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ABSTRACT

Supercapacitor development from transitionmetal-integrated

spinel manganese oxidearbon nanotubes composite materials

Christopher Nolly
MSc. Nanoscience, Department of Chemistry, University of the Western Cape

December 2019

Supercapacitors are electrochemical energy storage devices, muchilikebhiteries, that

have expeditiously beemmproved over the years througixtensiveresearch conducted in
material sciences and nanotechnology. Since supercapacitors are mostly known for their high
power densities and extended lifecycle, they are therefomnglyremployed in applications
where large quantities of energy is required to be stored and/or released withitirgaick
periods andenergy outputs. In the modern technological era, supercapacitors are
predominantly employed in hybrid electric vehiclesE{), trains, trams, cranes, cell
phones, as uninterrupted power supplies (UPS devices), and in memory backup units for
computer systems. Apart from these conventional application areas, the application field of
energy storage that ultimately makes supggicdors blossom, is the field of storing
harvested renewable energy from sel§taining power sources such as solar cells and/or
wind turbines. However, the unfortunate disadvantage associated with supercapacitors is its
low energy density compared tottaies. Therefore, this research work presents the study of
multi-walled carbon nanotubes (MWCNTS) integrated with spinel nanostructured OuMn
nanoparticles as composite electrode materials towards enhancing the energy performance if
asymmetric pseudopacitors. The hybrid composite (Cub@y/MWCNT) development
process initially started with the synthesis of the pristine (hausmagpég MO, material,

upon modification thereafter wittopper and carbon nanoparticl@he synthetic procedure

that was ged to develop the pristine and spinel materials is a versatilepteghure
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hydrothermal method, where the hybrid composite material was synthesized via a more
energy efficient refluxheating system. The copper integrated with the pristines;®n
material formulates a more stable spinel famntereecubic (FCC) CuMpO, crystal
structured material, with additional tetrahedral and octahedral interstitial sites as electron
vacancies. The integration of MWCNTs to CuMm was intended to enhance its
electrochenical conductivity, thermal stability, and surfagkectrolyte contact area. Physical
properties of the synthesized electrode materials were investigated using various microscopic
and spectroscopic techniques such as scareleajron microscopy (SEM), Hgesolution
transmission electron microscopy (HEEM), energy dispersive -Xay spectroscopy (EDS)
Fourier transforminfrared spectroscopy (FIR), and Raman spectroscopy. Crystallite size,
particle size distribution, as well as thermal stability analysiee conducted through-day
diffraction (XRD), smaHangle Xray scattering(SAXS), and thermegravimetric analysis
(TGA). Electrochemical properties of the synthesized electrode materials were studied
through employing cyclic voltammetric (CV), galvataitc charge/discharge (GCD), and
electrochemical impedance spectroscopic (EIS) analysis. Microscopic analysis revealed that
the synthesized materials displayed regular morphologies from Biedes, as well as
rectangular box and cubgtructures for MgO, and CuMnOQ;,, respectively, from HRTEM

figures XRD and SAXS analysis indicated that the average crystallite size and particle size
distribution for the hybrid composite material was the smallest compared to the pristine and
spinel materials. TGA analysiadditionally confirmed the superior thermal stability of
CuMmnO/MWCNT over that of MgO, and CuMnO, Electrochemical analysis was
conducted on all electrode materials utilizing both teleetrode (half cell) and two
electrode (full cell) testing dews, where 3 M KOH and 3 M LiOH were tested as aqueous
electrolyte solutions for the half cell, of which the best suited electrolyte (3 M LiOH) was
used for the full cell analysis. The maximum specific capacitance values for g MAC,
CuMmOs~ AC, ard CuMnO/MWCNT =~ AC full cell devices were obtained as 994.373
F/g, 1608.523 F/g, and 2234.460 F/g, respectively. The ragone plot from the results section
illustrated that the CuM@®,/MWCNT ~ AC cell device retained a relatively high energy of
35.068 Wh/lg, with a maximum power density of 2449.942 W/kg. Cycling stability analysis
impressively revealed that the Cup/MWCNT =~ AC electrochemical cell exhibited a
specific capacitance of 948.388 F/g together with a capacitance retention and coulombic
efficiency of 88.571 % ath 92 %, respectivelgfter 3000 cyles.
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CHAPTER 1

Chapter Overview

Chapter 1 presents a concise introduction on the resedmackground of the project,
emphasizing on the transition towards sustainable and renewable energy sources and energy
storage technologies. In addition, it briefly explores the current research pursued in
supercapacitor technology and its contribution &vds supercapacitor performance. This
chapter also states the problems associated with current research in supercapacitor
electrode materials as well as the motivation, aims, objectives, and outline of this research

project.

1.0 Introduction

1.1 Regarch Background

The reliance of modern civilization on the use of riorenewable energy sources such

as fossil fuels (coal, petroleum, and natural gas) in road transportations systems,
manufacturing, and electrical power industries has given rise to ifisemt
environmental and human safety conceftp The continuous combustion of fossil
fuels during electricity production, results in the abundant emission of poisonous carbon
dioxide (CQ), carbon monoxide (CO), and hydrocarbon gases, which are toxic t
environmental and human exposuf@]. The concerns regarding environmental
exposure of C@is driven by the knowledge of it being a major greenhouse gas,
contributing towards a gradual overal/l t
thus resultig in global warming occurrence and harsh climate chai3je Human
safety concerns of CO exposure at moderate and high concentration lewals ov
extended periodpotentially incease the risk of people experiencing toxic dise§ks

It is additionally amicipated for future global energy demands to continuously rise in

proportion to the current i ncrease in the




particular concern is propelled by the increase in consumption quantity of fossil fuels
each year. Térefore, it is required for modern society to transition from an economy
based on fossil fuels to renewable sa&lfistaining energy sources as well as efficient
energy storage technologies. Due to this requirement, there has recently been immense
interest n the development of high power and high energy density storage devices

suitable for use in mobile electronics, hybrid electric automobiles, and smart grids.

1.1.1 Transition towards renewable energy resources

The general origin of sustainable and rende/anergy sources come from resources that are
not diminished when used overtime such as solar, wind, biomass, geothermal, and
hydropower [5]. The advantage of these resources over fossil fuels is that we do not
compromise the safety of our planet in artie harness it. According to the BP Statistical
Review of Energy, since the year 2013, Af
average quantity of 6.3 million to 5.2 milkdbarrels of crud®il per day[6]. Since South

Africa is known to be theeventh largest coal producer in the world, approximately 77% of
the countryds el ectri ci t[A. Agaraselrohthd many coas d
mining activities and large coal consumption quantities, 396.78 tonnes of toxic carbon
dioxide (CQ) gases are emitted each year, t hus
emissions the highest in Afrida]. The South African Department of Minerals and Energy
(SADME) developed a renewable energy policy, setting specific electricity targets for
renewabé energy contributior[6]. Solar power is one of the most popular forms of
renewable energy resources used in South Africa as it provides a great theoretical supply,
potential in the production of electrical energy from solar radiation. The technological
principle of solar energy is employed through photovoltaic panels, which convert solar
radiation from the sun directly into electrical energys providing power to lighhome
electrical appliances, and telecommunication devices. The Northernr€zpre apart from

other provincial regions in South Africa, amounts to an approximate total area of 194,000
km? available foraccumulation ofhighly concentrated solar radiatid]. It is therefore
scientifically estimated that if every square kilometre of sp&arel surface in a solar power
plant could generate 30.2 Megawatts of electricity, thely 1% of the total geographical

area of radiation would be available for solar energy generg8jorThis estimation would

therefore result in a potential generatiof 64 Gigawatts, thus indicating that approximately
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1.25% of the total area of radiation would meet the projected electricity demand target of 80
Gigawatts by 202%8]. Despite these promising estimates, the major downside of electricity

production fromsolar power technology is energy efficiency, storage, and transportation. In

order to overcome these obstacles, solar power plants must be located in areas receiving

highly concentrated solar radiation. However, these solar plants are located far away from

densely populated areas where energy demand is high. This in turn applies to other forms of

renewable energy sources such as wind, hydroelectric, geothermal, and biomasses concerning

availability and location. Therefore, energy storage technologies sucielecells, enhanced
rechargeable batteries, and high performance supercapacitors could potentially provide a
solution. These next generation technological devices could potentially store the excess

energy generated by solar power plants and transpuanenever and wherever it is needed.

1.1.2 The need for electrochemical energy storage systems

Energy storage technologies are the key solution to managing the intermittent nature of
renewable energy sourcgl]. This implies that these electricity stgeasystems could be

used to store the excess energy generated from renewable energy sources such as wind ar
solar power plants, and transmit it into the power grid during demanding times when climate
change results in the less availability of wind andusdiation. One additional advantage of
using these energy storage systems is that not only are they environmentally friendly, but
they could also potentially reduce the electrical marketing costs for consumers and
distributors[9-10]. The various type®f energy storage systems used for electric energy
applications and that are currently under research and development include the following:
SMES (superconducting magnetic energy storage), FES (flywheel energy storage), ECES
(electrochemical energy storaggch as batteries, supercapacitors, electrolytic capacitors, and
film capacitors)[1, 10]. These storage technologies are classified according to their lifetime
period, number of charge/discharge cycles, storage capacity, and energy response time. Th¢
figure below illustrates a ragone plot, which represents the comparison between the various
principle energy storage systems mentioned above according to their energy and power

densities as well as their energy response times.
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Figure 1.1: Comparison of diferent energy storage technologies with respect to their

energy and power densitie§l].

Antecedent research pursued in electrochemical energy storage technologies such as
batteries, electrochemical capacitors, and fuel cells, has proven it to be tiper@shing
storage systems used for providing support to photovoltaic and wind generators regarding
short and long time scale energy stordfj@]. These energy storage devices are similar
concerning their electrochemical operating systems, but are distiadple according to their
application, energy storage capacity, and power conversion mechanisms. Electrochemical
capacitors, also known as supercapacitors, are energy storage devices with similar designing
and manufacturing attributes to that of batteaed fuel cell§11]. However, the difference

of supercapacitors to batteries and fuel cells is that supercapacitors store charge non
faradaically, meaning that electrons are not transferred across the electrode interface and
electrostatic forces allowff the storage of electrical energy to ocglit]. This type of
supercapacitor is known as an electrical doldyer capacitor (EDLC), where during its
charging procesghe electrons and ions are stored at the interface between the high surface
area condctive solid material electrodes and the liquid electrolyte, thus generating an
electrical field near the electrodes which holds the positive and negative ions t¢jgther

Electrical energy is then generated when the electrons are removed throughethal ex




circuit, and the counteéons (positive ions) are repelled from the negative electrode at the
electrode/electrolyte interface. A pseudocapacitor is another type of supercapagviever,

it relies on faradaic processes to store charge. This inftieg the charge storage process
involvesthe transfer of electrons vi@dox reactions at the positive and negative electrodes
[11]. These types of supercapcitors possess a greater specific capacitance as opposed {
EDLCs, however, the redox reactionsuses high internal resistance within the cell, thus
resulting in a decreased specific power dendify. In the case of fuel cells, fuels such as

hydrogen and hydrocarbon gases are required for energy storage and cofi/2}sion

Since the year 1990upercapacitor devices became well known within the application of
hybrid electric vehicle§ll1]. The efficiency of avehicle requirekinetic energy to be stored
within a compartment of the vehicle when it reduces speed or remains statibhary
Batterieshave been regarded as suitable technological devices for successfully performing
these energy storage operatigfiy. However, due to the low specific power density of
batteries, additional energy storage technologies such as supercapacitors cdre tzdtery

in a hybrid electric vehicle, thus providing efficient power for the acceleration and
regenerative braking of the vehidlgl]. Supercapacitors have mostly been recognized for
this particular application as a result of their high power ratebdéms and extended
lifecycle, thus providing an improvement in the development and manufacturing of more
advanced hybrid electric vehiclg¢s]. The figure below presents various electrochemical
energy storage and conversion devices in terms of thaiifispenergy and powdd 1]. From

our knowledge of batteries and capacitors, batteries are able to store large quantities of
energy; however, they do take a long time to charge. Capacitors, on the other hand, can
charge very quickly; however, they do ntre as much energy. Supercapacitors fill in the
gap between batteries and conventional capacitors, as they are able to store more energy thg
capacitors and charge more quickly than battefidd. Ideally, we desire to develop
supercapacitor technologiegith the ability to store large amounts of energy as well as
charge very quicklyThis research work is therefore aimed at developing a high performance
supercapacitor electrode material that has the potential to store a large quantity of charge,
undergomany chemical reactions without breaking down, and possess a high electrical

conductivity.
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Figure 1.2: Ragone plot illustrating general guidelines for various electrochemical

energy storage and conversion devicg¢$l].

The current electrode matesal gener al ly used in todayds s
categorized according to the following types: carbased materials; conducting polymers;

and metal oxide materials such as Ru®O,, MnO,, NiO, CaOs; FeOs; Mn3Os SnQ,

V,0s and MoOJ[11]. Carbon materials such as activated carbons, carbon nanotubes (CNTSs),
and graphene have been immensely studied in the application of supercapacitor electrode
materials due to their large surface area, rich pore structures, and high electrical conductivity
[13]. However, it is prominent that these types of carbon materials have their own unique
advantages and disadvantages. Extensive research have been conducted on activated carb
materials for EDLC electrodes due to their large surface area (ranging G800 nf/g)

[11] and relatively low cost[13]. However, its electrochemical analysis revealed an
undesirable specificapacitance value of about 60gHL4] at low current densitie$13].

Carbon nanotubes have also been employed as high energy d@is@\electrode materials

due to their satisfactory electronic conductivity; however, they do possess a lower surface
area of 430 fiig [11] as compared to activated carbfr8]. Despite the disadvantage of
CNTs to activated carbons regarding surface area, effitanglement formation of the
nanotube structures allows for easier access of electrolyte ions to the electrode/electrolyte

interface during the charging process of the EI)LQ.
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A research group evaluated the electrochemical performance of a hytivadeatcarbon and
carbon nanotube nanocomposite material in an organic electfbd\jteThe results obtained

from electrochemical analysis revealed that the synthesized material achiepedifec s
capacitance value of 90d;/indicating an improvemensacompared to the pure activated
carbonbased electrode materidl4]. Recently, many research groups have shown intensive
interest in the development of graphene electrode materials for EDLCs as they exhibit a
theoretical specific surface area of 268¢/g and a theoretidaspecific capacitance of 550

F/g [13]. However, the downfall to graphene is that when-lf@yered graphene sheets are
stacked together during electrode preparation, they experience strong Van der Waals forces
between the layerd 3]. This interaction reduces the accessible surface area of the densely
stacked graphene layers for the accumulation of electrolyte[id@}s Innovative research
aimed at solving this problem have been implemented by incorporating an activation
methodology invaling the development of activated graphene nanostrucfafys This
research resulted in the formation of graphene materials possessing an even greater specifi
surface area ranging between 28IM0 nf/g [13]. Although these materials showed
promising rsults regarding surface area, they only managed to achieve a specific capacitance
ranging betweed20-165 F4 [13]. This implies that there are certain sections of the specific
surface area that are not electrochemically accessible to the electrolyte[1®8ns
Nevertheless, activated graphene still exhibits a greater specific surface area and capacitanc
than that of activated carbon and carbon nanotubes combined.

Second on the list of supercapacitor electrode materials is conducting polymers. These type
of materials possess interesting characteristics that make them acceptable candidates fo
supercapacitor applications such as their relatively low cost, low toxicity, high electrical
conductivity, and large energy storage capa¢ity]. Conducting polymes are mostly
employed as electrode materials for pseudocapacitors as they produce the capacitive respons
via fastmoving redox reactions occurring within the polymer mati3]. The two types of
conducting polymers which are predominantly investigatetude polyaniline (PANI) and
polypyrrole (PPy)[13]. They exhibit specific capacitance valuesging between 15090

F/g (for PANI) and 80100 F§ (for PPy) in both aqueous and raqueous electrolytd4 3].
However, these values are still undesirable dohieving the prerequisites of experimental
application because conducting polymers tends to experience instability during

charging/discharging cycling processes, which results from the swelling and shrinking
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formation of the conducting polymer structsif@3]. Therefore, researchers have performed
numerous efforts on developing nanostructured conducting polymers to moderately enhance

its capacitance and cycling stabilj3].

Metal oxides are additional types of electrode materials employed in ps@addors and

they include Ru@ IrO;, MnO,, SNQ, Cx0s, Fe&0s, Mn3O,4, and etd13]. Ruthenium(lV)

oxide (RuQ) is one of the most vastly explored electrode materials, due to it having the
highest theoretical specific capacitance among pseudoitize maerials (about 2000 B)

[13]. In addition, it also exhibits a high electrical conductivity, good chemical and thermal
stability, long cycle life, and high rate capabiliti@s]. However, it has a considerably high

cost and toxicity, thus limiting its apgations to aerospace and military use where the budget

is not an issue. Therefore, researchers are traversing their attention to developing cheaper an
more environmentally friendly metal oxide materials which still retains the desired

supercapacitive ppertieq13].

