reaction of carbon with carbon dioxide:

C+CO, >2CO (1.12)
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reaction of vapor with carbon oxide:

CO+H,0-CO,+H, (1.12)

The performance of super capacitors using activated carbon
electrodes is not only related to the surface area but also to the pore size
distribution. It is reported that an activated carbon based super capacitor with
up to 3000 m?/g specific surface area only has the specific capacitance less than
10 uF/cm?, which is smaller than theoretical capacitance. Thus, the utility ratio
of high specific surface area is also essential to the behavior of super
capacitors [46] . To increase the efficiency of surface area, it is necessary to
adjust the pore shape, pore size distribution, and the pore structure. Generally,
the capacitance of AC in aqueous electrolyte is from 100 F/g to 300 F/g.[47]
However, in organic electrolyte, the capacitance is relative smaller
(approximately 150 F/g). This is mainly because the ions in organic electrolyte
are larger than the ions in agueous solvent, making some small pores in the AC
unable to store charges any more.

1.6.2 Carbon Nanotubes

Carbon nanotubes are advanced carbon materials due to their
superior properties such as high conductivity, good mechanical property,
benign chemical and thermal stability, as well as the unique porosity. Based on
directions of rolling a graphene sheet, carbon nanotubes are categorized as Zig-

zag.
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Figure 1.6: (a) Different atomic structures corresponding to the directions of rolling a
graphene sheet. Atomic structure of Zig-zag CNTs (b), atomic structure of
Chiral CNTs (c), and atomic structure of Armchair CNTs (d) from [48].

CNTs are preferred electrode materials for high power density devices
owing to their low resistance. As mentioned above that the power is determined
by equation (1.7) which shows that a low resistance value can lead to high
power density. Besides, the small resistance in CNTs is also able to show good
rate capability. In addition to the good conductivity, the unique structure and
mechanical stability has made CNTs good substrates for other active materials.
Combination of CNTs and faradaic materials such as TiO,, [49] MnO,, [50]
and V,0s[28], are widely studied. The composites take advantage of the high

power density of CNTs and high energy density of faradaic materials.

1.6.3 Templated Porous Carbon

Owing to overwhelming advantages of porous carbon in the area of super
capacitors, active carbon cannot meet the requirements of high-performance
super capacitors. The templating methods are very effective to synthesize

carbon materials with high specific surface area, interconnected pore structure,
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and proper pore size, which are essential factors for advanced super capacitor
electrodes [51]. Basically, the process of templating techniques includes the
preparation of carbon precursors, introduce of the carbon precursors into the
template, and removal of the template.

To synthesize porous carbon materials with different pore shape, pore
order, and pore size, various templates have been used to fabricate specific
porous carbon. Silica spheres are one of very common templates. Since the
presence of silica spheres with different sizes, it is possible to produce high
ordered porous carbon with micropores, mesopores, and macropores. A
mesoporous carbon spheres with silica spheres as the ~ templates have been
studied and achieved 159 F/g at ( 0.5 A/g) [52]. Other types of hard templates
are also studied such as SBA-15 ordered mesoporous silica[53], MCM-41
mesostructured silica[54], and zeolites[55]. In addition to hard templates, soft
templates (surfactant templates) such as Pluronic P-123 and F-127 are also
common templates for synthesizing porous carbon [56-57]. A three-
dimensional ordered mesoporous carbon sphere electrode was synthesized by
using Pluronic P-123 as the template. The mesoporous carbon sphere electrode
can achieve a specific capacitance of (14 pF/cm?) with specific surface area of

(601 m?/g) and pore volume of (1.70 cm®/g).

1.6.4 Graphene

Graphene is a two-dimensional carbon sheet forming by sp2-hybridized.
This specific honeycomb structure is possible to be built into many other
allotropes of carbon such as CNTSs, graphite, and fullerenes. Graphene was
discovered during the study of graphite when people tried to utilize fewer
layers. Finally, a single layer of graphite was exfoliated in Manchester
University in 2004 by Geim and his colleagues [58] .

Basically, a single layer graphene is composed of hexagonal sp2 carbon

atoms. The specific structure exhibits high mechanical stability, thermal
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stability, and great electrical property. In addition, graphene also has
extraordinary high specific surface area (2675 m?/g) which especially benefits
for the performance of electric double layer capacitors. If the large specific
surface area can be fully utilized, the specific capacitance of an EDLC is able to
reach 550 F/g, proving that graphene is a promising materials for
supercapaictor electrodes.

Many graphene-based electrode materials of supercapacitors have been
studied both in aqueous and organic electrolytes. Among the synthesis of these
electrode materials, different methods have been adopted such as chemical
modification, microwave irradiation, thermal treatment of graphene oxide at
high temperature, and at low temperature but in vacuum circumstance.
Normally, the capacitance of aqueous super capacitors with graphene electrodes
Is between 130 F/g and 200 F/g, [59] and the capacitors tested in organic
electrolyte show lower capacitance from (100 F/g to 150 F/g). The reason that
the specific capacitance of practical graphene-based super capacitors cannot
reach theoretical specific capacitance of (550 F/g) is mainly because that
graphene sheet has high possibility of restacking during the preparation, leading
to the lack of sufficient utilization of surface area in graphene.

Due to the high conductivity and mechanical stability, graphene is also
suitable for using as the substrate for active materials like faradaic materials
with pseudo capacitance. A 3D macroporous graphene frameworks combined
with thin layer of MnO, have been reported for super capacitor electrodes. The
porous graphene frameworks successfully offer high surface area,
interconnected channels for electrolyte ions, and conductive channels for
electrons. A thin layer of MnQO, is essential for the high specific capacitance
of 389 F/g at a current density of (1 A/g) owing to its high pseudo
capacitance [60] . The contribution of faradaic materials strongly depends on
their effective surface being used and their uniform coating on the carbon
substrates. Although pure carbon materials are hard to achieve high energy
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density and power density for super capacitors, they still play an important role
in obtaining high-performance super capacitors owing to their high surface area
and superior conductivity. Currently, one strategy of developing super
capacitors with high power density and energy density is to uniformly coat a
thin layer of faradaic materials on carbon materials. With the help of high-
surface-area and conductive carbon materials, active materials are able to exert

high pseudo capacitance and greatly contribute to the energy density.