Researchers have, however, considered manganese oxide ,)(VagO alternative
pseudocapacitive energy storage materials due to their desired low cost, low toxicity,
environmental safety, and high theoretical specific capacitanaes/edging between 1160

1300 Fg [13]. Scientists have also pondered upon developing other metal oxides with
different morphologies to that of pure MpGOsuch as C®s; FeOs; and MnO, [13].
Additionally, a specific research group innovatively proposed thela@went of binary
transition metal oxides with Af®, (A = Co, Ni, Mn, and Zn; B = Co, Mn, and Fe) structures

as pseudocapacitive energy storage and conversion electrode mgetia]sAn example of

such material types that have been developed andedtiglNiCeO,4, which was proven to
exhibit an electrical conductivity far greater than single metal oxides (NiO ag@,)Cand

with specific capacitaces ranging between 40600 Fg [13].

This research study will involve the development of a Ca®4rspinel nanostructured binary
metal oxide electrode material via a hydrothermal synthetic route. The Q4Mn
nanoparticles will also be strongly anchored to the outer walls and inner cores of carboxylic
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acid functionalized mukwalled carbon nanotubes (MWCNT® accommodate stability of

the CuMnO, active material at the surface of the electrode/electrolyte interface. The
additional purpose of binding the Cub@y nanoparticles to MWCNTSs is also to enhance its
electrical conductivity, induce a high capacitytend its cycle life, and enforce a good rate
capability. For comparison purposes, the pristifdn;O, nanoparticleswill also be
synthesized according to the same hydrothermal synthetic rdobie. eletrochemical
performance of the M@, and CuMnO, electode materialsvill be compared to that of the
hybrid CuMn,O,/MWCNT compositeelectrodematerial[15].

1.2 Problem Statement

The spinel CuMgD, is an appealing material in relation to ecological and economical
sustainability due to the environmental comimhty, low cost, and high natural abundance of
its individual elemental components. The distinctive advantage of spinel QuMn
nanoparticles is that its charge storage mechanism, which is based on the adsorption ang
desorptionof alkaline electrolyte @ons onto the CuMpO, surface, is contributed by the
valence translation of MiMn?* [16]. This particular phenomenon therefore renders a
specifc capacitance value of 577.9gFwhich is about three orders of magnitude greater than
that of its MnO4 corespondent17]. However, the unfortunate disadvantage of spinel
CuMn,O, nanoparticles is that its specific capacitance drastically decays during
charging/discharging processes at current densiti€sA/g [16]. This downside is attributed

by the morpholog of the particle surfaces as it contains limited active sites for electrolyte
ions, thus restricting the ion diffusion processes within the electrodes resulting in ineffective
charge transfer channelfl5]. This proposed study addresses the almestione
disadvantage by develow electrochemically activecomposites of spinel CuM@,
nanoparticles agglutinated onto the surface of awdlied carbon nanotubes (MWCNTS).

The incorporation purpose of MWCNTS to the spinel Cu®hmanoparticles is to enhance

its specific capacitance, increase its specific surface area for the promotion of additional
redox active sites, and provide structural stability under-ragg charge/discharge processes
[15].
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1.3 Rationale and motivation of research

The economical geendence of South Africa on fossil fuel energy sources has evoked
consequential concerns towards environmental sustainability. This therefore encourages the
need for developing renewable and sel§taining energy generation systems such as solar
cells, wnd, and hydroelectric turbines. However, due to the intermittent nature of solar and
wind resources, their efficiency is not equivalent with current energy demands. Additionally,
due to the high construction cost of hydropower stations, government sfficaltherefore
enticed to invest in further development of energy storage technologies. Therefore, it is a
crucial requirement for employing additional development of high performance
electrochemical energy storage devices such as litftounbatteries ah supercapacitors.
These technologies could potentially store the energy generated from solar and wind power,
and supply it to wherever, whenever needed. However, the implementation of these
technologies within largscale applications is restricted by #lectrochemical performance
induced from their electrode materials. This therefore provides motive to develop
supercapacitor electrode materials capable of generating enhanced energy storage capacitie
potentially suitable for largecale clean energy sgms such as solar, wind, and electric

vehicles.

In recent literatures of supercapacitor electrode materials, Lina Chen-anthoos designed

a spinel structured composite material by integrating LM nanoparticles with
graphene/carbon nanotube wetks, thus formulating LiMsO,/CNTs/graphene [233]. This
material was employed as a cathode electrode material for hybrid capacitors, and exhibited
overall energy and power densities of 62.77 Wh/kg and 2967.96 W/kg, respectively [233].
Transition metals wch as copper and/or nickel can become more conductive when
incorporated with manganese oxides into a sgstreictured formation. Additionally,
introducing carbon type materials such as graphene or carbon nanotubes, would improve the
conductivity of the ginelstructured material. A reduced graphene oxide/Ni®ircomposite
material, developed by Zhongbing Wang and-warkers for highperformance
supercapacitors, exhibited a specific capacitance of 693 F/g at a 1 A/g current density [252].
From the resultsand insights of these recently researched materials, the development of
spinel CuMnO, electrode materials provided an interest due to its relatively high

conductivity, low cost, high relative abundance, and environmental benignity. In the attempt
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to further improve its electronic conductivity, structural, and thermal stability, +waltied
carbon nanotubes (MWCNTSs) would provide a lower interfacial resistance along the
electrode/electrolyte interface, thus inducing a lower energy loss during chargefscha
cycles [15]. Composite electrode materials in recent literatures are often composed of
combined structural networks of graphene@CNf&32]. Graphene increases the number of
electreactive sites for binding with the spinel component of the composiis, lianefitting

its electrolyte ion diffusion mechanisif34]. However, due to the time consuming synthetic
procedure of graphene, as well as low yield production of reduced graphene oxide,
functionalized MWCNTSs provide a suitable alternative with simihysical and chemical
characteristics. Asymmetric supercapacitors, using pPOgoGO/MWCNTs as the cathode

and activated carbon (AC) as the anode, delivered energy densities of 13.3 T WA8Kg
Wh/kg at low (58.1 W/kg) and high (797.8 W/kg) power dersif16]. This type of device
corfiguration is therefore moreptimal for use in researching supercapacitor electrode

materials.
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1.4 Research aims and objectives

The aim of this research projecs to develop a nanostructured spinel coppemnganese
oxide (CuMmnbO4) nana@ompositeelectrode materialmodified with multiwalled carbon
nanotube (MWCNT) nisvorks. Additionally, the ainis also to explore the energyd power
density properties of thiscomposite material withhigh performance supeapacitor

applications.

This research study involves the following objectives:

1. Synthesis of thepristine manganese oxide (Mdy) nanoparticlesvia a high
temperaturdiydrothermaheatingmethod

2. Synthesis of the spinel copper manganese oxide (@ONImanoparticlesimilarly
via the hydrothermdieatingmethod.

3. Purification and bemical oxidation process of multialled carbon nanotubes
(MWCNTS).

4. Incorporation of CuMgO, nanoparticle onto MWCNT surfacesia a reflux heating
method to form théybrid CuMn,O4/MWCNT compositematerial

5. Microscopi¢ elemental, and parte size analysis of the synthesized electrode
materials via HigkResolution Transmission Electron Microscopy HRM),
Scanning Electron Microscop$BM), Energy Dispersive Xay Spectroscop(EDS),
and SmaHAngle X-ray Scattering (SAXp

6. Crystallographic and functional group analysistlod electrodenaterids via X-ray
Diffraction (XRD) and Fourier TransforrinfraRed Spectroscopy (FIR). Raman
Spectroscopic analysis, to study the molacwibratons of each electrode matesal
as well as Therm@ravimetric Analysis (TGA) towards investigating the thermal
stability of said electrode materials.

7. Fabrication of nickefoam electrodes with the nanocomposite materials and assembly
of the Swagelok device to perform electrochemical characterization using Cyclic
Voltammetry (CV), Galvanostatic charge/dischar@@CD), and Electrochemical
Impedance Spectroscopy (EIS).
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1.5 Research framework

Research methodology and
preparation of chemical reagents

Synthesis of pristine (Mn 304) and modified
(CuMn 204, CuMn 204/MWCNT) electrode materials via
a hydrothermal and reflux  synthetic route

Microscopic , Elemental, Electrochemical

Particle size, Crystal lographic, characteri
Functional group, bond
vibration, and thermal 1T CV
characterization

1 GCD
HR-TEM

SEM
EDX
SAXS
XRD
Raman
FT-IR
TGA

1 EIS

= = = =) =l e

zation

Results and discussion

Scheme 1.1: Flowchart illustrating the research framework.
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1.6 Thesis outline

The broad context of this research project is to design and develop a modified electrode
material (CuMaO4/MWCNT), from previous materials that have already been testegQMn

and CwMny0,), that would exhibit an improved electrochemical performance in the
application of supercapacitor devices. Additionally, the objective is to scientifically
understand how the modified elemental and structural components on the
CuMmO/MWCNT material (i.e. how the Cti atoms and MWCNTs alter the physical,
structural, and electrochemical properties of the pristingQ¥irmaterial) influences its
electrochemical performance. The results and key findings of all the experiments conducted

on each synthesizedectrode material, is presented as an outline below.

Chapter 1, as previously mentioned, presents as concise introduction on the research
background knowledge of the project, as well as, an overlook on recent advances on electrode
materials used in supmpacitor devices. The research motivation, aims, objectives, and

outline of the project, is additionally stated in this chapter.

Chapter 2 provides a literature review relating to the elementary concepts concerned with
electrochemical energy storagedanapacitor systems. This chapter initially presents a
descriptive definition of capacitance and continues to provide a better understanding of the
physical, chemical, and structural properties of the modified GOMMWCNT electrode

material.

Chapter 3nitially presents the chemical reagents and experimental procedures used for the
synthesis of Mg0O,, CuMnO4, and CuMaO,/MWCNT electrode materials. This chapter
additionally provides a brief background knowledge on the characterization techniques and

instrumentation used during the investigation.

Chapter 4 provides the results and discussion of the analyzed electrode materials illustrating

the morphological, structural, spectroscopic, and electrochemical properties.
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Chapter 5 provides a brief but compeekive summary of all the research findings and
additionally offers an overview description of potential future improvements and

recommendations.

The absolute final section of this research project is the reference section, which is ascribed to

the listof references utilized for this investigative study.

15




CHAPTER 2

Chapter Overview

Chapter 2 provides an extensive overview of the elementary concepts concerned with
electrochemical energy storage and capacitor systems, placingasimpin the prospective
demand for supercapacitor devices. The classification of capacitor systems, underlining the
various types of supercapacitor technologies, as well as, the materials associated with these
types of supercapacitor devices aditionaly discussed in this chaptefhe importance of
nanotechnology on the development of superior electrode materials for high performance
supercapacitors, is finally studied and portrayed as the last section of the literature review.
This particular end segme is of essential significance as it elucidates the broad context of

the research work.

2.0 Literature Review

2.1 Elementary concepts of capacitor systems

Renewable energy resources such as wind, water, and solar power have continuously,
contributed towrds electricity generation for global energy demad@3. As a result of the
increasing growth in energy contribution from these renewable and intermittent energy
sources, the demand for energy storage technologies is becoming increasingly indispensable
[18]. The required characteristics that these energy storage systems should attain, is the
ability to store substantial amounts of energy and be able to deliver it over extended periods
of time [18]. However, in applications where quick energy bursts gsiired, technologies

such as capacitors are suitable for addressing this particular requirement. In contrast,
conventional capacitors are able to store up to Whikg of energy, which is insufficient for
applications requiring considerable energy outputshort durations such as vehicle engine

starting mechanismg18-19]. This advanced energy storage technology, known as
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supercapacitorsexhibit energy densities exceeding that of conventional capacitors, and
power densities exceeding that of battefi#8]. These technological devices are mainly
utilized in electric vehicle applications due to their lightweight, zero maintenance, fast
charging times, and virtual limitless cycle life characteris{it9]. In order to fully
understand the scientific fundamtals of electrochemical supercapacitors, it is imperative to

understand the elementary concepts of conventional capacitor systems.

A capacitor can be described as an electronic component capable of storing electrical
potential energy in the form of clggr within an electric field existing between two parallel
oppositely charged conducting plates called electr{iziégs The electrical field between the
plates of a capacitor is affected by a thin layer of insulating material, e.g. vacuum, air, glass,
paper etc, known as a dielectr[21]. This material, which is inserted between the parallel
plates, is generally designed to prevent the transfer of charges from occurring between the
plates, in order to ensure that electric charge of equal magnitude, bagiteppolarity,
accumulates on each plg#l]. These conventional capacitor devices are commonly utilized

in the electrical circuitry of radio applications for fiening the frequency of radio receivers,

in the circuitry of electronic calculators, additally in automobile ignition systems for
preventing the occurrence of sparking, and ultimately in electronic flashing units as energy
storing device$§21].

The figures below represen() a circuit diagram of a parall@late capacitor consisting of
two parallel plates each with ar§d} separated by a distan§B}, where the two plates
sustainequal and opposite charggxl]. Additionally, it also representd) an image of a
cylindrical shape capacitor consisting of a cylindrical conductor of rgdjuand lengtiL} ,

surrounded by a coaxial cylindrical shell of radiio} [21].

17




(@) (b)

Conductive
Area (A) Plates Area(A)
+ -
JE plate
= Lead 1 . Al
Diletric 1 dielectric
e | T plate
-\ Capacitor \ ]
Electrical
Charge Symbol \
+|,- a= cylindrical conductor radius
I’ b = coaxial cylindrical shell radius

Figures 2.1: (3 A parallel-plate capacitor connected to an energy soce (i.e. a battery

cell), and (b) a cylindrical shape capacitorf22-23].

2.1.1 Definition of capacitance

Defining the concept of capacitance, we could consider an isolated metallic sphere conductor
with an arbitrary radius illustrated §&} , where charge can be storedtbe surface of the
spherical conductd24]. If we also consider the quantity of charge stored on the surface of
the sphere as {Q} then the electrical potential of the sphere can be illustrated as the

following equation:

v=_10 2.1)

Where g, = Permittivity constan{8.85 x 102 C%(N.m?)} , Q = quantity of charge stored on

the spherical conductor, aftd= radius of the gherical conductoj24]. Fromequation (2.1)

we can therefore deduce that the quantity of charge stored on the spherical conductor is
directly proportional to its electrical potenti@5]. The relation of charge with potential is
generally true for anyrhitrary shaped conductf26]. The charge accumulated and stored on

the surface of the conductor induces an electrical field with an electric field strength directly
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proportional to the charge stored on the conductor suf2ageThis electrical field geerates
an electrical potential that is directly proportional to the eledieid strength, thus providing
the indication of charge being directly proportional to the potef&8| From this deduction,

we can therefore formulate the following expressio
Q=CV (2.2

Where,C is defined as the constant mfoportionality, which is fundamentally known as the
capacitace of the conductof24]. Additionally, it is quite important to note that the
capacitance would undoubtedly increase in magnitude if the conductor is able to store a large
guantity of charge at a relatively low electrical poteri2dl]. For a sphericatonductor, the
capacitance value would increase in correlation with its radius and it can be calculated using

the following mathematical equation:

9. 0
BN T

(2.3)

Where the nit for capacitance is farad (F), and 1 farad == Fcoulomb/vol{24].
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2.1.2 Calculation of capacitance

2.1.2.1 The ParallelPlate Capacitor

The most customary variation of capacitor systems is comprised of two metallielgaledé
conductors, separated from one another by an insulating material called a dielectric, where
individually, the platesarry opposite magnitudes of electric chafg®@]. The capacitance

value of such a capacitor configuration can be described Hpltbwing expression bellow,

which incorporates the difference of potential between the two metallic parallel plate
conductorg30].

c=2 (2.4)

WhereQ = the quantity of charge on each plea/, = the change in potential between the
two plates[31]. It is also important to notehat for this expression, both ghd &/ are
considered as positive quantities, and that the net charge within the metallic parallel plate

capacitor is zer{?4].

Metal Plate
+ + + + +
+ AreaA(m?) +
+ + + 4+ +
+ + + +

+

Electric Field, E

Distance
d(m)

Metal Plate

Figure 2.2 Diagram of a two metallic parallelplate capacitor, each of area A (19,

separated by a distance d (m), with respective charges of +Q an@ [32].
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The electric field and the potential difference between the two metallic parallel plates is
describé by the following twoexpressions bellow (given iaquation 2.5and 2.6). It is

imperative to note that for these expressions, the electric field lines at the edge of the plates,
which are not considered as straight lines, are neglected as we only ctmsidectric field

lines between the plates when calculating capacitf@iie

_s _Q
pv =4 29 2.6)
eA

From these expressions, we can therefore finally formulate a mathemaiicafioa
(illustrated inequation 2.7 that can be used to calculate the capacéavalue of a parallel

plate capacitor configuratidB3].

_Q _Q &gA
C_DV Qy . (2.7)
eA
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2.1.2.2 The Cylindrical Capacitor

A cylindrical capacitor déce consists of a cylindrical wire with radiug;, which is
additionally surrounded by a cylindrical shell of inner radRis Both the cylindrical wire

and the shell have equal lengths, as portrageitie following diagram below. During the
charging preoess of the capacitor, the inner wire and outer shell continually receive equal but
opposite charges until they reach their maximum capacitafioe. calculation for the

capacitance of the cylindrical capacitor is methodically illustrated below the didplaye

diagram of the cylindrical capacitor.

Gaussian surface

++
_\+ +/_ + + + +
—r—t il r
iy + + + + + + =
2

Figure 2.3 Pictorial representation of a cylindrical capacitor consisting of a cylindrical
conductor of radius Ry and length L, surrounded by a coaxial cylindrical shell of radius
R», where thedashed line, in he diagram, represents the end of the cylindricaGaussian

surface[34].

The capacitance calculation of the cylindrical capacitor is progressively displayed in the

following set of mathematical equations:

Step 1 Initially, it is required to calculate ¢éhelectric field generated between the two

cylindrical conductorqE), by wusing the integral form o
following; the total electric fluxfz, through any closed surface is equivalent to the charge

stored, divided by the permittivity constaffp] .
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ib}

L}

a3 —{ 7] |

{Gaussian surface}

Scheme 2.1: Schematic diagram displaying a drawing representing a Gaussian surface

[35].
FE da= (2.8)
eO
E.2or L _Q (2.9)
€

Where2" r = the grcumference of the ring shell, and+.the length of theing shell. When

solving for E inequation (2.9) we obtain the following expression:

E=_ 9 (2.10)
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For the radius betweenandb, additionally represented &8 i ).

In physics, the charge per unit length is also represented as l&mbdais can be used in
the above expression by substituting Q/L (charge per unit length).

\' E= (2.11)
2pr g

Step 2:Secondly, part 2 of the calculation include the usthegxpressiorfor (E), in order

to deternme the potential differenc(sv) between the two shells.

V =pgv (2.12)
dv= -Edr
dv _ c Standard electromagnetiequations (2.13 & 2.14)
dr
V= fE.dr (2.15)

With the use of the expression for (B} have the integral form of (\gs follows:

dr (2.16)
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The next suistep would be to rearrange the integral variables, cancel out the negative sign,

and usdehe fundamental calculus theonto obtainthe complete expression for (V)

V=——n=dr 2.17
20 gl (2.17)

According to the natural logarithm theorem,diln|x|:l,ifx ¥. In this case,
X X

d

d—ln|r|:l,if r 9 [36]. From the derivative ofn|r|, the integral result can be obtained as
X r

follows:

(2.18)

The upper and the lower limits arkustrated as (a) and (b) Appl ying #fAThe

Theorem of Cal cul uso, we obtain the foll owi

V:Z’%@(In|b| in|d) (2.19)

Using the rules of logarithms, we can simplilye above expression timrmulate the
complete mathematical expressitor the potential difference (Vhetween the inner and

outer cylindrical shlls.

V=—In8% (2.20)
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Step 3: The third and final part of the calculation would be to determine the actual

capacitance of #hcylindical capacitor. This can heerformed by using the equation below:

(2.21)

@)
I
<|O

Next would be to fid the expresen for charge (Q)by using the equations=Q/L+ Q=_L.

This expression fofQ) can then be used to find tegpression for the capacitance.

C:2,0L =

- (%) (2.22)

Additionally, it is important to note that the magnituafethe potential differenceév) is a

positive quantity since the inner cylinder possesses a greater potential than that of the outer
cylinder. The expression shown iequation (2.23, illustrating the capacitance of a
cylindrical capacitor, is now well understood as it also indic#t@s the capacitance is
proportional to the length of the cylindef@® L) [37]. This therefore implies thaas the

length of the cylinders increases, its capacitance also increases. An extra detail to note is that
the capacitance also depends on the radii of the two cylindrical condi3&prs

26




2.1.2.3 The SphericaCapacitor

A spherical capacitor device is generally comprised of a spherical conducting shell of radius
{rp} and charge {Q}, that is concentric with a smaller conducting sphere of rddiignd

charge {+Q}[21]. The electric field {E}between the twoanducting spheres is radiating
outward, due to the positive charge retained by the inner sphere. The capacitance of a
spherical capacitor can be calculated by initially evaluating the potential diffef&hge
between the spherical conductors for a given charge on each sphere. The following and final
step is to apply Gaussods Law as wel l as t

the calculation.

Figure 2.4 Diagram of a spherical capacitor onsisting of two concentric conducting

spheres[38].

<|O

By definition: C

In order to obtain the potential difference between the two spheres, it is essential to initially,
determine the eddric field outside of the inner sphere. Since the electric field is only
determined by the charge on the inner sphere and not the outer sphere, we therefore have th

following expression for the electric field {Ehe electric field caused by the innehspe):
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_kQ (2.23)

2

The main objective is to obtain the potential difference betfeg¢rand{ry}, by using the
following relationship, illustrated below, between the potential differgh@eVand the
electric field(E):

Elz\T/ YV £ (2.24)

It is crucial to note that the relationship, illustrated above, is only true dléutric field(Ey)

is constant. In the case of the spherical capacitor, the electri¢Ei¢ls not constant, as it is

a functionrepresented ag, (r) :iz . Therefore, we can present the relationship between the
r

potential difference ah the electric field in a differential form expression, as illustrated

below:

(2.25 & 2.26)
dv=E dr

The dV derivative notation is sirfar to the change in potential notatipnee \bgtween the

inner and outer spheres, which is also additionally im@gethe potential difference (V)

\ dV=Edr
(2.27 & 2.28)

Y V= - Edr
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The negative sign is includedfbee the integral, due tthe decrease in potential occurrence
as the radius of the spheres increases, i.e. as the radius of the spheres increases, the potent
decreasesThe purpose of the negadi sign is to compensate for thatus the continued

integral expressions are illustrated below:

DV, . ¥ =ﬁak—?dr (2.29)
b~ Ta BT
DV, ¥ =i Q _dr (2.30)
a Iy 4p g-
DV, , :—Q—ﬁa 2 dr (2.31)
a 4p § 'y
No-1 ré N Ta
ov, , v =2 |7 L& "5’ (2.32)
: pes-ljn 4 pée

&
ov, , v =2t L (2.31)
: 4o par, 1y

Before continuing with the calculation, it is vital to note tb&tis a positive quantity, since

. e N 1 1 . .
r,>r,. This notification therefore,implies that —- — > . The above expression, in
a r-b

equation (2.31) is further simplified below to obtain the complete expression for the

potential diference( aeV )
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(2.32)

The final expression for the capacitance of the spheragadcitor is illustrated as follows by

relatingthe definiton of capacitanceC = Q/V, withthe above expressidor the potential

difference, to formulate the capacitance expression in its simplest mathematical form.

er,r,

C=4p pg—2—- (2.33)

(a) Parallel —Plate Capacitor

I°F
\
5

YrEYY EX i

>

(c) Spherical s

Capacitor \

Guassian surface %

on o ————e=]|

+

+ : rr
T C=dns | L0
i ¥.—r
+Q + b ¢
s \ .
\ Q ”:, s Rl
i v,

Figure 2.5 Summary of the three geometrical capacitor designs with their respective

capacitance derived expression89].
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2.1.3 Energy stored in a charged capacitor

The energy stored on a capacitor in thenfaf charge, can also be considered as the energy
stored in the form of electrical potential energy. However, in order for the capacitor to store
charge, a power source (for example a battery) must be connected to it. The battery cell
performs work (W) bymobilizing the positive and negative charges from one plate to the
other. Additionally, it is significant to take into account that this discussion is considered for
a parallelplate capacitor system. However, the derived electrochemical potential energy
expression, which is illustrated below, is generally valid for any electrostatic field

configuration.

Voltmeter
@
-Q +Q
\ /
- — +
- .|_|_
Capacitnr- +
|
‘ Battery

Scheme 2.2: Schematic of a capacitor circuit diagram connected to a battery cell and a

voltmeter, to measure the voltage across the capacitor during itharging procesq40].
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During the charging process of the capacitor, when the battery cell is in connection with the
closed circuit, the positive and negative charges separate fromplaieeto theother. This

occurs by virtue of the battery cell perfang work by transporting the negative charges to

the negative plate. Once the capacitor is fully charge up, all the positive and negative charges
are stored, in the form of electrical potential energy, on the positive and negative plates. If we
were to, lypothetically, consider an infinitesimally small charge on the negative plate
electrode aqdq); the work (U) required to transporthe charge elemen(dq) from the

negative plate to the positive plate involves the following formula:

dU =V dq (2.34)

It is additionally important to note that the energy stored on a capacitor can also be expressed
in relation to the work done byhé¢ battery cell. As each differential char@) moves
towards the capacitor plate, the voltage across the capacitor progressively increases toward
the voltage of the battery cell. This implies that during the energy storing process, it requires
more workto move each successive elemental differential ch@iggfrom one capacitor

plate to the other. The culmination of all the amounts of work done by the movement of all

the dq charges, until the capacitor plate attains its totalimam charge, requires an infinite

summation calculation, for which the integration tool is famously essential. Belake

mathematicainterpretation of the definite polynomial capacitor energy integral:

V dq (2.35)

Using the basic definition of capacitance for all capacitor configuration types,q/V
(which also implies)V = g/C, we can rewrite the potential energy exprassiith the use of

some additional substitutions.
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dq (2.36)

The upper and lower limits of the integral is the charge variaibtae capacitor, i.e in this
case, the capacitor is being charged up from zero coulorf@)tooulombs. Thereatfter, it is
just a matter of solving the integral to obtain the final expression for the electrical potential

energy stored on the parallghte capacitor.

Qs
1 .9 10°
Ura == 949 =—- (2.37)
cl c2|
Becomes
4 2810
& L& ) 2
u. =1d 1dQ) (@ (2.38)
Total 2C0 Zé C /,C
é )
1 sz
Uy ==—— 2.39
Total 2 C ( )
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2.2 Classification of capacitor systems

2.2.1 Electrostatic capacitors

Electrostatic capacitors, which are gefigra&onsidered as conventional capacitors, are
constructed of two conductive electrodes, onto which electric charge is stored, each separated
by a thin layer of nomronducting insulating material called the dielectric. When a dielectric

is inserted betweethe parallelplates of a charged capacitor, and completely fills the space
between the plates, the quantity of charge on the plates will remain unchanged. However, the
potential difference across the capacitor, as well as, the electric field strengih tvéh
capacitor plates is drastically reduced from what it would be in a vacuum (i.e. in a capacitor
without a dielectric). Additionally, during this process, the capacitance of the capacitor
increases by a specific dimensionless factor denotéd)asdled the dielectric constant. All
known dielectric materials each possess their own unique dielectric cofik)anand
dielectric strength(V/m) values. The dielectric strength of an insulating material can be
described as the maximum electric field tban exist within the dielectric material without it

experiencing any electrical malfunction.

An important statement previously mention with regard to how the capacitance changes due
to the presence of a dielectric material, states that the capacitaneasas and the voltage
decreases by the dielectric constant fagtgr Since the charg@)p) on the capacitor remains

unchanged, we conclude that the capacitance must change to the following expression:

— QO — QO (240)

\Vj V%

\ C=KG, (2.41)
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Where(Cy) = the capacitance of a capacitorthe absence of the dielectric material. For a
paralletplate capacitor configuration, whe@ = GA/d, we canexpress the capacitance of

the capacitor containing dielectricas the following expression:

(2.42)

Dielectric material

f

“| -
[ N

— [Iw v = |

(a) (b)

+Qo 0

Scheme 2.3: Circuit diagrams illustrating how the potential difference, as mrded by
an electrostatic voltmeter, for capacitors without (a) and with (b) a dielectrienaterial,
is reduced from \p to V by a factor of K (which implies thatV =V, / K) [41].
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Table 2.1 Table showing the dielectric constants and dielectric strengs of various

materials at room temperature[42].

Material Dielectric Constant (K) Dielectric Strength (V/m)
Vacuum 1,00000 -

Air 1,00059 3x 10
Bakelite 4,9 24 x 10
Fused quartz 3,78 8x 10
Pyrex glass 5,6 14 x 10
Polystyrene 2,56 24 x 16
Teflon 2,1 60 x 10
Neoprene rubber 6,7 12 x 10
Nylon 3,4 14 x 10
Paper 3,7 16 x 10
Strontium titanate 233 8 x 10
Water 80 -
Silicone oil 2,5 15 x 16

The list presented below describes what advantages a dielectric material would offer a

capacitomwithin a vacuum or air.

1 The dielectric material woulchcrease the capacitance valuetted capacitor by the

dimensionless factor K.

The dielectric material would also increase the maximum operating voltage within
which the capacitor could function.

Lastly, the dielectric material could/would possibly provide mechanical support
between the plates, thus allowing the plates to have a shorter distance (d) from one
anot her, ncrease in

thereby causing an i
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Commercial grade eleostatic capacitors are frequently constructed of metal foil layers,
intertwined with thin sheets of paraffimpregnated paper or mylar, which is utilized as the
dielectric material. These alternating layers and sheets of metal foil and dielectrierare th
rolled into the shape of a cylinder to form a small packaged electrostatic cylindrical capacitor
(shown in the figure below). Higholtage capacitors commonly consist of numeral parallel
interwoven metdic plates submerged isilicone oil,which servesas the dielectric material
(asshown in the figure below). Small commercial capacitors of today are often constructed of

ceramicand thin filmmaterials.

(a) Cathode Anode (b)
— (Silicon oil)
—
Electrode Electrode
- L/’//
Metal Plate 2 < |  comm—
Dielectric + —_ Métal Plate 1
Four Capacitors in Multple Plates
(©)
Ceramic
= \Capacitor
BRADF(RD

Film
Capacitor

BRADF(RD

Variable Air
Capacitor

Figure 2.6: Image displaying(a) the basic construction of a cylindrical electrostatic
capacitor, (b) a high-voltage multi-plate capacitor containing a silicon oil dielectric, (c)
commercial grade ceramic and film capacitors, and (d) a variable air electrostatic
capacitor [43-44].
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2.2.2 Electrolytic capacitors

Electrolytic capacitors are convemtially employed as DC power supplies in electronic
circuits due to their superior capacitances over that of electrostatic capfiprin this
capacitor design, one of the two electrodes (usually the positive/cathode electrode) contains g
verythinfim | ayer (1l ess than 10 em) which serve
with both electrodes separated by a s8oid electrolyte material in the form of a slurry
paste[46]. These electrolytic type capacitors are primarily polarised, implthagthe DC
voltage applied to the capacitor terminals must be of correct polarity, as the incorrect
polarisation will cause the film material on the cathode electrode to deterfiévatelhe

figure below displays the basic interior designs on an aluminélectrolytic capacitor,

together with an image of a commercially packaged electrolytic capacitor.

Electrolyte Aluminium Foil
A(:‘-J)ﬂ AlL0; Electrodes
: / \
+

e e e R

t

} Electrolytic Aluminium Oxide Commercialised
Spacer Film (Dielectric) electrolytic
A capacitor
C: ﬁ 0 | + Capacitor +
1 symbols

z —|—_ /-l\»
d __ — d X d . Polarised Non-polarised

Figure 2.7: Diagram displaying interior designs of an aluminium electrolytic capacitor,
as well as an image of a packaged commercial grade electratytapacitor [48].
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2.2.3 Electrochemical capacitors

Electrochemical capacitors, also known as supercapacitors ccalftazitors, are fast energy
storage devices capable of reaching over 1 million deep charge/discharge[49tlds
comparison to thefamous Tesla graphite NMC lithion battery manufactured by
Panasonic, it is capable of achieving approximately 306000 cycleg50]. However, the
total energy content in supercapacitors is smaller than that in batteries meaning that energy
can be spplied very quickly, which is a unique aspect for some applications. The more
widely applied research field in energy storage technologies is the combination of
supercapacitor and battery systems. This hybrid configuration would attain a greater energy
efficiency and cycle life, as the supercapacitor component would sustain high peak potentials,
which, in single lithium ion batteries, do potentially cause punctures in the separator thus
resulting to overheating occurren&d]. Additionally, the life cycleof the battery component

of the hybrid system would, iturn, be extended twice as long.