1.7 Faradaic Materials

Unlike carbon materials, which store charges in the Helmholtz Double
layer, faradaic materials store charges with fast redox reactions on the surface
or in the bulk of the electrode near the surface. Basically, the specific
capacitance of carbon-based materials is from 10 pF/cm® to 50 pF/cm®
However, the specific pseudo capacitance is approximately10-100 times higher
than carbon materials, which is very attractive. Therefore, pseudo capacitive
materials are widely studied in recent years in order to develop advanced
electrode materials for the next generation of super capacitors. Typically, the
pseudo capacitive materials are able to be divided into two -categories:

conductive polymers and transition metal oxides [61].

1.7.1 Conductive Polymers

Conductive polymers are generally low-cost, environmental  friendly,
and their source is extensive. Besides conductive polymers have high
conductivity, wide potential widow, and high porosity, making them promising
candidates for super capacitor electrode materials. During charging and
discharging process, redox reactions occur not only on the surface of the
conductive materials but also in the bulk.

When oxidation reaction occurs, ions are attracted from the
electrolyte to the polymers, and released to the electrolyte during

reduction. The redox reactions are highly reversible, since there is no phase
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transition, making conductive polymers competent for long cycle life. The
conductive behavior of conductive polymers is mainly because conductive
polymers are positively or negatively charged by oxidation or reduction
processes. These specific oxidation and reduction processes are generally
named as doping. Conductive polymers only have conductive property at a
doped state.

There are three types of conductive polymers commonly used as
electrode materials for super capacitors: polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTh), and their derivative materials. Since conductive polymers
are active and can work well only under certain conditions, it is important to
use them in the right electrolyte and right potential ranges. For example, the
negative doping potentials of PANI and PPy are usually lower than the
reduction potential of electrolyte, therefore they can only be positively doped
and better to be used as the cathode electrode materials. In addition, PANI
performs better in acidic electrolyte, where contains the necessary protons for
PANI during its charging and discharging [61] .The working potential window
Is also essential for conductive polymers. Under an improper potential,
conductive polymers may be degraded or lose the conductivity. Thus, the
potential range plays a key role in the performance of conductive polymer

based super capacitors.

1.7.2 Transition Metal Oxides

Transition metal oxides (TMOs) are widely studied as the electrode
materials for super capacitors because of their high pseudo capacitance and
better cycle stability compared to conductive polymers. As faradaic materials,
TMOs have two or more oxidation states in the same phases. When charging
and discharging take place, TMOS are able to convert between different
oxidation states and protons can insert into and extract from the oxide lattice

during reduction and oxidation. The redox reactions are fast and reversible,
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since no phase changing occurs in the process. Several TMOs such as
RuO,, [62] MnO,, [63] V.,0s, [64] NiO, [65] and Co;04 [66], have been found
to have the above properties and been tested as super capacitor electrode
materials.

RuO, is one of extensively studied TMOs for the electrode of super
capacitors, which exhibits high conductivity, long cycle life, high capacitance,
and high rate capability. In addition, RuO, can have high potential window,
thus facilitating the energy density of RuO,-based electrodes. Three oxidation
states are accessible for RuO, at the voltage of (1.2 V) to attract and release
ions during charging and Discharging. Electric double layer mechanism also
presents in RuO, electrodes; however, up to 90 % of the total capacitance is
contributed by pseudo capacitance. The pseucapacitance of RuO, is widely
studied in both acidic and alkaline electrolyte, and it is reported that RuO, can
exhibit different faradaic behaviors with distinct reversible redox reaction
mechanisms. [67]. In an acidic solvent, the rapid redox reaction can be

described as the following chemical equation:
RuO, + XH™ + xe~ <> RuQ, - X(OH)X .......... (1.13)

Where: protons are absorbed to the surface of RuO, and the RuO, can convert
from oxidation states Ru(ll) to Ru (IV). However, the conversion of oxidation
state is different in alkaline environment. When discharge occurs, RuO, will be
oxidized to higher valence state compounds in alkaline electrolyte. Generally,
RuO, based electrode materials can achieve high capacitance and moderate rate
capability. A RuO,/CNT nanocomposite has been reported with a specific
capacitance up to 953 F/g, which is approximately 10 times higher than the
specific capacitance of normal carbon materials [68]. Although RuO, is very
attractive due to the high pseudo capacitance, it is still hindered by the high cost

and limited reservation in nature for extensively application.
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Therefore, transition metal oxides with low cost, extensive source in
nature and high theoretical specific capacitance are highly demanded for the
next generation super capacitors. Many transition metal oxides have been
explored as super capacitors electrode materials such as the  oxides of nickel,
cobalt, iron, and vanadium. However, among all the transition metal oxides,
manganese dioxide holds the brightest promise in pseudo capacitive super
capacitor electrode materials and has been most widely investigated because of
the low cost, large natural reservation, high theoretical capacitance (1370 F/g),

and nontoxicity [69].

1.8 (Zn Fe,O, ) as electrode material for super capacitor

Regardless of the environmental pressure to reduce energy
consumption, global power demand is growing—and one of the ways to solve
this “looming energy crisis” is through the exploration of novel earth-abundant
energy materials [70]. Further, the pace of technological change is getting
faster, thus the miniaturization of electronic devices is also key [71]. These
demands can be met by realizing an efficient oxide energy material at the
nanoscale by controlling their complex crystal structure with many degrees of
freedom (i.e., charge, spin, and orbital) [72]. Oxide materials usually possess
high density, display robust physical properties, and show great flexibility to
tune their optical, electrical, and magnetic properties, with subtle changes such
as elemental substitutions, defect, and strain engineering [73]. Among the
oxides, earth-abundant Zn-ferrite can be the potential alternative energy
material. Zn-ferrites exhibit a unique set of functional properties [74]; it
possesses a normal spinel structure (ZnFe,O,) in the bulk form at room
temperature, whereas inverted spinel structure has been observed at the
nanoscale. The electronic band structure calculations predict the insulating
character of ZnFe,O,[75].
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The reported room temperature resistivity value of ZnFe,O4is r=2 *
10? (Q.cm), which is two to three orders of magnitude lower than other spinel
ferrites [76]. The optical band gap energy [77], with values of 2.02 eV and 2.33
eV for the indirect and direct transition near the maxima of UV-Visible
absorption curves is suitable for energy harvesting with sufficient amounts of
electron-hole pair generation from the solar spectrum, and suitable to drive
redox reactions with proper band positions [78]. Appropriate doping of Zn in
FesO,4 [79], i.e., a good control of the ZnyFe;, O, stoichiometry, is one way to
tune electric, magnetic, and optical properties which provides a versatile
playground to build ZnFe,O, based sensors, solid-state energy conversion
devices, and solar cells. The nanostructuration of ZnFe,O, is a second lever of
action which enables external tuning competence of the properties by inducing
the cation inversion [80]. The cation inversion, an interchange of Zn and Fe
atomic positions in the spinel ZnFe,O,4 strongly depends upon the size of
nanostructures produced by different growth methods [81]; varying the extent
of cation-inversion in spinel structures allows tuning their electronic and spin
structure, which eventually can be used to design various spintronic,
microwave, and photoelectrochemical (PEC) functionalities. The most
Important cost factor in energy storage applications is light-absorbing
material’s efficiency. In the case of ZnFe,0,, the theoretical solar-to-hydrogen
(STH) conversion efficiency is estimated to be 17.9% for PEC water
splitting [82]. Furthermore, the morphology and size of ZnFe,O, as electrode
material are crucial factors in supercapacitors and lithium-ion batteries, wherein
theoretical capacity for supercapacitor (2600 F/g) and Li-ion battery (1072
mAhg™) are higher than when using other ferrites. The synergies between Zn
and Fe ions in Fe-based binary oxides with large surface area offers higher
electrochemical kinetics, active sites, and delivers superior capacitance [83].