(b) Lithium ion battery

(a) Electrical double layer capacitor (EDLC)

Negative

Separator
electrode

Positive
clectrode

Battery

(c) Hybrid battery type capacitor system

Helmholtz planes

+  cathode zl snode
al - ® ohvent
: 3 s,
& h 1T
= 21 =
= 2 = Solvated
= o Sl =
< S I &
£ o
3 ! 2
= 1o
Discharge
| ere—s
< ’ s '
b Distance d |

Figure 2.8: Diagram displaying interior designs of an (a) electricadouble layer
capacitor (EDLC), (b) lithium ion battery, and (c) hybrid battery type capacitor system

[52-53].
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2.2.3.1 Types of electrochemical capacitor technologies
2.2.3.1.1 Electrical Double Layer Capacitors (EDLCSs)

Electrochemical capacitors (ECs) are classified into three unique categories, namely,
electrical double layer capacitors (EDLCS3epdocapacitors, and hybrid capaci{ér. The

main property that makes these EC devices distinguishable from one another is their unique
energy storage mechanism. The EDLC uses a reversible electrostatic adsorption of electrolyte
ions onto the electrodeurface (containing the active electrode material) to mechanistically
store energy in the form of chargg5]. This electrostatic force across the
electrode/electrolyte interface is generated by an intense electric field from the applied
voltage during carging processes of the device. Although EDLCs have lower operating
performances than that of pseudocapacitors, they do possess a superior life expectancy due {
their electrostatic energy storage mecharjisé). As displayed irFig. 2.8above, the interio
construction of EDLCs is much like that of-lan batteries. However, EDLCs store energy

by the separation of minuscule ionic charges at the electrode/electrolyte interface, as

represented by the Helmholtz Model envisioned by Hermann von Helmholtz9qSg7

Hermann von Helmholtz, a German physician and physicist, discovered that charged
electrodes immersed within an electrolyte solution would attract ceiumerand repel co

ions, thus formulating two compact layers of charges at the electrodey@éedinterface,
hence the formation of an electric double layer at the electrochemical intgs&celhe
Helmholtz model structure is analogous to that of a conventional electrostatic paeadel

capacitor, with planar electrodes separated by distéhg, containing a dielectric material
between the electrode platg®]. Form this analogy, the specific capacitar(@) of the

Helmholtz layer is given by the following expression:

Qo

Cl=e, %edﬁ (2.43)
CYH
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o o
Where 4 and U are the free space and relative permittivity of the electrolyte solution,

respectively, together with A being the electrode surface[8B83aThe thickness (g of the
Helmholtz double layer can be approximated as the radius of the solvatd&8pnisater,

Gouy and Chapman designed an electric double layer model that introduces the thermal
motion of solvated cations and anions within the electrolyte sol{i@j These mobile ions

are driven by diffusion kinetics and electrostatic forces, thesr mu |l at i ng t he
as illustrated irFig. 2.9 Thereafter, Stern later developed the GQInapmarStern model,
where he combined the Helmholtz model and the Gdlugpman model and described the
inner compact layer (of immobilized ions) as 8tern layer and the outer region (containing
mobile solvated ions) as the diffuse layer, thus formulating the two layers of the electric
double layer moddb1].

£
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] \‘8’ @ @ @ Solvated cation
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e ® g
i @M SN

Electrolyte Separator
- 2 ' —

Sternlayer piffyse layer
\- e | a O  Solvent molecule
A ® cation

ed P A
N @ © anion & = B '
B % ' Anion ® Cation ®" Solvent molecule
anode 3l ) e%

% Ca Ca

4 S Rs

;

T R A
= i X . r

-L, 0 H iL, Rp Rp

Figure 2.9: Models of the electric double layer structure illustrating the orientatio of
solvated cations and anions at the electrode/electrolyte interface within the Stern and
diffuse layer, respectively: a) Helmholtz model, b) GowyChapman model, and c) Gouy
Chapman-Stern model[58, 6263].
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2.2.3.1.2 Pseudocapacitors (PCs)

Pseudocapators, another type of EC, operate through a different energy storage mechanism
to that of EDLCs. The general principle behind its charge storage mechanism involves rapid
reversible faradaic charge transfer processes, through redox reactions, occruotiggdht

the active electrode material surfdéd]. The required physical and chemical property that
these active materials should exhibit is a high electrical conductivity and specific surface
area, for it to be a suitable electrode material candidgisendocapacitor applicatiof@b].
Pseudocapacitors can be constructed as symmetric PCs, much like EDLCs, where both
electrodes contain the same active material, and asymmetric PCs, where the electrodes ar
coated with different active materials. In thesearch work, an asymmetric pseudocapacitor
design was implemented for the performance investigative study of the synthesized cathode
(positive) electrode materials, against activated carbon as the negative active electrode
material. The diagram belowiQg. 2.10Q illustrates three different Faradaic charge transfer
mechanisms, which pseudocapacitors use to store energy, namely: a) underpotential

deposition, b) redox pseudocapacitance, and c) intercalation pseudocapgiitie

The underpotential depition mechanism occurs when metal ions (e.¢f)Ratisorb onto the
surface of a metallic (e.g., gold) electrode, thus forming a monolayer at the
electrode/electrolyte interfad®4]. These ions adsorb at electrical potentials greater than
their reversikéd redox potentialf65]. Redox pseudocapacitance occurs when electrolyte ions
are electrochemically adsorbed onto or in clpsaximity to the electrode material surface,
accompanied by a faradaic chatggnsfer procesge5]. Classic examples of these égof
electrode materials include RpOMNO,, and conducting polymei$4, 67] Intercalation
pseudocapacitance occurs when the electrolyte ions intercalate between the atomic planes o
|l ayers of the act i |[68]. Dudng interdadéidn precesses, yhe trysthl | 2
lattice phase remains unchanged throughout the concomitant faradaic transfer of electric
chargg65].

The synthesized electrode materials investigated in this study utilizes a combination of two
energy storage mechanisms, mdyn i) redox pseudocapacitance and ii) intercalation
pseudocapacitang69]. It was calculated (from XRD data) that the crystal lattice sizes of the
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researched electrode materials ranged between 01506208 nm. These values are a great
deal larger tha the ionic radii of a Li atom or ion, theoretically determined as 0.068 nm
[70]. From these findings, it is factual to state that both intercalation and redox
pseudocapacitance processes govern the energy storage mechanisms of the propose
electrode matgals. The diagram ifrig. 2.10additionally displays 3D and 2D images of the
interior design for an asymmatr pseudocapacitor system (futell device), where the
positive and negative electrodes are coated with the active material and activated carbon,

respectively.
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Ox+zC'+ze- = Red C
Phase

a) Underpotential Deposition
M+xC”"+xzee = C.M

Nobel Metal (M) Adsorbed Electrolyte Redox-active
Electrode Atoms ions Material boundary
Electrolyte
D o .
/ / 5 e - ions
o) P— £ S
= 1= o o
o =3 P
2 - o L = -, %o
s et p— z |
'é' | EE g s
e . O

d) Pseudocapacitorinterior designs

¢) Intercalation Pseudocapacitance

MA +xLi' +xe” = Li MA - -
73
S o,
Insertion host Material Li-ionsin =T % 22
electrolyte l' %
L eSS @2 S 2 .
£ < Al / s £ e
S & 2 .
3 - - 2= = =
2 - o, To
& = =3 . g 25‘. Diffuse l,ns: E%
e m o -
s - - e S ass
D ooood Jo oy T 02
S oo e—u o i |

Figure 2.10: Diagram illustrating various types of reversible chargestorage
mechanisms for pseudocapacitive electrode materials: a) underpotential deposition, b)
redox pseudocapacitance, and c) intercalation pseudocapacitance. Thegitam

additionally displays 3D and 2D images of an asymmetric pseudocapacitor desiéd].
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2.2.3.1.3 Hybrid capacitors (HCs)

The fundamental aspects of hybrid capacitors are comprised of a unique characteristic of
asymmetric pseudocapacitor devicp&l]. This characteristic entails hybrid capacitors
utilizing two energy storage mechanisms, much like pseudocapacitors, in order to store
electric charg¢72]. The positive electrode, containing the active material, utilizes the generic
faradaic pseudocaptance mechanism; while the negative electrode (containing any carbon
type material, e.g; porous carbon, graphene, and/or carbon nanotubes) utilizes the electrig
doublelayer capacitance mechanigm3]. Depending on the elemental construction and
crystallagraphic nature of the active electrode material, it could possibly utilize additional
charge storage mechanisms such as intercalation pseudocapacitance, commonly used b
batterytype electrode material§4]. The diagram belowfig. 2.11 provides a struated
illustration of the various electrode materials employed in specific supercapacitor or EC

systems.
‘ Supercapacitors ‘
| Double-layver Capacitors | | Pseudocapacitors |
P Sy
Activated Carbon / \
Carbons Aerogels Camiuetine }I‘_j‘ta]‘
Ploymers Oxides

Carbon Nanotubes
(CNTs), Graphene,
Carbid-derived
carbons (CDCs)

AT

Hybrid Capacitors

| Recha rgeable
Psendo/EDLC battery-type

Asymmetric Cumﬁusite

CuMnzO4MWCNT =

== e < 32

Figure 2.11: Flow diagram illustrating the taxonomy of ECH62, 7576].
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2.3 Electrode materials utilized in the classified supercapacitor devices

It is essential to understand that the taxonomy of supercapacitor devices, illustraigd in

2.11 above, each employs electrode materials that only use specific energy storage
mechanisms to function, according to the respective EC device operationcatiens. The
materials labelled My©;, CuMnO, and CuMaOJ/MWCNT (in Fig. 2.1 are the
synthesized electrode materials investigated in this research project. According to the flow
diagram, both MgO, and CuMnO, are metal oxide type materials, whichliaé faradaic
pseudocapacitance mechanisms to store charge. The compositeCLIMIMCNT electrode
material is illustrated as a hybrid capacitor type material, comprised of a combination of
heteroatoms from its metal oxide and carbon constity&is In order to understand the
energy storage mechanism of this hybrid composite material, it was necessary to research

various metal oxide and carbon based materials currently found in literature.

2.3.1 Carbonbased electrode materials employed in EDLE

In the modern field of energy storage technologies, extensive research has been conducted o
carbon as the most suitable electrode material for EC applicgtin Research findings

from literature reported various carbon based materials possessimgs$imprsupercapacitive
properties such as high electrical conductivity, high surface area, high thermal stability, and
low internal resistancg/8]. This family of carborincorporated materials include activated
carbons, carbon aerogels, graphene, carlamotubes, carbidderived carbons, and more.
However, brief and constructive information concerning chemical, physical, and electrical

properties of the listed carbdrased materials is presented in the following section.

2.3.1.1 Activated Carbons

Activated carbons can be synthetically manufactured through treating carbonaceous raw
materials (e.g., coal and/or pine wood) with a mild oxidation process called the activation
process, which involves the carbonization and activation of organic molefies)7] The

main purpose of this activation process is to formulate a network of 4paces, which

would increase the carbon surface area. The pore size and distribution of carbons can be
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controlled by manipulating various experimental parameters asdemperature, reaction
time, and reagents usgd/]. This pore size distribution of activated carbons has become a
major focus in the research field of EDLC devices. Literature reports activated carbons
processing a surface area exceeding 108@ metemined by gas adsorption/desorption
techniques[77, 79] A team of researchers, who conducted this study, published their
findings in a high impact factor journal. In summary, they conducted a scientific investigation
upon measuring the adsorption capacatyCO, onto the surface of activated carbon fibers
(ACFs)[80]. This particular research aspect of activated carbons is what highlights its focus
in the field of electrochemical capacitors, as having the ability to control the form and
morphology of an eldrode material, could aid in the diffusion of electrolyte ions for

enhanced supercapacitive performance.

Small organic Large organic Various forms of activated
molecules molecules carbons
f X R r’ '\ Macropores
v Powdered
®
v
Granular
Micropores
Mesopores
Pelletized

Figure 2.12: Diagram displaying a nanescaled representation of activated carbon
illustrating the various internal pore sizes responsible for theliffusion of large and
small organic particles. Additional images of various forms of activated carbons are also
displayed in the diagram[62, 81-82].
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2.3.1.2 Carbon Aerogels

Carbon aerogels consist of carbon nanoparticles bonded together covalentby,uvitrm
distribution of mesopores across its surface §réa They retain a high but lower surface
area compared to activated carbons, in the range of 800 nf/g, together with a pore size
distribution of less than 100 n{B3]. Due to the satisfamry specific capacitance exhibited

by carbon aerogels, ranging betweeni 2000 F/g, they have been under close examination
as potential electrode materials suitable for symmetric and asymmetric EDLC and
pseudocapacitor devicgg9, 84} A synthetic advalage of carbon aerogels is that they do not
require a binder additive during electrode preparation, as they are originally irbindeify
state[79]. This leads to carbon aerogels processing a much lower electron paramagnetic
resonance (EPR) than thatt activated carbons; thus promoting the generation of higher

power density outpuf84].

2.3.1.3 Carbidederived carbons

Carbidederived carbons form part of a specific classification of carbon materials developed
from ceramic precursors such as titaniearbide, silicon carbide, vanadium carbide, and
molybedenum carbide, through the removal of metallic atoms under chemical or physical
processeq77, 85] These physical and chemical processes are introduced as thermal
decomposition and halogenations, esdjvely [77]. Similar to activated carbons, carbide
derived carbons can also have their pore size and distribution factors controlled through
monitoring and altering various synthetic paramef86. Historic research conducted by
Otis Hutchins in 1918designed a method involving the chlorination of silicon carbide, for
the development of carbieerived carbon materia[g7, 87] This development embarked

the beginning of these carbtype materials into the employment of EDLC and

pseudocapacitor devisas electrode materials.
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2.3.1.4 Graphene and Carbon Nanotubes

Graphene is one of the most famously used catygom electrode material employed in all
fields of supercapacitor technologies. Its two dimensional structure is composed of single
layered carbon atoms cordinated into a 2D honeycomb network of hexagonal crystal
lattices[62, 77, 79] It can additionally be modified into various physical and chemical forms
such as graphene oxide, grapheioped metal oxide composites, carbon nanotubes, and
fullereneq88]. Electrochemical analysis reports, found in literature, illustrated a modified 3D
graphene electrode material, exhibiting impressive specific capacitance and energy density
values of 341 F/g and 16.2 Wh/Kg, respectij@§, 89] The diagren in Fig. 2.13shows the
synthetic route to formulating chemically derived graphene from natural grade gfé&ghite
Carbon nanotubes are grapheneos Z?rybsdizedf amd
carbon atoms, rolled up into single/mudtalled cylindrical tubeg62]. Fig. 2.13additionally

shows images of single and muMalled carbon nanotubes. Performance analysis reported
carbon nanotube supercapacitor electrodes achieving specific capacitance and energy densit
values of 160 F/g and 50 Wh/kgspectivel\{{90].

Graphene oxide
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Figure 2.13: Diagram illustrating a) the synthetic route to developing graphene from
commercial grade graphite, b) SEM image of graphene, c¢) single, d) double, and e)
multi -walled CNTs, and f) SEM image of MWCNTg62, 91:92].
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2.3.2 Metal oxides and Conducting Polymers employed in pseudocapacitors

Transition metal oxides are the bssited electrode materials for pseudocapacitor
development due to its exceptional exhibited specific capacitance and low charge transfer
resistance, thukading towards high power and energy density outfa8s Examples of

these materials include RgMnO,, IrO,, CoO, NIO, TiQ, Fg0,, etc[79]. Electrochemical
analysis reported RuQincorporated with mesoporous activated carbon, exhibiting a specific
capacitance of 188 F/g, together with energy and power densities within the rang24of 14
Wh/kg and 40010000 W/kg, respectivel@4]. Despite the performance advantages provided
by ruthenium (IV) oxide, there are some drawbacks involved such as higicpoodcost,

low abundance, and low operating potent[&8]. In this research review, manganese (IV)
oxide, with no applied modifications, was utilized as the core metal oxide precursor due to its
inexpensive cost, relatively high abundance, and lowciyxj96]. Due to the astonishingly

high specific capacitance and conductivity exhibited by conducting polymers, these materials
have also gained considerable attention in the development of improved HBILs
Conducting polymers utilize both faradaicdagioublelayer capacitance mechanisms to store
charge, thus exhibiting better performance results than thaarbon type materials. In
addition a team of researchers innovatively developed graphene/CNT/polyaniline (PANI)
composites as electrode matesjalhich exhibited improved specific capacitances within the
range of 100035 F/g[79, 98]
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Figure 2.14: Various conductive polymers and related metal oxide materia[89-100].
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2.3.3 The use of nanotechnology towards the development of hybrid

composie pseudocapacitor electrode materials

It is well aware that pseudocapacitors mainly store charge through redox reaction
mechanisms, occurring on the surface of the active electrode materials. Therefore, synthetic
methods implementing nanotechnology towardlse development of nanoscaled
pseudocapacitor materials, are employed to improve their specific capa¢@ahcene size
reduction of the material provides a greater surface contact area between the electrode
(containing the active material) and thec#ielyte, thus reducing the ionic transport length
during diffusion processes at the electrode/electrolyte inteffe®@H. A researcher named

Xiao and ceworkers reported their findings of a monolithic NiO/Ni nanocomposite material
exhibiting an astonishg specific capacitance value of 900 HAPZ2]. Although these
findings were only reported back in 2011, researchers are continuing to improve the
electrochemical performance of metal oxides through modification with various carbon
materials and/or conduee polymers. The purpose of these modifications is to alter the
physical, chemical, and mechanical properties of the metal oxides towards enhancing their
overall electrochemical performan§&03]. As displayed before, ifig.2.14 the proposed
electrode raterials were investigated in order to discover how its significant physical and
electrochemical properties changes with the respective applied modification. The results
section, in chapter 4, illustrates reduced patrticle size, high thermal stabilitgatisfdctory
electrochemical performance achieved from each modification employed on the parent
(Mn304) material towards formulating the spinel Cul@/MWCNT hybrid composite
electrode material.

Hybrid coqlposite MWCNTSs
material

Asymmetric

Pseudocapacitor

Activated Hybrid
Carbon composite

Figure 2.15: Two and threedimensional illustrations of the hybrid composite material

and its application in pseudocapacitorg104-105].
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2.3.4 Summary

In order to realize the full potential impact factor of composite electrode materials in
supercapacitor applications, a good understanding of material chemstrgl@mentary
capacitor concepts is required. The main incentive is to improve the energy density
capabilities of supercapacitors through employing material property modification. However,
having the suitable electrode material also requires the suitioleoede configuration. In

this work, an asymmetric pseudocapacitor electrode configuration, used as the testing device
delivered optimal performance results. This electrode system also provides improved thermal
and structural stability during charge/disege cycles. The combination of
CuMn,O/MWCNT and activated carbon as positive and negative materials for this device
displayed enhanced performance compared to GOMIGO reported in literature. However,

the composite material integrating rGO@MWCNTshwiZuMnO, is yet to be extensively
researched in supercapacitor applications. To reduce the quantity level of electrode material
used during fabrication, smaller electrode configurations such as coin cells are an ideal
implementation. However, this limiiss use to smalscale applications. Copper is one of
many transition metals such as Ni, Zn, V, Cr, and Fe, which are suitable implementations for

this research study.
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CHAPTER 3

Chapter Overview

Chapter 3 commences by recapitulating the nilisigeous reagents used in the laboratory
design and fabrication of the pristine (@), and spinekype binary (CuMg0,) transition

metal oxide electrode materials. This also includes the reagents used to synthesize the
modified hybrid spinettype binarymetal oxide material incorporated with functionalized
multi-walled carbon nanotubes (CuMD,/MWCNT). This chapter additionally presents a
detailed discussion on the synthetic procedures used during the synthesis of the pristine and
newly modified electrodmaterials. In relation to the synthetic procedures, the methodology
used during the fabrication process of the electrode with the active electrode material, as
well as the construction process of the supercapacitor cell device (Swagelok), is additionally
included in this chapter. Finally presented in this chapter, is a brief description on all the

characterization techniques used to analyze the electrode materials.

3.0 Experimental Section

3.1 List of chemical reagents used

All chemicals used in the sivetic procedures includeofassium permanganate (KMpO
ACS reagent grade, 99.0%),diethylene glycol (GH1003, 99.0%), ethanol (C§CH,OH,
absolute grade, 99.8%), copper(ll) nitrate trihydrate (Cu(N{R. 3HO, purity 99%),
manganese(ll) nitrate tetrahydrate (Mn({O 4H,0, purity 99%), dilute nitric acid (55%,
HNQO,), citric acid monohydrate (§Es0;.H-O, purity 99.5%), ammonium hydroxide (25%,
NH4OH), multitwalled carbon nanotubes (MWCNTS, purity degre®5%), sulphuric acid
(98%, HSQy), nitric acid (65%, HNG), polyvinylpyrrolidone (PVP, average mol wt 40,000),
hydrazine kgdrate (NHs. H,O, reagent grade, :N, 50-60%), carbon black (CB
polyvinylidene fluoride (PVDF), Nmethylt2-pyrollidone (MP, anhydrous, 99.5%),
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activated carbon (AC), potassium hydroxide (KOH, 85%), and lithium hydroxide (LiOH,
reagent grade powder, 98%d hese chemicals werdl purchased from Sigma Aldrich and
used without further purification. In addition, the nickel fosumbstratesheets were purchased
from MTI corp.

3.2 Synthetic Procedures

3.2.1 Synthesis of the pristine manganese oxide (Mdy) electrode material

This pristine electrode material was fabricated using a temperature controlled hydrothermal
heating method, which is commonly used for the synthesis of crystalline phased materials. In
this typical synthetic procedure, 1.50 g of KMp@as initially dispersed in 50 mL of ultra

pure water. The suspension was additionally stirred and subjected to ultrasonic treatment for
30 min respectively. This step was done to ensure uniform dispersion of the jiivetal
precursor with the water solne Subsequently, 10 mL of diethylene glycol was added to the
above solution mixture, in addition to repeating the stirring and ultrasonic treatment step.
Upon commencement of the hydrothermal heating process, the resulting suspension was
carefully transfered into a 100 mL stainless steel hydrothermal autoclave reactor. This
device was tightly sealed and placed in a silicon oil bath, where the oil was heated on a
hotplate at 188 for 12 h. Thereafter, the reactor vessel was allowed to cool down naturally
to room temperature, followed by filtration of the reactor contents via centrifugation and
washing via ethanol and distilled water. The obtained solidiymtoappeared to have a

brownred coloration, after it was dried in a vacuum oven a Givernight[106-107].

The purpos of adding diethylene glycol wae stabilize the MgO, nanoparticles, thus
preventing the occurrence of nanofetagglomeration. It also acted a protecting agent to
ensure the preservation of the transition metal based nartastsidt is well known that out

of all the most common oxidation states for manganese (which afe Mn"3, Mn™, Mn*®,

and M), Mn*? is the most stable one from the list. Therefore, compounds containing

manganese ions with an oxidation stat@-vfvould possess impressive oxidative properties.
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Scheme 3.1: Schematic diagram illustrating the synthetic procedure for M,
nanoparticles[106-107].

3.2.2 Synthesis of the spinel copper manganese oxide (Cu®@y) electrode

material

The spinel electrodmaterial was similarly synthesized via the hydrothermal method under
ambient conditions. Initially in this synthetic procedure, 1.55 g of CyfNOH,O was
dissolved in 6 ml of dilute HN® This was followed by the addition of 2.5 g of Mn(B&

4H,0, 0.67 g of GHsO7.H,0O, and 40 ml of ultrgoure water. The mixing process was done in

a round bottom flask under continuous magnetic stirring for 30 min at room temperature.
Thereafter, the pH of the solution mixture was converted from acidic to basic (pB) eid8/

drop wise addition of NKDH to the solution contents. After reaching the desired pH, the
solution mixture wasnagnetically stirred for another 30 min at room temperature. During the
heating process, initially the obtained homogeneous solutiocavd®usly transferred into a

100 mL stainless steel autoclave vessel under autogeneous pressure. Secondly, the reactq
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vessel was heated and maintained at a temperature oC 180 12 h. After heating, the

resulting precipitate wathen collected by means of centrifugation and washed several times

with deionised water and ethanol. Thereafter, it was dried aC 68 a vacuum oven
overnight. The recovered product was finally annealed in a muffle furnac® at 46r 4 h

in air (ramped at 15C/min) to obtain the CuMi®, spinel nanoparticled 08-109].
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‘ <€
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R NH,.H,0
&,
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Scheme 3.2: Schematic diagram illustrating the synthetic procedure for CuM@,
nanoparticles[108-109].
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3.2.3 Acid pretreatment process for the functionalization of MWCNTSs

The oxidation process die MWCNTs was done as follows. Firstyymg of raw MWCNTSs

was added to a 10 mL acid mixture of 3:1 concentration of sulphuric acid (98%) and
concentrated nitri@cid (65%). The actual volumes of the acids were 7.5 mL $&CkHand

2.5 mL for HNQ. The acid mixture containing the MWCNTSs was then sonicated in a DC
200 Hz ultrasonicator for 3 h. The purpose of the acid-fpeatment process was to purify

the MWCNTsby removing the amorphous carbon and most of the catalyst particles. An
additional purpose was also to shorten the MWCNTS, in order to generate oxygenated groups
such as carboxylic acid groups at the ends for providing detection sites on the MWCNT
surfaces After ultrasonication, the reaction mixture was then diluted with 100 mL of
deionised water. The resulting suspension was lastly filtered and washed 10 times with
deionised water, where it was then left to stand and dry overnight in order to form the
oxidized MWCNTSs[110, 150]

HNO3 : H2S04
(1:3)

Sonication,
20°C,3h

MWCNTs MWCNT-COOH

Scheme 3.3: Schematic diagram illustrating the acid prereatment process for
functionalized MWCNTSs [110].

56




3.2.4 Synthesis of the final hybrid (CuMRO/MWCNT) nanocomposite

electrode material

The final hybrid material wasynthesized via a high temperature and-fessure reflux
heating method. Firstly, 100 mg of acid treated MWCNTs were uniformly dispersed in 60
mL of diethylene glycol, upon the assistance of ultrasonication for 1 h. This mixture was
labelled as solutioA. Separately, solution B was obtained by dissolving 1.55 g of Cg)¢NO
3H,0O, 2.5 g of Mn(NQ).. 4H,0, and 0.4 g of PVP in 40 mL of ulture water under
magnetic stirring for 30 min. Solution B was then subsequently added to solution A and while
stirring, the pH value of the mixture was adjusted to pH 8 via drop wise addition of a 10 mL
N2>H4.H,O solution. Once the desired pH value was reached, the solution mixture was
attentively transferred into a clean round bottom flask, where thereafter the flask was
connected to a reflux system for heating. The solution mixture was then heatedtoah80
maintained at that temperature for 4 h. After refluxing, the resulting suspension was allowed
to cool down to room temperature. The light black precipitate was then collected via
centrifugation and washed several times with deionised water and lethiaeafter, it was

dried at 68 in a vacuum oven overnight, and finally annealed in a muffle furnace a 500

for 5 h in air (ramped at 1% /min) to obtain the hybrid CuM@,/MWCNT nanoparticles.

The PVP polymer reagentvas additionally added to themetal precursors as a stabilizing
agent in order to ensure successful modification of the MWCNT surface with the spinel
CuMmn,O4 nanoparticles. The use of diethylene glyes a solvent was also intendéeml

provide additional support for the decoration dMZNTs with CuMnrO,4 nanopatrticles
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3.2.5 Preparation of electrochemical cells for material performance testing

The electrochemical analyses were duacted using a Bihogic VMP 300
potentiostat/galvanostat instrument, integrated with afL&Csoftware for data analysis and
processing. The electrochemical cells that werdigored for testing was a hatell (three
electrode system) and a fulell (two-electrode system). The hatkell consisted of the
working electrode (active material coated onto a nickel foam substrate), the reference
electrode (Ag/AgCl in 3M KCI), and the counter dtede (platinum wire). The fultell
configuration was assembl&da Swagelok device as an asymmetric cell configuration. This
cell consisted of a paper separator, soaked in electrolyte solution, which is then sandwiched

between the positive (active material) and negative (activated carbon) eleft&ides
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3.2.5.1Electrode preparation for half cell (three-electrode) configuration

The pristine MgO,, spinel CuMnO,, and hybrid CuMpO/MWCNT working electrodes

were prepared firstly by mixing the active materials with carbon black (CB) and
polyvinylidene fluoride (PVIF) in a mass ratio of 70:20:10, respectively. The powdered
mixture was then converted into a homogeneous slurry paste using anhyemoets\W2-
pyrrolidine (NMP) as the solvent. Thereafter, the resulting paste was coated on a nickel foam
(1cm x 0.5 cm) dostrate current collector, utilizing a spatula to flatten out the grooves of the
nickel foam surface for allowing a uniform dispersion. The as prepared electrode was then
finally dried in a vacuum oven a08 for 10 h to remove nonreactive solvent residues. The
electrolytes ged for this electrode system wéld KOH and 3M LiOH, upon which the best

performing electrolyte was used for the telectrode systefv5].

Working electrode

{

Ag/AgCl
reference
electrode

Platinum wire
counter
electrode

Electrolyte solution

Figure 3.1 Diagram illustrating the half cell (three-electrode) configuration.
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3.2.5.2 Electrode preparation for the full cell (tweelectrode) configuration

The nickel foam substrates were initially cut into 20 mm diameter discs (33 4auththen

coated with the preparedurry paste. Thegsitive electrode contained a paste made up of 70
wt% active electrode material, 20 wt% carbon black (CB), and 10 wt% polyvinylidene
fluoride (PVDF) with anhydrous fhethyt2-pyrrolidone (NMP) as the solvelif5]. The

slurry paste for the negative electeodontained a similar mixture with, instead, activated
carbon used as the active material. The electrochemical cell was then finally assembled with
the Swagelok device and left to stand for 24 h prior to conducting performance tests. The

bestsuited elecwlyte used for this electrode system was 3M LIiOH.

Swagelok device
assembly

Positive electro- Negative
active material || activated carbon
electrode electrode

Filter paper
separator

Figure 3.2: Diagram illustrating the full cell (two-electrode) configuration.
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3.3 Electrode material characterisation techniques used

The crystallographic structural and morphological studies optistine, spinel, and hybrid
electrode materials were systemallig investigated by employing scanning electron
microscopic (SEM), highiesolution transmission electroniaroscopic (HRTEM), and %

ray dffraction (XRD) analysis. The highesolution tranmission electron microscope
instrument was equipped with an enedigpersive Xray spectroscope (EDS) for elemental
composition and mapping analysis. The functional group detection and particle size
distribution measurements were additiongbgrformed byconducting Fouriettransform
infrared (FFIR) spectroscopic and smahgle Xray <attering (SAXS) analysis. Bond
vibration analysis and thermal stability testing of the synthesized electrode materials were
also performedusing Raman spectroscopic antderinogravimetric &alysis (TGA)
techniques. Lastly, the electrochemical performance and properties of the active electrode
materials vere studied through conducting cyclic voltammetric (CV), electrochemical

impedance spectroscopic (EIS), ardvgnostatichargedischarge (GCD) analysis.

3.3.1 Structural, morphological, and spectroscopic characterisation

techniques

3.3.1.1 Crystal structure and crystallite size determination by Xay diffraction
(XRD) analysis

The X-ray diffraction technique is predomiest used for diagnosing the structure of crystal
lattices within a powded or thin film material. The technique was performed using a
focused D8 advanced diffractomefmurchased from Bruker AXS. Thisachine is equipped
with an evacuated copperdpha adiation Xray tube, operated at 40 kV and 40 mA. The
X-ray tube functions similarly to that of a cathode ray tube. TiiayX are produced inside
the tube when an applied current heats up a tungsten filament, thus liberating electrons that
are additionall accelerated by a high voltage towards a copper target. This copper target,
thereafter, emits copper-pays through a beryllium Xay window (for maximum Xay flux
transmission). The Xays then exit the tube and are incident on the sample from whigh the
are diffracted into a scintillating type detector. The diffractethi)X beam passes through a

slit, which determines the angular width of the beam, and a nickel filter, for removing the K
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alpha energy, before reaching the detector. During-aay>écanthe detector is rotated over

a range of2d- angles, in this case a rangeldd 90 was used, to detect diffractedray

bands produced by the precisely aligned crystal lattices within the sample.

The powdeed electrode materials, at the nasoale, consist of numerous crystal lattices
located at random angles. It is, therefore, essential for the crystals to be correctly oriented in
order forthe Xr ay beam, crystal s, and detlies¢hatohe t o
scattered Xrays must be #phase with the incident-Kays for constructive interference to

occur, which in turn obeys the conditions

Diffracting planes =
of atoms within the
crystal lattice

Intensity (a.u)

* XRD spectrograph illustrating
T T signal spikes appearing at specific
24 (degrees) detector angles

Scheme 3.5: Schematic diagram illustrating the generic principle of xay diffraction
[112].
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In 1912, a German physicist by the name of Max von Laue displayed {tegtsXcould be
diffracted by crystal lattices within crystalline type materials. This work awarded von Laue
the Nobel Prize in Physics during the year 1914. In 191313, Henry Bragg (a British
physicist) built an Xray spectrometer in order to continue his research on the properties of
X-rays. Lawrence Bragg, son of Henry Bragg, was interestedray Xiffraction and began

to examine Xray patterns generated by variousstajline materials. From his analysis, he

di scovered a simplified and i ngeni ous way

formul ated the famous Braggds Law. Lawren

made this discovery as a research student at GagebUniversity.