Thus, the ability to strongly tune the overall properties of nanostructured
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ZnFe,O, material demonstrates its pertinence in synergist energy storage

applications .

1.9 Literature Review

1. Bresser et al, (2012) [84], presented the preparation and
electrochemical characterization of a new material consisting of carbon
coated ZnFe204 nanoparticles. This material is capable of hosting up to
nine equivalents of lithium per unit formula, corresponding to an
exceptional specific capacity, higher than 1000 mAh g*. Composite
electrodes of such a material, prepared using environmentally friendly
sodium carboxymethyl cellulose as binder, showed the highest, ever
reported, specific capacity and high rate performance upon long-term

testing.

2. Bourrioux et al., (2017) [85],studied the electrochemical performances
of ZnFe,0,/y-Fe,0; nanoparticles prepared by laser pyrolysis was
Evaluat. A ZnFe,0O4/y-Fe,O; nanocomposite was successfully
synthesized by laser pyrolysis, a very attractive nanosynthesis technique
characterized by high versatility and flexibility. The ZnFe,O,/Fe,03
nanocomposite was tested as negative electrode material for lithium-ion
batteries, showing significantly improved lithium storage properties with
a high reversible capacity and rate capability compared to pure ZnFe,0,
electrode. A capacity exceeding 1200 F g-1 is sustained after 100 cycles
at 100 mA/g, with a gradual increase of the capacity during cycling. At
500 mA/g current rate, a reversible and stable capacity of 360 F g-1 is
observed after 300 cycles. Electrochemical measurements with several
electrolytes and electrode formulations were also conducted in order to

explore the origin of the extra capacity and its increase with cycling.
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3. Yao et al., (2018) [86], ZnFe,O4a-Fe,O; nanocomposites From
Sulfuric Acid Leaching Liquor of Jarosite Residue and the preparation
of ZnFe,O4/0-Fe,O; nanocomposites from the leaching liquor of
jarosite residue by a facile chemical coprecipitation method followed
by heat treatment at 800°C in air. When evaluated as anode material
for Li-ion batteries, the ZnFe,O4/0-Fe,O; nanocomposites exhibits
high lithium storage activity, superior cyclic stability, and good high
rate capability. The synthesis of ZnFe,O,/a-Fe,O; nanocomposites
from the leaching liquor of jarosite residue and its successful
application in lithium-ion batteries open up new avenues in the fields

of healthy and sustainable development of industries.

4. Saraf et al., (2019) [87], employed a facile solvothermal technique to
produce ZnFe,O, microspheres. The obtained noticeable specific
capacitance (175 F g * at a current density of 5 A g™) and rate
performance with good cycling stability were assigned to the large
surface area and unique porosity of ZnFe,O, microspheres.The work
opens up an avenue to consider crystalline, porous and high surface
area enabled hetero-metallic oxides to be promising candidates for

high-performing supercapacitors.

5. Maksoud et al., (2020) [88], comparesed the following materials used
to fabricate supercapacitors: spinel ferrites, e.g., MFe,O4, MMo0QO, and
MCo0,0, where M denotes a transition metal ion; perovskite oxides;
transition metals sulfdes; carbon materials; and conducting polymers.
The application window of perovskite can be controlled by cations in
sublattice sites. Cations increase the specifc capacitance because cations
possess large orbital valence electrons which grow the oxygen vacancies.

Electrodes made of transition metal sulfdes, e.g., ZnCo,S,, display a high
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specifc capacitance of 1269 F g, which is four times higher than those
of transition metals oxides, e.g., Zn—Co ferrite, of 296 F g*. This is
explained by the low charge-transfer resistance and the high ion difusion
rate of transition metals sulfdes.

6. Bohra et al., (2021) [89], studied the properties, such as chemical and
thermal stability and the reduced toxicity of Zn over other metals, can be
easily tuned was reviewed in various ZnFe,0, nanostructures depending
on the choice, amount, and oxidation state of metal ions, the specific
features of cation arrangement in the crystal lattice and the processing
route used for the fabrication. Furthermore, the remarkable cation
inversion behavior in nanostructured ZnFe,0,4 extensively cast-off in the
high-density magnetic data storage, energy storage devices like Li-ion

batteries, supercapacitors, and water splitting for hydrogen production.

1.10. Aim of the Study

1- Preparing the ZnFe,O, nanoparticles as electrode for advanced energy
storage applications such as medical ear stethoscope used for children ,elderly
and police communications system.

2-The remarkable cation inversion behavior in nanostructured ZnFe,O,
extensively cast-off in the high-density magnetic data storage

3- Exploring the new electrode materials for supercapacitors as a solution to
the ever-rising demands for better performing devices exhibiting longer cycle

life and improved safety.
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Chapter Two Theoretical Background

Chapter Two

Theoretical Background

2.1 Introduction

This chapter includes a general description of the theoretical Background that
relates to this study such as the development of supercapacitors,electrolyte of
supercapacitors and electrochemical characterization techniques. It will help to
understand the enhance the electrochemical properties by altering the

components.