The derivation of Braggbs Law is initialdl
ensure that the incident and scattereera)s are ifphase with one another. It is
schematically shown below that when the first ray hits theatomic plane at atom Z, the
second ray continues to the next atomic plane and is scattered by atom B. This results in the

second beam having to travel an extra distafx®®+BC), in order for the two reflecting
beams to be Hphase with ne another. Therefore, if this extra distance is equivalent to an

integer (n) multiple of the Waveleng(lar), then constructive interference will occur.

Since, AB=BC

nA=2AB

Using trigonomeftry to solve for
distance AB

ABstin(B)

______ i . nh=2dsin®

Scheme 3.6: Deri vHi3Jon of Braggods
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3.3.1.2 Morphological characteisation by SEM and HR-TEM techniques

3.3.1.2.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) utilizes a focused electron beam to scan the surface

morphology of a material in order to generate a photographic image of the analyzeteapeci
[114]. The main components of which the microscope is constructed of include an electron
gun (as electron source), electromagnetic lenses, apertures, and deteEtgrs3.8below, it
illustrates that the electron beam passes through a condenseoligttive lens, and scan

coil before reaching the surface of the specimen. These components are responsible for
controlling the intensity of the electron beam, concentrating the beam into a focused fine
probe, and scanning the electrons over tyeptane of the specimen. The incident electron
beam interacts with the surface atoms of the specimen by penetrating it into a region known
as the interaction volume. Various interactions occur within this region of the specimen and
depending on how far the etean beam penetrates into the region, will result in the energy
magnitude of the emitted electrons. The low energy electrons are emitted as secondary
electrons, where as the high energy electrons are emitted as backscattered ¢l€drons
116]. The seconary electrons are detected by the secondary detector, which provides
informational data describing the surface topography of the specimen. Similarly, the
backscatter detector detects the backscattered electrons; however, elemental composition dat

is obtaned.

The elemental composition analysis is performed with an energy slipespectrometer
(EDS) detection system, which is incorporated into many scanning electron microscopes
[117]. In this research study, the microscope used to employ SEM analysia WBISS
ULTRA scanning electron microscope. This type of microscope is equipped with a field
emission electron beam source and is capable of obtainingaamdmetre SEM imaging
resolution. The sample preparation procedure involved it initially beingsdedoonto a
carbon support, and then placed inside a sputter coater for the coating ofpaltaoim

alloy onto the material surface. The coating process was initiated to ensure that the material

was conductive for electron absorption during analysis.
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Figure 3.3: Diagram illustrating the basic operating components of the SEM instrument
[118].

3.3.1.2.2 HighResolution Transmission Electron Microscopy

HR-TEM analysis is a famous microscopic characterisation technique used to image the
crystalline nature, nanotube morphologagnd elemental composition of theterested
material speimen. The basic operation of thdR-TEM instrument, much like the SEM
instrument, begins with an electron source generating an electron beam, which pasgés th

a series of electromagnetic lenses that condense the beam before it interacts with the materigl

1%}

speci men. The beamobs interaction with th
detector system that displays a tdionensional projection of the spimen onto a fluorescent
screen or digital camera. Selected area electron diffraction (SAED) and energy dispersive X
ray spectroscopy (EDS) data can also be obtained frori ENR analysis. The SAED image
displays a reflection that is indicative of the ¢ayne makeup of a specific scanned area of

the specimen. These reflections are imaged as vertical coloumns of dots that can be indexed,
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much like in XRD analysis, to represent the atomic planes within the crystalline structure of

the specimen.

The HRTEM instrument allows scientists to view materials at the atomic scale, thus
providing photographic evidence of atomic lattice planes and additional nanostructures
present within the analyzed material. The instrument also operates at a higher accelerating
voltage (normally at 180 kV or greater), thus generating a denser electron beam containing
more electrons to produce more data and images with high quality spatial resolutions as
compared to the SEM instrument. Atomic defects, such as linear defectslérrggups of
atoms) and planar defects (grain boundaries), can also be detected frdBMHRNalysis.
Despiteitsadvant ages, it also tends to manipul a
crystal structure by increasing the number of disloaati@istorted crystal lattice planes) per

unit volume. This manipulatigrhowever, doegields a higher hardness and tensile strength
for the metals present within theausetut er i
techniquan the development of ging crystalline materials.

EDS results were reported from HHEM analysis as more data points were collected in
order to provide a complete spectrum of t
preparation procedure involved initially dissolvitige synthesized material in solvent,
preferably ethanolthen drop casting it on a coppaickel grid. The grid was dried under a
lamp to evaporate the solvent before the commencement of analysis taseémarch study,
high-resolution transmission elion microscopic images were obtained from a Tecnai
G2F,0 X-Twin MAT 200 kV field emissiorHR-TEM instrumen{114, 116]
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3.3.12.3 Energy Dispersive Xray Spectroscopy (EDS)

Energy dispersive Xay spectroscopy (EDS, EDX, or X is an analytical tool generally
used for elemental compositional mapping, which involves the generation of a spectrograph
illustrating elemental data of a given samd#9]. The EDS technique can not only measure
relative elemental composition, but@lhe distribution of atoms present within the analyzed
sample, which can then be mapped on an energy spectrograph EDS systems are
generally integrated into SEM and HHEM instruments and for this research work, EDS
analysis was performed using tH®-TEM instrument to acquire a more accurate elemental
composition interpretation spectra for each of the synthesized powdered electrode materials
[121]. During EDS analysis, the sample is initially bombarded with electrons from a high
energy focused elaon beam, thus causing the sample to be excited and enaiysX as
illustrated in Scheme 3.7(a)[122]. These individual Xays are detected by the-rdy
detector and then converted into corresponding electrical poteftiaB}. The signals
produced at sxific binding energies, in other words potentials (measured in keV), are

indicative to the elements of which the analyzed sample is constfti2#d

The schematic diagram representedSicheme 3.7(h) illustrates how a focused electron
beam can cause-pay emission from a sodium atomic nucleus surrounded by electrons in its
inner and outer most electron shgll25]. When the incident electron beam strikes the atom
within the specimen, it then excites an electron in the inner most electron shellathtiagy

it from the shell (as a secondary electron), and causieteatron holgo be left behind in its
original position[62]. At this state, the atomic nucleus is highly unstable; therefore, an
electron from a higheenergy level will then descend till the electron holan the lower
energy level[126]. The change in energy between the higher and lewergy level is
emitted in the form of an Xay, which is then measured and projected on an EDS
spectrograplil27]. The quantity of energy emitted frothe electron is equally dependent on
the energy difference between the shells as it is on the atomic structure of the element. As
illustrated inScheme 3.7(¢)the nomenclature of the electron shells starts with the inner most
shell denoted as K, followkeby L, M, N, O, P, and @128]. EDS analysis is predominately
concerned with the K, L, M, and N shells of the investigated element. It is schematically
shown below that if electrons descend memgy to fill a vacant electramole from the nearest
electron shell of the atomic nucleus, then it is denoted as an alpha sigpdlgkand M)
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[129]. However, if the electrons come from a shell that is two shells away from the atomic
nucleus, then it is known as a beta signa), (i, and M) [129]. It should be noted that the
electrons residing in the shell furthest away from ab@mic nucleus, possess the lowest
ionisation energy130]. Therefore, it would require a large amount of energy to remove an
electron from the kshell of the atomic structure. The quantity of energy required to remove
electrons from specific shells of t@n elements, presented on the periodic table, have been
obtained through extensive reseaftB1]. These references can be used when identifying

characteristic elemental signals from the obtained EDS spectrograph.
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Scheme 3.7: Schematic dgram representing various operating principles of ED3132].
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3.3.12.4 Fourier Transform-Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy is a resourceful technique that allows researchers to obtain information
concerning the stretching and bendingrations of molecular bonds of functional groups
present within the investigated solid, liquid, or gas sample. ThdRF3$pectroscopy
technique initially involves irradiating the sample with polychromatic infrared
electromagnetic radiation, which is theartially absorbed by the sample during analysis.
The FTIR spectrum generated from the data of the transmitted infrared radiation is utilized
to identify specific structural units that make up the studied sample material. Durtli®) FT
analysis, as the saie absorbs the exciting electromagnetic radiation, it causes the molecular
bonds of the sample to vibrate in a specific motion/maédg. 3.4 displays the various
vibration modes, which molecular bonds could experience. It is additionally importaneto not
that only specific wavelengths of exciting radiation is required to initiate each of the
displayed ibrations. This discussion lgetter understood by comparing the-IRI spectrum

of the exciting IR radiation to that of the transmitted IR radiation.oliservation made from
these two spectra is that on the transmitted spectrum, the intensity of the IR radiation at
certain wavelengths or wave numbers significantly drop due to the absorbed IR radiation by
the sample, thus causing the occurrence of spdwfictvibrations.

The Fourier transform infrared spectrometer is composed of unique system components
namely a radiation source, a beam splitter, two mirrors (static mirror and moving mirror), and
a photodetector. In majority of FIR spectrometer configations, the sample is generally
placed in front of the detector. The operating principles of the instrument include the
following: firstly infrared radiation is emitted from the source to the beam splitter (partially
transparent mirror), where some otthadiation is transmitted through the splitter and the
rest is reflected. The transmitted and reflected beams are then reflected back towards the
splitter by the fixed and moving mirrors, where both beams are split again causing the
partially reflected rdiation beams to recombine into a single beam that is transmitted through
the sample into the detector. Initially, both mirrors are positioned at an equal distance from
the splitter, thus causing the two beams reaching the detector tgpbase with onanother.

This is known as constructive interference and at this point, the radiation reaching the
detector possesses the highest intensity. However, the radiation intensity suddenly drops if
one of the mirrors is moved a short distance away from the detéttis is a result of the
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two recombined radiation beams at the detector not behpipase with one another, and
therefore cancelling each other out. Alternatively, this phenomenon is known as destructive
interference. Therefore, in order to conduct desired FFIR experimental measurements,

the mirrors must be positioned in a way that will promote the occurrence of constructive
interference and generate an interferogram, which measures the intensity of the radiation that

reaches the detector. Finalthjs interferogram is then converted into a spectrum through a
mathematical theorem known as the Fourier transform.
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Figure 3.4: lllustrating modes of bond vibration and the operating principles involved

in FT-IR spectroscopy[133].

70




3.3.12.5 Raman Spectroscopy

The Raman spectroscopic technique was firstly developed by an Indian scientist named C.V.
Raman in 1928. In 193@.V. Raman was awarded the Nobel Prize in Physics for the famous
technique, which is also occasionally known as the Raman Effect. Although the technique
was developed over 80 years ago, it still required advanced technological and scientific
development®ver time for the technique to really blossom in the field of scientific research
and development. The one criticaldacentral development that istimiately linked with the
Raman spectroscopic technique is the laser that was built in 1960 by Theoddaatdn,

based on theoretical work done by Charles Hard Townes and Arthur Leonard Schawlow. In
other known branches of spectroscopic techniques such-b®, FIV-Visible, NMR, and etc,

the absorption of radiation by the sample is studied where the malegitlen the sample

gets excited and undergoes a transition from a lower to a higher energy level. However, in
Raman spectroscopy the scattering of the radiation from the sample is analysed and studied tc
observe the vibrational and rotational modes exdnibiby the molecular structure of the

sample.

The principle of this scattering phenomenon entails when monochromatic light, such as the
laser radiation, is subjected onto the sample, where most of the radiation is transmitted
through the sample, while @ of the radiation is scattered at an anglé t8Qthat of the
incident radiation. The two different types of scattering observed in Raman spectroscopy is
generally known as Elastic and Inelastic scattering. Elastic scattering, also known in scientific
language as Rayleigh scattering, is perceived when the scattered radiation has the samé
frequency as that of the incident radiation ( ’ ), thus implying that there is no net change

in the energy of the radiation after the scattering occurrence. The most important type of
scattering, which is predominately analysed in Raman spectroscopy, is the Inelastic scattering
(scientifically known as Raman scattering). Inelastic scattering is perceived when there is a
change in the frequency (approximately 1%) of the radiation after the scattering ).

Raman scattering is additionally categorized into two types. One where the sgatterin
radiation has a lower frequency as compared to that of the incident radiatiohgd and the

peaks observed on the spectrum are called Stokes lines, thus indicating Stokes Ramar
scattering. The other type of scattering is referred as3tokies Raran scattering, where the

scattered radiation has a higher frequency than that of the incident radiatiohg), and the
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peaks are illustrated as AfBtokes lines on the Raman spectrum. The diagram illustrated in
Fig. 3.5(a) displays a schematic regzentation of how the incident radiation interacts with
the molecules of the analysed sample. In the case of Raman scattering, after irradiating the
sample with photons, the molecule is then excited from its ground state (low energy) to an
unstable excitedlirtual state. Due to the instability of the virtual state, the excited photon will
then drop down to a (higher energy) vibrational state, where the scattered photon has less
energy and a longer wavelength than that of the incident photon. As previcersipmed,

this is characteristic to Stokes Raman scattering. However, if the molecule returns to a
vibrational state that is below its original ground state after scattering, then the scattered
photon has a greater energy level and shorter wavelengtmasued to the incident photon.

This phenomenon is attributable to ABtiokes Raman scattering. As observed in the Raman
spectrum for the carbon tetrachloride molecule (& @lustrated inFig. 3.5(b) the Raman

shift is due to the Raman Effect whichdstermined by the spacing distance between the
vibrational and ground states of the scattered photons. The Stokes at®tokes scattered

photons is shifted an equal distance on opposite sides of the Rayleigh scattered photons, a

[72)

can be seen on the GGpectrum.
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Figure 3.5: Diagram illustrating a schematic representation of energy transitions for
Rayleigh and Raman scatterind134-135].

12




3.3.12.6 Thermo-Gravimetric Analysis (TGA)

Thermagravimetric analysis is an analytical technique that was usadaiyse the thermal
stability of the investigated supercapacitor electrode materials, by measuring the change in
mass of the materials as a function of increasing temperature at a scanning mode with
constant heating rate. The mass loss can also be measue function of time, which is
described as an isothermal mode. This mass loss is due to the alteration of physical and
chemical properties through oxidation/reduction, vaporisation, and decomposition processes
occurring consequentially due to highlybgected temperatures to the electrode materials of
interest. There are three classifications of thegravimetric analysis (TGA), where one is
known as dynamic TGA, the second as isothermal TGA, and the third asstpigsilr GA.

The quasstatic TGA techique was selected and employed to perform thermal stability
analysis on the electrode materials, as it entails the sample being heated until it reaches &
constant weight (in mg) at each of the increasing temperature intervals through a linearly

constantheating rate.

The principle behind thermgravimetric analysis is initially comprised of a sensitive
microbalance that is used to continually measure the change in mass of the sample as it is
bombarded with heat waves from the furnace. The computergmogrith respect to the
applied heating rate and inert gas flow, generally controls the experimental system. The
microbalance is designed in a manner where it systematically generates an electrical signal
corresponding to a particular weight change propoate to a specific temperature interval.

The schematic diagram, illustratedScheme 3.8displays the various operating components

of a TGA/DSC instrument. The instrument configuration involves a horizontally designed
furnace, displayed in the centrethe scheme, configured with a highly sensitive balance on
the right side of the furnace. The balance beam is connected to the heat and temperature
sensors of the TGA/DSC instrument. The horizontal design of the furnace minimizes the
occurrence of poterdi thermal buoyancies arising from a high density of gas particles
levitating inside the furnace chamber. The furnace is well protected on both left and right
sides by baffles. The volatile and gaseous combustion residues, together with the purged gas
andreactive gas, excite the furnace through a gas outlet located on the left side of the furnace.
Additional analytical instruments, for example a gas chromatography instrument, can be
connected to this gas outlet to perform more advanced analytical analysis.

73




Balance Adjustment
Reactive gas beam ring weights
capillary

Cooled jacket

Reference
Sample

flow Baffles

Gasoutlet Heater
Sensors ;
Thermostatic
Temperature balance
sensor chamber

Scheme 3.8: Schematic diagram illustrating the various operating components of a
TGA/DSC instrument [136].

3.3.12.7 SmallAngle X-ray Scattering (SAXS)

SmallAngle X-ray Scattering (SAXS) is a nafestructive analytical technique utilized for
investigating the nanostructures of the material ranging freB90L nm in size. This
technique additionally supplies information on a wide variety of aspects such as aggregation
occurrence, particle size distribution, radius of gyration, folding andoldmg of the
macromolecules within the material sample, and many more. The radius of gyration is
mathematically considered as the square root of the sum of the distances of all the atoms from
the centre of mass of the sample. In a basic SAXS experimenhctdent Xrays impinge
upon the solution state sample (in the case of this research a powdered sample was analyse
where a spherically averaged intensity is rdedr Thg thereforegenerates an isotropic
pattern of whicha radial integration is takemdm that pattern in order to produce a one
dimensional profile. The analysis of this 1D profile is what essentially provides information

concerning the size and shape of the nanostructures within the sample material. It is
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additionally noted that in SAXSalysis, larger particles scatter at smaller angles and smaller
particles scatter at larger angles. In the case of anisotropic particles, the scattering for each
orientation is calculated and recorded as an average result. The particle distance distributio
function (PDDF), which is generally obtained from the geometrical considerations of the
particles, is used to perform the calculation of the scattering curves. Smaller structures such
as atomic crystal lattices can also be analysed by resolving thersdgttofile. Wide angle

X-ray scattering is used for-pays with anglesf2 10J. During SAXS analysis, the-Kays

are initially collimated into either a line or a point collimation, where both collimated beams
possess unique advantages. Line collimation is preferably suited for analystogerdad
isotropic systems, espeltjasamples exhibiting weak scattering such as diluted dispersions
and immersions. Point collimation is an ideal choice for analysing oriented samples such as
solids containing irfhomogeneous nanostructures. This type of collimation was best suited
for peforming analysis on the composite electrode materials investigated in this research

work.

Line Point
collimation collimation
Detector Detector

",
....
o,
.....

Sample /
/

v ~ /
Slit system Pinholes
Sample

X-ray source X-ray source

Incident
X-ray

Scheme 3.9: Schematic diagram illustrating scattering patterns obtained with a

GISAXS instrument, together with the two modes of beam collimatiofil37].
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3.3.2 Eletrochemical characterisation techniques

3.3.2.1 Cyclic Voltammetry (CV)

Cyclic Voltammetry is often described as a type of potentiodynamic polarization technique,
where we observe the effect of an applied current to the electrode through an electrolyte
species at varied electrical potentials of selected scan rates. CV experiments are
predominately conducted for determining electrochemical data such as electrode potentials,
reaction kinetics, and reversibility information of the analyzed eleetnodterialsassembled

in a half cell configurationdevice. In the case of the haltll (threeelectrode) design
assembly, CV analysis examines electrochemical processes occurring at a single working
electrode containing the investigated ele@tctive material. Theéhreeelectrode cell design

is also mainly used to identify whether the electrode material behaves as the anode or
cathode, depending on the selected potential and scan rates. This information is essential t¢

obtain for when prforming CV analysis on a futell (two-electrodedevice.

Two-electrode Swagelok
= device
EC-Lab
software

Working
electrode

Platinum
o A A A A wire counter
KT T electrode

‘‘‘‘‘‘‘‘‘

Ag/AgCl
reference
electrode

BioLogic VMP-300 based multichannel E:)cl::t(:(::lte
electrochemical analyser

Figure 3.6: Experimental workstation of half cell (three-electrode) and fullcell (two-

electrode) electrochemical devices for CV analysj$38].
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The Swagelok device assembly, as displaye#ig 3.6 was used to test theynthesized
electrode materials at the application stage in order to completely evaluate their
electrochemical performance. In a typical CV experiment, as illustrated in the generic
potential (V) versus time (s) plot ifg. 3.7(a) a constant rate of pantial is swept up to a
maximum value and then back down to zero potential at the same inverse rate. The cell is
initially allowed to equilibrate at the start and end of the potential sweeps. In the
corresponding current versus potential curve, as expdbdcurrent increases as the
potential increases. However, a rapid change in current is observed on the reversal potentia
scan, thus resulting in a significant curve shape. These curves can be used to calculate th
standard electrode potential’{Eof the cell, which is known to be the point equidistant
between the oxidation and reduction peaks. The shape of the curves can additionally be
analysed in order to obtain information relating to the electrochemical kinetics of the
investigated electractive méerial at the electrode surface. The voltammogram illustrated in
Fig. 3.7(b)is a typical representation of a fully reversible system. A diagnostic test can be
performed on the CV voltammogram to absolutely confirm the reversibility of the process by
analysing vital parameters that signifies a particular electron transfer process. In the case of a
reversible process, the diagnostic criterion, which each parameter must obey, is listed as

follows:

1 The S'/Ep = Epal Epc values (representing the petakpeak sepation potentials) must
be approximately 59/n mV, at 26. Note that n is considered as the number of

electrons transferred during the oxidation/reduction process.

1 Ep,does not bange with a change in scan rates (mV/s)
T lpdlpc= 1 (slope extrapolated fmothe /iy versus V2 linear plot).

1 I,is proportional to ¥

An important aspect to consider when performing CV analysis is the timescale of the
potential sweep, which additionally affects the results of the analysis. This implies that
potential sveeps initialized at speeds that are too fast, might cause a miss in the subtleties of

diffusion/migration kinetics, thus resulting in insufficient experimental data obtained.

1
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However, sufficient information can be inferred by slowing down the rate of dteweeps

to values below 10 mV/s.

The cyclic voltammograms illustrated iRig. 3.7(c) and (d), are typical examples of
asymmetric electrochemical processes. The CV curtgin3.7(c)represents an irreversible
oxidation process, as no reduction peslobserved in the reverse potential sweep. This,
however, could imply that the process possesses slow reduction kinetics attributed by
uncharged oxidants present within the electrode material matrix. The diagnostic criterion for
the electrochemical paratees associated with an irreversible oxidation process is
observably different to that of a reversible process from their respective voltammograms.

1 Firstly, no reverse peak is visible on the voltammogram.

T Ebshifts by a,n\actwh e rogwni® @¢ tencharge transfer
coefficient. Additionally, (§-Ep) 1s approxi mat elamVferqui va
10-fold increase irpotential

1 I,is proportional to ¥

The CV plot illustrated irFig. 3.7(d)is for a MnQ material coated electred operated in a
threeelectrode cell at high scan rates between 00 mV/s. Observably it can be deduced
from the plot that the current responses for both oxidation and reduction peaks, increase with
an increase in scan rate. At a moralepth perspente, it can additionally be observed that

Epa sShifts positively and F shifts negatively, respectively, with an increase in scan rate.
These are, in fact, diagnostic criterion for thepBrameter of this particular electrochemical
process, which is knowno be a quasieversible electron transfer process. Additional
diagnostic tests for CV curves of quasversible processes proceeds in the following list

below:

1 As mentioned before, thg increases with the increase in scan rate. However, it is not

consdered as being directly proportional to the scan rate.
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1 T h e = - Exc values are greater than 59/n mV and increases with increase in

scan rate.

1 1/v*2is virtually independent of the scan rate.

It is later, experimentally, illustrated and discussed in the results section of this research work
that the investigated electrode materials exhibited cyclic voltammograms resembling that of

reversible andjuasireversible electron transfer processes.

(a) Cyclic Voltammetry Potential Waveform (b) Fetadal Epa Anodic (oxidation)
2 4 Current - Positive Current
— > Capacitive (anaiyte) .
3 S 4 < |Current
g > 2. N (TR R ¢ A
=l & (;‘ E -
: f" b g i  da / Potential / V
% &} % 3 ipc
é Cycle 1 Cycle 2
;j’-' A 4 Sy Cathodic (reduction)
t(] t1 t? t_’{ t: = Negative Current Epc
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Figure 3.7: Diagram illustrating (a) an experimental potential (V) versus time (s)
profile for two cyclic voltammetry scans, (b) a typical CV representation of a fully
reversible process, (c) a CV analysed plot of an irreversible oxidation process, and (d) a
CV interpreted plot of a purely synthesized MnQ electrode material[139-140].
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3.3.2.2 Electrochemicalmpedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a versatile technique primarily employed in the
research field of batteries, supercapacitors, fuel cells, corrosion, electroplating, photovoltaic
cells, biosensors, and many more. Thain concept behind the analytical process of EIS
analysis deals with the initial understanding of the diffusion model (mechanistic motion of
electrolyte ions at the electrode/electrolyte interface) best suited for data fitting and
interpretation. The ditfsion model type predominately utilized in electrochemical
experiments for supercapacitor applications is called the double layer capacitance. The
schematic diagram, illustrated cheme 3.10(a)displays the double layer capacitance
model indicating theassociated diffusion planes/layers at the negative electrode/electrolyte

interface of a hypothetical electrochemical cell.

In order to discuss the mechanistic function of the double layer capacitance model, it initially
involves the understanding of hothe solvated ions and partially solvated (solvent)
molecules interact with the charged electrode surface. Due to the electrostatic attraction of the
partially positive dipole moment of the solvent molecules with that of the negatively charged
electrode sdace, a monolayer of the solvent molecules adsorb onto the surface of the
electrode. This monolayer of solvent molecules is what formulates the Inner Helmholtz plane
(IHP), which also serves as a dielectric medium between the opposite charges of thdeelectr
and solvated electrolyte ions. The Outer Helmholtz plane (OHP) extends to the centre of the
positively charged electrolyte ions, and the combination of the two planes formulate the
single layer of the double layer capacitance model. During electrochleteisting, the
potential variation across the Helmholtz planes progresses linearly; however, it becomes
exponential along the diffuse layer in the bulk electrolyte solution. The double layer
capacitance model is therefore comprised of the capacitaribe bfelmholtz plane or Stern

layer (another term for the Helmholtz plane), in combination with the capacitance of the
diffuse layer, as illustrated facheme 3.10(h)connected in series.

é +Ci 3.2)

O|r
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Scheme 3.10: Schematic diagram illustrating (a) the double layer capacitance model,
and (b) a more detailed model displaying the potential variation across the diffusend

Stern layers[79].

The expression illustrated Bquation (3.2) represents the total capacitance of the double
layer model, where £= capacitance of the Stern layer angl €capacitance of the diffuse

layer. Since both layers experience a capacitatiey also experience a resistance at varied
electrical potentials. This resistance is measured as electrochemical impedance upon
conducting an EIS experiment. The impedance of an electrochemical cell is generally
analysed by utilizing a small potentiat current excitation signal obtained by subjecting a
sinusoidal AC current or voltage of known amplitude and frequency to the cell. The
amplitude and phase responses of the cell are measured as AC current or potential signals
and the sum of the AC sinudal functions is obtained mathematically by employing a

Fourier series.
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Figure 3.8: Graph illustrating two functions, which represent a current response signal
obtained from a subjected sinusoidal voltag§2].

The mathematical expression represgnthe potential (voltage) excitation signal is shown

below as a function of time.

V (t)=V, sin(mt) (3.3)

Where V(t) = potentiabt time (), W= si gnal amp |“f tmpliesethe radial d ¥
frequency. The expression for the corresponding current response signal is also presented

below as a function of time.

| (t)=1,sin(ut +) (3.4)
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Where I(t) = current response signal at timep tz Isignal amplitude, ane = phase shift

between the applied AC voltage sinusoidal waveform and the AC current response curve.

From the use of Dmés | aw, the anal ogy of cal cul at]i

calculating impedance, as illustrated in the expression below:

sz(t) _V,sin(m) & sin( v
1(t) Tosin(ut+/) T &in( w+)

(3.5)

The impedance, afiustrated inEquation (3.5), is expressed in terms of a magnitude) (Z

and a phase shift | . However, from the use of Eul ero

exp(j/ )=cog /) 4 sif ) (3.6)

The impedance can additionally be expressed as a complex function:

(=2, ") 8 (i) mgcod J st ) (B7)
%}in(wﬁj)+
The expression for the compl exEquatiop 8d)axn c e
constructed of irphase andout f phase I mpedances, commonl y
imaginary Z 0 ) i mpedances. As mentioned before,

capacitance and resistance experienced by the diffusion reactions occurring at the positive
and negative electrode/ el ectrol yte Nyguister f g
ploto il lustrydatmi(Z®)? e ipmadi warsus the rea
Fig. 39(a).The f#ABode fr eque nkgy 29(bpillustrates the logastrennof e d

the magnitude of impedance and phase angle versus the logarithm of frequency. This plot is

esential as it coincides with the Nyquist plot, and provides additional information
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concerning the diffusion kinetics of electrolyte ions at the electrode surface. The red dots
displayed on the Nyguist spectrograph indicate the fitted EIS data, wheredhsodds are

fitted onto the appropriately selected equivaleattical circuit model, which waasnalysed

using the it integrated ECLab analysis and interpretation software. The equivalent circuit
model ideally measures the complex impedancesinstef circuit elements such as resistors
(Rs and Ry), capacitors (&), and distributed Warburg (¥/ impedances. The solution
resistance, denoted as, i the resistance that occurs between the working electrode and the
Ag/AgCI reference electrode..Rs called the charge transfer resistance associated with the
transfer of electrons at the electrode interface. The double layer capacitahete(@ent of

the equivalent circuit model is measured as a constant phase element (CPE) impedance|
Lastly, the Waburgimpedance (W) distribution is a measure of resistance due to the
diffusion of electrolyte ions across the electrode/electrolyte interface.
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2 200 . w ©
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Figure 3.9: lllustrating (a) typical Nyquist plot, (b) corresponding Bode plot, and (d) the

Randles equivalent circuit model used during data fitting and interpretation[141].
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3.3.2.3 Galvanostatic Chargéischarge (GCD) analysis

The galvanostatic chargischarge (GCD) technique is well considered as the expansive
electrochemical method employed ihet research field of supercapacitor performance
analysis and application. The GCD technique is also considered as a more accurate tool use
for the evaluation of the specific capacitance of synthesized active electrode materials, over
that of the CV techijue. Additional information such as energy and power derastyyell

as cycling stability is also obtainabfeom the use of this technique. In a typical GCD
experiment, constant positive and negative currents (obtained from selected current densities
are applied across the working electrode (to charge and discharge the electrode), where itg
potential relative to the reference (Ag/AgCl) electrode is monitored with respect to time.
Similar to the CV and EIS experimental workstations, GCD analysis waspedon the
threeelectrode (half cell) and twelectrode (fullcell) electrochemical devices, as displayed

in Fig. 3.1Q
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Figure 3.10: GCD experimental workstatios of (a) threeelectrode (halfcdl) and (b)

two-electrode (full cell) electrochemical deices[79, 142]
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The following section illustrates theoretical terminology of how a capacitor undergoes
charging and discharging processes. In order to understand this concept, it is required to
perceive the charging/discharging processes at a praeval(l.e. involving a conventional
paralletplate capacitor connected to an{Ri&uit, as displayed i®&cheme 3.1 During the
charging process of the capacitor, as current (I) flows through theirB@t, positive
charges begin to build up on the grlate, thus repelling positive charges on the other plate

to formulate a fully charged paralplate capacitor containing positive and negative charges

on the respective plates. The current continues to flow until the voltage across the capacitor is
equval ent to the emf ( 0) of the battery cel
Graphical representations of the charge/discharge processes, as illustiaobenme 3.11

can be used to deduce mathematical expressions, which describe relestanel@ments

such as the voltage €Y and charge (q) across the capacitor. However, in order to perform
these deductions, it is initially required to have a brief knowledge of the following key math

expressions.

Utilizing the Kir cchangmd RCAirsuit ib 8cheme Rulvhieh states t h €
that the summation of the potential/voltage differences across all the circuit components is

equivalent to zero, formulates the following expression:

e-V, V. @ (3.8)

Where U = the emf (el ect r onrothel voltage icoosscthe) q
resistor, and ¥ = the voltage across the capacitor-&mngingthee quat i on and

the subject, gives the following expression:

e=Vy M, (3.9)
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As the capacitor begins to alge up, its voltage (&) starting at zero will gradually increase

until it reaches its maximum potential or charge capacitance. However, the voltage on the
resistor (\k) will not start at zero, as the sum of ®¥nd \ equals the emf of the battery from
theKi rchhoffds Loop Rul e. greXperemcesfamaxmnentid decay n g
due to a complex feedback phenomenon occurring betwgeand i, namely as ¥
increases ¥ decreases. The following expression mathematically describes the potential

decay across the resistor with respect to time.

V, =ee e (3.10)

A

Substituting the expression forr\into the Kirchhd f 6 s L o o pguakon (30), and n
solving for \, gives the expression describing the exponential potential increase across the

capacitor, as illustrated in the graphical representation of the capacitor charging process.
Vc=e(1 -e'%w) (3.11)
The definition of capacitance is mathematically defined by the following formula:

(3.12)

@
I
<O

This definition canthen be related to the R€ircuit and used to formulate the expression
describing the charge accumulated on the capacitor.