2.2 Supercapacitor Technology

Supercapacitor is an advanced energy storage device of higher energy
density and higher cycle stability than battery or traditional capacitors.
However, its energy density is smaller than that of lithium-based or lead-acid
batteries. The development of supercapacitors proceeded very quickly, and they
are of particular interest in automotive applications for hybrid vehicles and as
supplementary energy storage for battery electric devices. As a result, extensive
going work has been undertaken to increase the energy density of the
supercapacitors.
2.2.1 double - layer capacitors

Activated carbon-based super capacitors materials applied in Super
capacitors. The advantages of activated carbons are due to their low cost, large
capacitance, and good cycling stability, which make them the most highly
developed technology. In these devices the charge storage is electrostatic, and
the electrolyte ions are reversibly adsorbed in the electrochemical double-layer
of the porous carbon electrode structure [90].

As carbon nanotubes (CNTs) have special internal structures, high
surface area remarkable chemical stability, and electronic conductivity, they

have been considered and demonstrated to be excellent new material for
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electrodes in electrochemical energy storage and conversion devices, including
super capacitor electrodes.

C.Du et.al published a paper in 2006, reporting the fabrication of multi-walled
carbon nanotube (MWNT) thin films by an electrophoretic deposition
technique [91]. The most important finding in their research is that the super
capacitors built from such thin film electrodes presented a superior frequency
response, with  afrequency  “knee” at about 7560 Hz, 70
times higher compared to any “knee” frequency (100 Hz), which has so far
been reported.

Other researchers have reported on the electrochemical and cycling
characterization of an activated carbon super capacitor cell [92]. This cell
contained micro porous activated carbon as the active material and Whbutyl-
Wmethylpyrrolidinium bis (trifluoromethanesulfonyl) imide (PYR14TFSI)
ionic liquid as the electrolyte. (60 F g™ capacit was exhibited at a 20-mV s™
scan rate, with a maximum operating potential range of 4.5 V at 60 °C in CV
measurements in their research. This capacitor maintained high cycling stability
for 40,000 cycles without any change in the cell resistance (9 Q@ cm?) and a
voltage up to 3.5 V at 60 °C, when assembled in a coin cell. Such high
performance makes these sorts of capacitors suitable candidates for potential
high temperature applications (>60 °C).

2.2.2 Solid-State Supercapacitors

Most of the redox supercapacitors reported [93] are based on liquid
electrolytes. These supercapacitors with liquid electrolytes have the major
disadvantages of corrosion, self discharge, bulky design, and low energy
density, similar to the case of liquid electrolyte batteries. To avoid these
shortcomings, major attention has been recently devoted to the fabrication of
so-called solid-state capacitors, which apply solid polymer or gel as
electrolytes. This kind of electrolyte is selected to provide high ionic

conductivity and advantageous mechanical properties, including flexibility for
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proper electrode—electrolyte interactions and the ability to form thin films of
desirable area. The solid-state redox supercapacitors are the new generation of
supercapacitors and have not been widely reported. A few studies have recently
investigated  different polymer or gel electrolytes, such as
poly(methylmethacrylate) (PMMA)-ethylene carbonate (EC)-propylene
carbonate (PC)- [94] etc.

2.3 Key Design and Cost Issues

In the past ten years of research and development of supercapacitors,
significant progress has been made, but so far no device is available to meet all
the requirements in both the technical and the economic aspects. In vehicle
applications for example, it is required for a device to have high energy density
(>5 Wh kg™), high power density (low resistance long cycle and shelf life, and
reasonably low cost (<US $2-3/Wh). There are several design issues to be
considered, e.g. electrode thickness and material properties, contact resistance
between material particles/fibers, bonding of the active materials to a current
collector, electrolyte resistivity, cell/stack configuration, packaging, electrode
material and electrolyte purity, quality and uniformity of fabrication, cost of
materials, and so forth. Batteries, fuel cells and capacitors are the three main
types of energy storage devices that are widely used around the world.
Supercapacitors have many advantages and fill the gap between batteries and
regular capacitors. The most important characteristic of supercapacitors, unlike
other types of capacitors, is their “super” high energy density. Several
materials, such as activated carbon, transition metal oxides, and conducting
polymers, are suitable candidates for supercapacitor electrode materials. Solid-
state supercapacitors have been recently developed with solid-state electrolytes,
which show advantageous features compared to normal liquid electrolytes.
Although different energy storage mechanisms are applied for each type
of device, the supercapacitors have promising applications, especially in
vehicles [95].
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2.4 Supercapacitor Electrochemical Characterization Techniques

Electrochemical characterization techniques are very crucial for the
evaluation of the electrochemical performance of electrode materials.
Typically, a high-performance supercapacitor electrode material has many
necessary properties such as good rate capability, high capacitance, high
columbic efficiency, and low electrical resistance. Basic electrochemical
characterization techniques involved in supercapacitor evaluation are
galvanostatic charge discharge (GCD), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS).

In order to characterize the electrode material, an active electrode can be
tested in a three electrode system, which is common for testing half cells. In a
three electrode system, there are three components, working electrode, counter
electrode, and reference electrode, where the active electrode is used as the
working electrode. To record the potential of this working electrode, a
reference electrode whose potential is almost a constant in a narrow potential
range is used. In addition, a counter electrode which is usually a platinum wire,
Is also necessary to carry the current coming across from the working electrode,
which can prevent the reference electrode from carrying current, leading to
potential change of the reference electrode.

Full cell test, which usually takes place in a two electrode system, can
show more practical performance of active materials than half cell, because full
cell test works similar to a practical supercapacitor which has a positive
electrode and a negative electrode. In a full cell system, both electrodes are
assembled with active materials. According to if the active materials in the two
electrodes are same or not, the supercapacitor can be divided into symmetric
and asymmetric supercapacitor respectively.The working electrode is
assembled by drop casting the electrode slurry directly onto a current collector
made from nickel foam. In addition to active electrode materials, 10 wt% of
conductive carbon black and 10 wt% of polyvinylidene fluoride (PVDF) are
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utilized as conductive additive and binder material respectively. The electrode
slurry should be well dispersed onto the current collector to enhance the
utilization efficiency of the active material. Wet electrodes need to be dried in a
vacuum oven and pressed at 2.0 MPa to enhance the contact between active
materials and current collectors. After these procedures, electrodes are able to
be characterized by different techniques in a three electrode system or in a full

cell.

Working
Electrode

~Reference electrode

Figure 2.1: Schematic Diagram of the Three Electrode Configuration Set up for the

Electrochemical Measurements.

2.4.1 Cyclic Voltammetry

Cyclic voltammetry is a common electrochemical characterization
technique to study the electrochemical property of a material. A potential on the
working electrode ramps linearly with time from the open circuit potential to a
set potential. Then the potential returns to the other set potential in the same
way. Both the scan rate and cycles can be controlled. Basically, the redox
potential of the active material should be contained within the potential window
of CV to analyze the electrochemical property of the material. A typical cyclic
voltammogram is shown in Figure(2.2). The corresponding current is a function
of the scanning potential. From a cyclic voltammogram, researchers can obtain

a large amount of qualitative information with regards to the active material
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such as the capacitance, conductivity, polarization, reversibility and the position

of reduction and oxidation peaks.

current

Figure 2.2: a schematic view of cyclic voltammogram.

From the area of a CV curve, the specific capacitance of the active

material can be calculated with the following equation:

Idv
o] (2-1)
2 mw
where C is the specific capacitance, m is the mass of active material, V is
the potential window, v is the scan rate, and [Idv is the area of the CV curve.
Since a cycle contains both charging and discharging processes, the entire area

should be divided by two to obtain the specific capacitance.
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Figure 2.3: Cyclic voltammogram of as synthesized partially graphitized hierarchical
porous carbon spheres at various scan rates, which are tested in 1 mol/L sodium

sulphate solution with three electrode system.

An example is shown in Figure (2.3); the CV curve of carbon materials
with electric double layer capacitance is similar to rectangular with no redox
peaks. With the increase of scan rate, the area of CV curves becomes larger and
larger. However, due to the growing resistance at high scan rate, the specific
capacitance will slightly decrease. Thus, it is significant to reduce the resistance
at high scan rate by developing a rational structure for supercapacitor electrode
materials.

2.4.2 Galvanostatic Charge and Discharge

Galvanostatic charge and discharge is a more accurate technique to
evaluate the specific capacitance of active materials than CV method. Positive
and negative constant currents come across the working electrode to charge and
discharge the electrode in a set voltage range with recording the time. A typical

GCD curve is shown in Figure 2.3, in which the voltage is drawn as a function
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of the time. Then, the specific capacitance can be determined by the potential

window, current density and discharge time with the following equation: 36

IAt
C=— 2-2
<y (2-2)

where | is the current, At is the discharge time, m is the mass of electrode

material, and V is the potential window.

1.0+

0.8+

0.6 1

0.4+

0.2+

voltage (V vs SCE)

0.0+

0 1000 2000

time (s)

Figure 2.4: Galvanostatic charge-discharge profile of ZnFe,O, and porous carbon
nanocomposite with the voltage range from 0.0 V to 1.0 V vs. at different current

densities

2.4.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a powerful tool to analyze the
impedance of an electrochemical system, wherein an alternating potential with
changing frequency is applied onto an electrochemical system to test the ratio
of alternating potential to the corresponding current signal as a function of
sinusoidal wave frequency. The Impedance resulting from the quotient of
potential divided by current is a complex number. To use the real part as X axis
and the imaginary part as Y axis, it is able to obtain a Nyquist plot, which is
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Important in the analysis of electrochemical impedance. Generally a Nyquist
plot consists of a semicircle followed by a 45° straight line. In practice, at high
frequency region, the intercept on X axis represents the series resistance of the
electrode. The semicircle region mainly reflects charge transfer resistance
which is related to reactive kinetics. At low frequency .region, the 45° straight
line which is known as Warburg diffusion regime, is attribute to the diffusion
transmission resistance in the electrode. However, for some complex EIS
curves, the electrochemical system should be studied by representing the
system with an equivalent circuit which consists of resistance, capacitance, and
inductance etc. basic electrical elements, and analyzed by circuit modelling

software.

Electrode impedance checking may be carried out in potentiosatic mode
(PEIS) by applying a sine wave around a potential E. The value shall be set as a
constant value or a value associated with the equilibrium potential of the
working electrode within a range of frequencies [94]. The impedance spectrum
generally consists of a high frequency semi-circle corresponding to the kinetic
processes and a low frequency tail associated with the diffusion processes, as
shown in figure (2.5), where R,, Ry, Cq and W represent the uncompensated
resistance, the resistance to the transfer of charges, the constant angle of phase
element Galvanostatic mode is somewhat similar to PEIS mode, except that

current replaces of potential mode [96].
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imaginary

Ris Re+Ry > Zreal

RetRy-2W2Cy,

Figure (2.5): Typical Schematic Illustrations of EIS Spectrum and the Equivalent
Circuit Used to Interpret the Data for Supercapacitors (Inset) [94].

For this work, EIS data was collected on a (CHI660B) of electrochemical
impedance spectroscopy (EIS) was conducted using an AC voltage of (5 mV)
in amplitude over a frequency ranged from (0.01 to 100 kHz) at open circuit

potential.
2.5 Applications of Supercapacitors

Rather than replacing a battery, supercapacitors due to its unique
properties like ultra-fast charging and discharging of high current, are more
commonly wused as memory standby/backup to bridge short power
xinterruptions. In such application, supercapacitors will supply the necessary
power to the system when there are energy bursts, at the same point the main
batteries can supply the necessary energy since they can store and deliver the
required amount of energy over a longer and slower period of time. Another

application is improving the current handling of a the battery and hence to
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improve the life cycle of battery. Supercapacitors can also do current boosting

on high load demand by placing it in parallel to the battery terminal [70].

Figure 2.6: Applications of Supercapacitors [71]

Another important application of supercapacitor is to improve the peak
load performance of portable fuel cell. The applications of supercapacitors
never restricted to electric and hybrid vehicles; they also have a role in the
emergency window of A 380 flight for the sudden opening of emergency doors

and in cranes to lift heavy loads as shown in Figure (2.6) [71].
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Chapter Three Experimental Part

3.1 Introduction
In this study, experimental work was performed in the laboratory of

Nanotechnology Institute / University of Technology/Baghdad. The overall
experimental procedures for designing electrode materials are shown in Figure
(3.1). This chapter refers to the preparation of materials followed by
characterization of the prepared materials and evaluation of their

electrochemical properties for supercapacitors.

c Material preparation :

ol
3

e

Material Caracterization

X-ray Difraction (XRD)
Electon spectroscopy (SEM)

Flectrochemical Characterization

Electrode Fabrication
Cycic Voltmmetry (CV)

Glvanostatic Charge-Discharge (GCD)
Electrochemical Impedance Spectroscopy

Figure 3.1: Schematic illustration of the overall experimental procedure.
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3.2 Materials and Chemicals

Experimental Part

A list of materials and chemicals used in this research are

presented in Table 3.1.

Table 3.1 Materials and chemicals.

Materials/Chemicals | Formula Purity Supplier

N-methyl-2- CsHgNO 98% Sigma-Aldrich

pyrrolidinone

Isopropanol (CH3),CHOH 99.7%+ Sigma-Aldrich

N,N-dimethyl CH3;CON(CHy3), | 99% Sigma-Aldrich

acetamide

Dimethyl formamide | HCON(CHa), 99% Sigma-Aldrich

Ethanol C,HsOH Reagents | Q-Store Australia

1,2-propanediol CH3;CH(OH)CH | 99% Sigma/Aldrich
,OH

Carbon black C Super P Timcal Belgium

Graphite C n/a Fluka

3.3 Materials Synthesis Techniques

3.3.1 Spray Pyrolysis

Spray pyrolysis is a powerful synthesis technique that can be used to

produce a wide variety of chemically homogenous ceramic powders with high

purity. Oxide powders with homogenous particle sizes and crystallite sizes less

than 100 nm may be prepared by this method. Spray pyrolysis synthesis is

simple and time-efficient, allowing for continuous operation. With the addition

of a carbon source, oxide/carbon composites can be generated, giving extra

benefits for electrochemical performance. The morphology of the particles

produced by spray pyrolysis can (to some degree) be controlled by the choice
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of precursors, the concentration of the precursor solution, the size of the spray
droplets, and the retention time in the furnace.

Figure (3.2) presents a schematic of the spray pyrolysis system for the
preparation of nanosized powders [95]. The working procedures are as follows.
An initially prepared water-based precursor solution is fed through a nozzle
into a rotating furnace, which has been preheated to the predetermined
temperature. In the hot-zone, the atomized solution is dried and the metal salts
decompose at a high temperature, forming an intimate metal oxide mixture. The
spray pyrolysed powders are collected in a cyclone at the bottom of the furnace

and are then subjected to further treatment or characterizations.

Atomizer

Atomizer
control
Spray nozzle

_Droplet transport |mechanism

‘Spray solution

Substrate

Temperature
controller

Figure 3.2. Experimental setup for preparing metal oxides by the spray pyrolysis
technique [95].

3.3.2 Hydrothermal Synthesis
Hydrothermal synthesis is a method used to synthesize single crystals.
The crystal is grown in hot water under high pressure, depending on the

solubility of the precursors. The synthesis is performed in an apparatus called
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an autoclave, in which the ( Nutrient5) solution containing precursors for
crystal growth is supplied along with water. A gradient of temperature is
maintained at opposite ends of the growth chamber, so that the hotter end
dissolves the nutrient and the cooler end facilitates growth of the crystal seeds.
A typical Teflon-lined autoclave is shown in Figure (3.3) (left). Precursor
solution would be initially prepared and filled into the autoclave. Then this
autoclave is to be sealed in a stainless steel container Figure( 3.3) (right) and

maintained at the aim temperature in an oven [95].

Figure 3.3. Experimental setup for hydrothermal synthesis: a Teflon — lined autoclave

(left), and a stainless steel container (right).

There are several advantages of the hydrothermal method over other
types of crystal growth. One is that crystalline phases which are not stable at
the melting point can be created. Moreover, the growth of materials with a high
vapour pressure near their melting points can be performed. Also, it is
particularly suitable in that large good-quality crystals can be grown by the
hydrothermal method while maintenance of composition control is needed.

Possible disadvantages include the need for expensive autoclaves and good
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quality seeds of a fair size, and the impossibility of observing the crystal as it
grows.

3.4 Materials Characterizations

3.4.1 X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive analytical characterization
technique to determine the crystal phase and structure. It produces a beam of X-
ray which hitting a specimen as an incident function and scattered angle and
polarization in addition to energy. A given specimen contains a specific
arrangement through the unit cell which refer to a special relative intensity of
diffraction peaks recorded when hitting of x-ray. Thus, the unit cell size and
geometry of the angular positions can be resolved for the X-ray diffraction
findings. The resulting diffraction lines with clear peaks both are named the
pattern of XRD. The X-ray wavelength can be compared to the atom size, it is
suitable for investigating the structural arrangement of atoms and molecules in
a broad domain of alloys and metals. Every crystal has its own unique

properties in a pattern of X-ray diffraction which obey Bragg's law :
nA = 2dsin & (3.1)

where d, 0, n and A, are interplanar spacing, Bragg angle, reflection order

and X-ray irradiation wavelength respectively [96] .
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(hkl)

(hkl)

(hkl)

Figure (3.4): Bragg’s law can be derived from the geometrical relation between

the interplanar spacing d and the diffraction angle [96].

3.4.2 Scanning Electron Microscopy (SEM) & Transmission Electron

Microscopy (TEM)

Electron diffraction is a technique used to study matter. When electrons
are fired at a sample, the resulting interference pattern can be observed. This is
due to the wave-particle duality, meaning that an electron can be regarded as a
wave. This technique is similar to X-ray diffraction and neutron diffraction.
The a scanning electron microscope (SEM) as electron backscatter diffraction,
to study the crystal structure of solids. At first, the electrons are accelerated by
an electrostatic potential. This will result in the desired energy and wavelength
for the electrons before they interact with the sample to be studied. The periodic
structure of a crystalline solid acts as a diffraction
grating, scattering the electrons in a predictable manner. It may be possible to
deduce the structure of the crystal from the observed diffraction pattern.
However, the technique is limited by the phase problem.

Compared with other types of radiation used in diffraction studies of
materials, such as X-rays, the main difference lies in the fact that electrons are

charged particles and interact with matter via the Coulomb forces. This means
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that the incident electrons feel the influence of both the positively charged
atomic nuclei and the surrounding electrons. In comparison, X-rays interact
with the spatial distribution of the valence electrons. Because of these different
forms of interaction, the two types of radiation are suitable for different studies.
Electron diffraction will give high resolution at the nanometer scale, while X-
ray diffraction is of relatively low resolution. As mentioned above, the
wavelength of electrons accelerated in a TEM is much smaller than that of the
radiation usually used for X-ray diffraction experiments. A consequence of this
is that the radius of the Ewald sphere is much larger in electron diffraction

experiments than in X-ray diffraction. This allows the diffraction experiment to

reveal more of the two dimensional distribution of reciprocal lattice points.

3.4.3 Brunauer-Emmett-Teller (BET) Technique and Pore Size
Distribution

The Langmuir isotherm will not be valid when molecules form
multilayers. To take this possibility into account, in 1938, Stephan Brunauer,
Paul Emmett, and Edward Teller developed a model isotherm. The theory is
called BET Theory, from the initials of their last names. The BET theory is
used to calculate the specific surface area (m2g-") of the materials from N2
adsorption isotherms. The pore size distribution, on the other hand, applies the
gas adsorption isotherms to describe the distribution of pore volume with
respect to pore size; alternatively, it may be defined by the related distribution

of pore area with respect to pore size [96].
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3.5 Electrochemical Testing

3.5.1 Preparation of ZnFe,O4 nanoparticles

A hydrothermal method is used for synthesizing the ZnFe,O40n nickel
foam. Several steps is involved in the synthesis: In a typical experiment, the
substrate of the substrate (1x2 cm) degreased by using acetone. Then, the
substrate was cleaned and etched by using (4 M) HCL in an ultrasound for (20
minutes) in order to remove the surface layer of NiO and then rinsed by DI and
absolute ethanol for (30 minutes), respectively. For the hydrothermal method,
Zn(NQO3),-6H,0 (0.597 g) and Fe(NO3),-6H,O (1.162 g) were melted
(dissolved) discretely in 30 mL of DI along with magnetic stirring.
Simultaneously, Co(NH,), (0.7 g) were dissolved in mixture contains 20 mL
for both of ethanol and ID with magnetic stirring. The stirring process lasted
for 30 minutes. Then, a solution of zinc nitrate was added slowly to the solution
of cobalt nitrate. Next, the mixture of urea and ammonium fluoride added to
cobalt nitrate and zinc nitrate mixture along with magnetic stirring at room
temperature (RT) for (30 minutes). Then, the resulted mixture was places in a
Teflon-lined autoclave manufactured from stainless steel of (100 mL) in
volume. The reaction was accomplished for 24 hours at 120 °C. as soon as the
reaction completed, the autoclave allowed to be cooled to room temperature. DI
was used to wash the resulted product for several times followed by ethanol as
well. After that, the product was dried in a vacuum at (80 °C) and lasted
for (8 h). The Ni foam coated with a pink product was taken out from the
autoclave and washed several times with distilled water and absolute alcohol in
an ultrasound to remove the residual nanoparticles and then dried for (12 h) in
an oven at (60 °C). The resulted product was calcined for (2 h) at (400 °C)
under Air atmosphere with (2 °C min™) as the ramping rate by using a
programmable and controllable furnace to get the final product of the
composite ZnFe,0,4.The original (pistine) ZnFe,O, was produced similarly .
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However hydrothermal treatment followed by calcination yielded the crystallite

growth of ZnFe,04 nanoparticles.

3.5.2 Electrochemical measurements

Electrochemical tests of ZnFe,Ojnanoparticles were first performed
utilizing system of three electrode in 2M potassium hydroxide as electrolyte. Pt
mesh and Mercury/Mercury oxide electrodes have been utilized as the counter
electrode and reference electrode, respectively. The working electrodes were
created by mixing the active substance ZnFe,O, nanoparticles . 80%), black

acetylene (10%), and polyvinylidene

Fluoride (PVDF) (10%) in an N-methyl-2-pyrrolidinone (NMP) solvent.
Stirred the mixture overnight, and loaded slurry onto the nickel foam (1.0cmx
2.0cm in area) and use vacuum at 120 °C for 10 h for dried. The electrode was
compressed under 4 MPa and dried overnight. The mass loading of the efficient
substance was obtained by evaluation nickel foaming before and after plating
with the material, utilizing a balance with a precision of 0.01 mg. The
electrically active material reinforced with nickel foam (area 1 cm?) was used
directly as the working electrode. The ZnFe,O, nanoparticles mass load on
nickel foam was calculated to be 0.9-1.5 mg cm2. Periodic voltmeter (CV)
calculations were conducted on an electrochemical workstation (CHI660B,
Chenhua, Shanghai) in the potential range 0 to 0.45 V (Mercury/Mercury
oxide) at scan rates variations. Galvanic charge and discharge investigations
were conducted on a examine system controlled by LAND battery software.
Electrochemical impedance spectroscopy (EIS) measurements (CHI660B) were
conducted through using an AC voltage of 5 mV in amplitude over a frequency

extent from 0.01 Hz to 100 kHz when open circuit is possible.
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3.6 The Evaluation of Electrochemical Capacitors

Generally, there are several evaluation parameters for electrochemical

capacitors, including specific capacitance, energy density, and power density.

The electrode’s specific capacitance (C) in (Fg™') from the CV, was

calculated as per equation (3.2).

co I ldv
 mvAV (3.2)
Where m denotes to the active material mass (g), | denotes to the
voltametric current (A), AV denotes to the CV potential window (V), and v is

the rate of scan.

The specific capacitance values of the single electrode or the cell could be

expressed by Equation (3.3):

IAt
c=—% (3.3)

In Equation (3.3), I represents the discharging current (A), At represents
the discharging time (s), m represents the mass of the active material (m), and

AV represents the voltage during discharging (V) [70].

The energy density Energy stored per unit of mass (Wh-kg™) or volume
(Wh L™) is another term which is widely used to assess the performance of a

supercapacitor device could be expressed by Equation (3.4):

£ 0.5C(AV)?
3.6 (3.4)

In Equation (3.4), E (Wh kg™ ) represents the energy density of the cell, C

represents the total capacitance (F g™ ) of the cell, and V represents the
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operating voltage (V) of the cell. Clearly, if the operating voltage is increased,

the energy density will be greatly increased [71].

The power density of a supercapacitor device shows the capability of the
device to transfer the specific energy (Wh kg™) or (Wh L™) in a given unit of
time (h). Power density is usually reported per unit of mass (W kg™) or volume
(W L) following Equation (3.5):

~ E3600

P At (3.5)

In Equation (3.5), P represents the power density (W kg™ ) of the cell, E
represents the energy density (Wh kg™ ) of the cell, and t represents the
discharging time (s) [72].

Cycle life is another important criterion which differentiates
supercapacitors from batteries. The cycle life shows the number of charge-
discharge cycles an electrical capacitor (EC) can be subjected to before it

experiences a serious decline in measured capacitance [96].
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Chapter Four Results & Discussion

4.1 Introduction

This chapter present the results and discussion for the structure |,
morphology, Electrochemical properties of ZnFe,O, nanoparticles decorated
on nickel foam. The structural, preparation morphological, and electrochemical
properties of pure ZnFe,O4 by employing the hydrothermal method for
preparing electrode materials as ZnFe,O, are shown and discussed in this
chapter. Schematic illustration for the synthesis of ZnFe,0, nanostructure on

nickel foam substrate.

4.2 Results and discussion

Figure(4.1) shows the XRD pattern of novel synthesized ZnFe,O,

nanomaterials. All the peaks of the XRD pattern can be easily indexed to
cubically shaped spinel type ZnFe,O, structure (JCPDS No. 82-1042).

The peaks at 20 wvalues of 35.23° 42.81° 56.60° and 62.14° can be
assigned to the consideration of (311), (400), (422), (511) and (440) planes of

spinel ZnFe,O, nanomaterials [15]. The intense and sharp peaks elucidate that

the products are well crystallized.
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Figure( 4. 1) XRD patterns of ZnFe,O, ternery oxide

The surface morphology of the synthesized product was identified
by FE-SEM measurements. Figure 4.2 show the FE-SEM images of ZnFe,O,

flaky structure. The particles are uniformly distributed. The sizes of the
particles are in few hundred nm and some of the particles sizes are in the

range from 10 nmto 50 nm .
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Figure( 4.2) High magnification - FESEM images of ZnFe,O, nanoparticles

Recent studies have found that porous structures could act as an electrolyte ion
reservoir, which could be formed within the pores of the electrode materials.
This provides spatial confinement of the electrolyte and ensures close contact
between the electrode material and the electrolyte, as well as a stable supply of
electrolyte ions [47]. Thus, the porous structure could provide better electrode/
electrolyte interaction, facilitating the electrochemical reactions.

The supercapacitors was investigated by cyclic voltammetry (CV) and
galvanostatic charge-discharge techniques in a three-electrode system. the

ZnFe,O, electrodes were subjected to different electrochemical
characterizations to evaluate their performance. the ZnFe,O, electrode showed

superior electrochemical performance as compared to other electrode systems

Figure( 4.3). [48]. The Table (4.1)Show specific capacitance values of ZnFe,O,

at current density and Table (4.2) :The specific capacitances of ZnFe,0, at

various Scanning rates.

54



Chapter Four Results & Discussion
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Figure( 4.3) (a) CV curves at different scan rates of theZnFe,O, (b)charge/discharge
curves at different currents of the ZnFe,O, nanoparticles.
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Table (4.1): The specific capacitance values of ZnFe,O, nanoparticles at
different current density

Current density Specific capacitances of ZnFe,0,
A.g) (Fg)
1 1010
1000
10 966
20 832
50 718

Table (4.2) : The specific capacitances of ZnFe,O, at various Scanning rates.

Scanninglrates Specific capacitancles of ZnFe,0,
(mVs ) (F-g)
2 1002
4 960
6 894
8 710

Figure( 4.3) (a) were also carried out to find the best performing electrode

system. the ZnFe2O4 system was observed to be the best performing electrode,
by taking all the ZnFe,O, electrochemical characterizations into consideration.

Thus, further electrochemical performance evaluations were carried out using
the the ZnFe,O, sample and keeping the ZnFe,O, as the standard. The CV

curves of the electrodes made from all the ZnFe,O, nanoparticles at different

scan rates in the potential range of 0.0 to 0.45 V (vs. Hg/HgO) are displayed in
Figure( 4.3) (a,b). The CV curves of the ZnFe,O, electrode show much larger

integrated areas and specific current. This suggests that the ZnFe,O, has higher

electrochemical activity and a faster activation process. As seen in Figure(
4.4)(a,b) the Nyquist plots for both electrodes consist of a semicircle

representing the charge-transfer resistance (R at the electrode interface, while
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the inclined line (W: Warburg impedance) in the low-frequency region is
attributed to ion diffusion in the electrolyte to the electrode interface. The first
intercept on the x-axis represents the solution resistance (Rs). The nonlinearity
in the charge-discharge curves indicates pseudocapacitance behaviour owing to
Faradaic reactions occurring at the electrode/electrolyte interface. Overall, the

ZnFe,O, electrode exhibits high specific capacitance and rate capability, along
with superior cycling performance. Such impressive electrochemical properties
can be attributed to (i) the presence of in the ZnFe,O, system, which enhances
the effective specific surface area and shortens the diffusion and migration
paths for electrolyte ions; (ii) the intact contact the ZnFe,O,, which promotes
the electronic conductivity of the composite electrode; and (iii) the effective

action of the ZnFe, O, during charge/discharge process .
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Figure (4.4 a) Nyquist plots recorded between 1 Hz and 100 kHz, and b) cycling

performance of the ZnFe,O4 nanoparticles.
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4.3 Conclusions:

1.

The results showed the electrode ZnFe,O, that fabricated have high
electrochemical properties.

The prepared ZnFe,0, rate had the ability to attain 1118 F g™* as the
highest mean specific capacitance at 2 A g™ of current density and
capacitance after 10000 cycles of charging/discharging process.

The used method offered an easy and effective way for combining
the conducting metal oxide composites with porous structures. With
its outstanding electrochemical efficiency, the ZnFe,O4would,
without any doubt, make it an attractive option for producing
electrode materials with highly performance for potential energy
storage applications such as medical ear stethoscope used for

children ,elderly and police communications system.

4.4 Suggestions and Future Work

For further studies, the followings are suggested:

1- Developing of new methods for dispersion, electrophoretic deposition and

co-deposition of MWCNT,graphene and ZnFe,0,

2- Investigating of the effect of using different conducting polymers

treatment such as polyacetylene, polypyrrole, and polyaniline on metal
oxide in supercapacitor applications.

Determining of the different electrolyte impression for capacitance
behavior.

Fabrication and testing of symmetric and asymmetric devices,
investigation of capacitance, impedance, power-energy characteristics,
capacitance retention at different charge-discharge rates and cyclic
stability.

5-Analysis and optimization of microstructure of new materials such as

MnCO,0, ,CrC0O,0, and FeCO,0, for battery and supercapacitor.
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