Y g=C\, (3.13)
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\ q:Ce(l é%«:) (3.14)

During discharging, as illustrated in the circuit diagram, the battery is disconnected and the
capacitor now functions as the emf energy source for the resistor. Initially the capacitor has
its maximum voltage (y and ascurrent flows through the circuit and the resistor in a loop,

the capacitor will gradually lose its voltage over time. Since initialy=Wg, the voltage

across the resistor will also decay over time, much like in the case of the capacitor. The
mathematal expression describing the cVexponential decay is illustrated in the
corresponding graphical representation of the capacitor discharging process. Sjnce, V
decays, the charge (q) on the capacitor plate will also decay, thus giving an expression for q

similar to that of \& (except with the capacitance multiplied to it).
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Scheme 3.11: Schematic diagram illustrating the R@ircuit diagrams and graphical
representations of the (a) charging and (b) discharging processes of a paralihte

capacitor system[143].
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CHAPTER 4

Chapter Overview

This chapter critically discusses the characterization results of the pristine manganese oxide
MnzO,4, spineltype copper manganese oxide CulMp and modified hybrid
CuMnO/MWCNT supercapacitor electrode ma#ts. The discussion entails a complete
understanding of the relis obtained via microscopicSEM and HRTEM), spectroscopic

and crystallographiqFT-IR, Ramanand XRD) techniques. In ddition to these techniques
highly sengive techniques such as S&&nd TGA weraused for obtaining information on

the particle size and thermal stability of the electrode materklsally discussed in this
chapter involvesesults obtained from electrochemical analysisoyalic voltammetricCV),
galvanostatic charg/discharge (GCQ)and electrochemical impedance spectroscoitS|

techniques.

4.0 Results and Discussion

4.1 Compositional and Microscopic Characterization

4.1.1 Scanning Electron Microscopic analysis

The scanning electron microscopy technique wssduo investigate the miestructures,
surface morphology, and average/mean particle size distribution of the synthesized pristine
Mn3O4, spinel CuMnQO,4, and hybrid CuMpO,/MWCNT electrode material$144]. The

Mn3O, morphologies displayed in the SEM ineagitled (Fig. 4.1 portrayed uniformly
agglomerated spherical shaped nanostructures. Particle size analysis and calculations wer
performed using ImageJ (an image processing softwWadg], and the results obtained
revealed average particle sizes randimegween 65105 nm. These morphological findings

were evidently analogous to the SAXS obtained results. An additional morphological
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observation of the pristine M@, material, was that its SEM image displayed large
secondary agglomerated particles 145 mm) originating from the aggregation of smaller
primary particlesx( 73 nm)[114]. This observation was also correspondent to its XRD

structural characterisation results.
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Figure 4.1: SEM images of the pristine MgO, electrode material viewed at a scalef a),
1 Hm and b), 100 nm.

The SEM micrographs of the spinel CuMi material, portrayed irFig. 4.2 displayed
morphologies that are closely consistent with that of the pristigMmaterial. The MO,
nanoparticles displayed platike nancstructures, whees the CuMgO, material portrayed
confined nanocrystallitesthus exhibiting exceptional crystallinitjfl45]. The CuMnO,
average particle size calculations revealed sizes ranging betweE20 #tm. Elaborating
more on the confinement existing betweenGudin,O, nanoparticleskig. 4.2displayed the

CuMn,O4 nanoparticles as clusters of geometric crystals bound toga#air
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This confinementalso termed as quantum confinemesaiild have possibly been a result of
the van der Waals and capillary adhesiwees occurring within the citriacid monohydrate
(CeHs0O7.H20) reagenprecursof146-147]. These strong molecular forces contribute towards
strong molecular bonding between the elemental constituents of the spinel,@uMn
electrode material, thus promimtg excellent structural stabilifft48]. However, the electrode
mat erial 6s t her mal stability properties mi
Therefore, in addition to providing improved electronic conductivity to the spinel system, the
incormporated multiwalled carbon nanotube (MWCNT) structures would also provide
enhanced thermal stability, as experimentally proven by thgnadmetric analysis (TGA)

later illustrated in this chapter.

L
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Figure 4.2: SEM images of the spinel CuMs0O, electrode material viewed at a scale of
c), 100 nm and d), 20 nm.
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The confined CuMgO, nanocrystal clusters were anchored to the surface of-mailied
carbon nanotubes (MWCNTs) for the development of the hybrid GOMMWCNT
nanocomposite material. Pritw this, SEM and HRTEM images were obtained displaying
acidtreated MWCNTSs.

100nm EHT= S0V Sipal A= lrlees Do 26 ) 2018
W0=62mm Nog= S003TKX T M3

Figure 4.3: Purified MWCNT images: €), SEM and f), HRTEM.

The morphology of the CuM@/MWCNT nanocomposite material is exhibited in the SEM
images below titledrig. 4.4 These images positively displayed optimal incorporation of the
spinel CuMnO, nanoparticles to the purified MWCNT network. The purpose of the
MWCNT network was to provide a thrgmensional support structure for the spinel
CuMn,O4 nanoparticles, thus increiag its surface area and preventing agglomertidf].

This statement can be verified from SAXS analysis, which illustrated that the hybrid
CuMn,O4/MWCNT material exhibited no aggregation as compared to the pristine and spinel
materials (which exhibitedaggregation at a certain degree). Additionally, during

electrochemical analysis, the 3D MWCNT network would also help minimize the occurrence
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of energy dissipation due to concentration polarisation processes occurring at the electrode
surface[150-151]. The structural morphology of the MWCNTSs, illustrated Rig. 4.4
displayed lengthy and narrow intertwined entanglements with the spinel £yMn
nanoparticle$149]. This observation successfully implied the generation of a strong atomic
attraction betweethe 3D MWCNT network and CuM@, hanopatrticles.

Bi=S00W  SgalAziless  Dae S 02010 EHT=S00W  Spak=iles  Dae SN0 o
WOsSTmm  Magr SIOKX Tmef20019 F— woesim dege e Teenin

Figure 4.4: SEM images of the hybrid CuMRO4J/MWCNT electrode material viewed at
a scale of g), 200 nm and h), 100 nm.
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4.1.2 High-Resolution Transmission Electron Microscopic analysis

In orderto obtain a more in depth perception of the inner crystal structure of the synthesized
electrode materials, HREM analysis was carried o[i52]. Figs. 4.5a)and4.5b) display 20

and 10 nm scale magnification HREM images of the pristine M@, material,respectively.

In Fig. 4.5b) the dark and light lines that appear on one of the crystal planes are called lattice
fringes. These periodic fringes are formed by diffracted waves that are transmitted from the
atomic lattice planes of the crystalline matefid2]. The outline of the particle marked in

Fig. 4.5a) displays a generic boebentered tetragonal (BCT) geometrical model of the
Mn3O, crystal structure. This outlined projection resembled a rectandpax shape with

atomic lattice planes representsgdlattice fringes.

Body-centered
/. tetragonal
- '\ "\’ geometry

Lattice fringes

Figure 4.5: HR-TEM images of the pristine Mn;O,4 electrode material viewed at a scale
of a), 20 nm and b), 10 nm.
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The selected area electron diffraction (SAED) patterrFimm 4.6d) displayed a regular
sequence of scattered dotghich is a characteristic aspect of thesMnnanocrysta[152].

The lattice fringe lines displayed iRig. 4.6¢) evidently illustrated atomic crystal lattice
planes indexed with intgslanar spacing distances of 0.275 nm, 0.248 nm, and 0.236 nm
respedwely. In conjunction with XRD analysis, these lattice distances are correspondent to
the (103) and (202) atomic lattice planes of thes®lrcrystal structure. However, the (211)
plane is correspondent with the Mn@&omic crystal structure as confirmed KRD dag.

This phenomenon watributed due to additional phases suctMa$®, andMn,0s, present

within the crystal structure of the M@, material.

c)

0.275Snm § \\ Wy

0.236 nm

2 nm

Figure 4.6: c), HRTEM image and d), SAED image of the pristine MgO, electrode

material viewed at a 2 nm scale.
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The energy dispersive-Ky spectrum, shown ikig 4.7, for the pristine MgO, electrode
material reveals its elemental composition data. The expected elements, of wh@hidin
composed of, are displayad the spectrograph belowdowever, the copper and nickel
sigrals are due to the coppeickel grid onto which the MgO, material was drop casted
during HRTEM sample preparation. Additionally, the carbon signal on the spectrograph is
consequentially due to the carbon black adhesiagerial coated on the coppackel grid
before sample analysj$16]. This additional carbon coating process is necessary to make the
active electrode material more conductive for obtaining images with high resdliti6h

The potassium signal coule ka result of the ureacted potassium permanganate (KMNO
residues that may have been present within thgOylstructural morphology. Unfortunately,
there is no reasonable statement explaining the presence of the silicemgri&l) unless it

was attriluted to contamination occurrence during synthesis.
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Figure 4.7: Energy Dispersive Xray (EDS) spectrum of the pristine Mn30, electrode
material obtained from HR-TEM analysis.
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The HRTEM image displayed irFig. 4.99) illustrated welldefined latticefringes on the
micrograph image, thus indicating good crystallinity retained by the spinel €uMn
material. The CuMsO, particles are displayed iRig. 4.8 as cubic shaped nanostructures
with particle sizes ranging between-980 nm [153]. A two-dimensimal crystal lattice
image of one of the cubic CuMD, nanostructure$153] is shown inFig 4.8f). The 2D
projection is indexed with three distinctive atomic crystal lattice planes: (002), (220), and
(222)[154]. These detected atomic planes are in coroglawith the indexed miller indices
from the spinel CuMsO, XRD data plot

Figure 4.8: HR-TEM images of the spinel CuMnO, electrode material viewed at a scale
of ), 50 nm and f), 20 nm.
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The distance between the specifically oriented lattiaeyés displayed irfrig. 4.99) was
calculated to be 0.234 nm, 0.293 nm, and 0.271 nm for the indexed (002), (220), and (222)
atomic lattice planes, respectively. The fringe spacing of the (222) plane is in good agreement
with the interplanar lattice spacm distance of the most intense peak (222) calculated by
XRD analysis. The SAED scaed image indexed with the thréatice planes, indicated
diffraction dots that are characteristic of a spinel Cep®nfacecentered cubic crystalline
material. The EDS spetrum of the spinel CuMi®, material, displayed ifrig. 4.1Q shows

the presence of the desired elements without the occurrence of unwanted contaminants of

residues. This is an indication of a purely synthesized electrode material.

Figure 4.9: g), HRTEM image and h), SAED image of the spinel CuMsO, electrode

material viewed at a 2 nm scale.
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Figure 4.10: Energy Dispersive Xray (EDS) spectrum of the spinel CuMn,O, electrode

material obtained from HR-TEM analysis.

Semtiquantitative research dfie spinel CuMgO, electrode material was performed through
employing HRTEM EDS analysis, which provided a spectrum that illustrated the presence
of the desired elemental constituents of the spinel GQlylphase material with no unwanted
contaminantg155]. This implied that the designed temperature controlled hydrothermal
synthetic procedure, used as the development schematic of the spinejQz;udNettrode
material, resulted in the formation of a purely synthesized spinel gdMupinary metal

oxide compand. However, despite the promising elemental composition data, it is
analytically evident from XRD analysis that there existed additional structural phases such as
Mn,0O3; and CuO, within the spinel CuM@, crystal structure. Since EDS is mostly useful for
when identifying the elements that form the building blocks of the synthesized material, XRD
anal ysi s better o0 f156f he n

provide a i nsight
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The HRTEM images displayed ifrig. 4.11 illustrated cubic structed spinel CuMpO,
nanoparticles, anchored to the outer walls of the MWCNBF]. After performing image
processing analysis from ImageJ, the average particle sizes of the Q4MWCNT
nanocomposite electrode material was obtained as a rangei cf@nm. This result is in

good correspondence with the average particle size data obtained from XRD and SAXS
analysis. The ionic bonding of Sybridized carbon atoms, of the acid functionalized
MWCNTSs, with the tetrahedral Glatoms, of the spinel CuM®,; was confirmed via
Raman and FIR analysis[158]. An intriguing correlation between the hybrid material
observed at t he 0. ZFigadml(ks c alna, ididsp | SaAyxed
indicated that a uniformly defined distribution of CuM nanoparticles across the

MWCNT network surface were fouhated after fabrication.

MWCNTS

Figure 4.11: HR-TEM images of the hybrid CuMn,O,/MWCNT electrode material
viewed at a scale of (i) 50 nm, (j) 2
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The HRTEM image, showed ifrig. 4.12 clearly displayed atomic latticeiriges indexed as
(002), (220), (311), and (100), inmanction with XRDanalysig[159]. These atomic lattice
planes are correspondent to the MWCNT and spinel G@Wurystalline nanostructures
[160]. The respective diffraction angles of the indexed atdaticce planes, diained from

the XRD data plotwere used to calculate thesgacing distance between the individually
labelled lattice fringes. The calculated distance between the specifically oriented lattice
fringes were obtained as 0.294 nm, 0.2460r827nm, and 0.203 nm for the indexed (002),
(220), (311), and (100) atomic lattice planes, respectivaty.4.120)displays the selected
area electron diffraction (SAED) pattern of the hybrid Cu®BMWCNT electrode material,
which revealed weltlefined scattered dots indicative to the crystalline particles embedded
within the CuMnO/MWCNT structure[75]. As seen in the SAED diffraction pattern, the
indexed atomic lattice planes were assigned to a Fd3m space group (according to JCPDS
pattern no. 0@481548), which is characteristic to the spinel faeatered cubic (FCC)
crystal lattice structure of the hybrid Cub@/MWCNT electrode materidlL14].

Figure 4.12: n), HRTEM image and o), SAED image of the hybrid CuMRO,/MWCNT

electrode materialviewed at a 2 nm scale.
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Fig. 4.13 illustrates the energy dispersive-ray (EDS) spectrograph of the investigated
hybrid CuMnO/MWCNT electrode material. Chemical analysis confirmed the existence of
all the desired elements within the hybrid structuradacomposite material, however, the
presence of a silicon contaminant was identified from the corresponding EDS spectrograph.
This purity déect may have been attributedttee employment of the lowemperature reflux
heating method used during the eledt® mat er i al 6 s [d6inTha eftux ¢ p
method was employed to provide a control over the pressure built up during rapid
temperature increase, which is difficult to achieve inside a sealed hydrothermal reactor
vessel. The high intensity carbpeak illustrated an atomic weight percent of 21.26 % of the
entire hybrid CuMpO,/MWCNT composite electrode material, thus indicating a uniform

distribution of spinel CuMsO,4 nanopatrticles on the MWCNT network.
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Figure 4.13: Energy Dispersive Xray (EDS) spectrumof the hybrid
CuMn,04/MWCNT electrode material obtained from HR-TEM analysis.
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4.2 Structural and Spectroscopic Techniques

4.2.1 XRD analysis and interpretation

XRD analysis was performed in order to investigate and identify the crysiatuses and
average crystallite size of the synthesizedtsdele materials. The XRD grapb§the pristine
Mn30Oy4, spinel CuMnQO4, and hybrid CuMpO,/MWCNT electrode materials displayed sharp
and intense Bragg peaks, thus indicating the crystalline nafutiee electrode matials.
According to theJoint Committeeon Powder Diffraction Standards (JCPD&jta file
obtained after XRD analysis of the pristine 4@y electrode material, it indicated that the
material exhibited a bodgentered tetragonal crysttructure. The XRD grapbf thepristine

Mn30O4 material is shown ifrig 4.14 additionally displaying itsrystal structure 3D model.
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Figure 4.14: XRD pattern of the pristine Mn;O,4 electrode material.
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Figure 4.15: Bodycentered tetragonal crysta structure of the pristine Mn3;O4 material
[162-163]

The figure above shows an expanded drawing of the crystal structure type obtained from the

XRD JCPDS data file (JCPDS pattern-@®4-0734). Although the figure was not drawn to

scale, it can be natethata=b, ¢, andU = b = o . Braggds Law was

the interplanar spacing (d) of each-pay diffraction peak (Bragg peak) at its specific

diffraction angle.

n/ =2dsin( ¢
(4.18&4.2)
/ =2dsin( ¢
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Where n, in this casaes considered as first order reflectitﬁnzl). The given parameters

include &= = 0. 15 4, and the Xray dffraction peaks at their specified positions

(e.g. 2d = 18.Q) indicating the position of the first diffraction peak on the XRD plot).
Therefore, f r thenequatioa betp@w svas usadvcalculate e interplanar

spacing for each diffraction peak at theispective2d positiors.

.
d= 2sin(q) 43)

In the research of bodsentered tetragonal crystal structures, it was reportedthbabry
reflectionsallowed for this type otrystal system is when theum of the Ig,k,) values,
essentially being the miller indices, is equal to an exenber (e.g 24, 6, ..., etc)164].

The XRD pattern of the MyO, material inFig 4.14 additionally identifies Bragg peaks
indexed with miller indices that obeys the rules of crystallography for -bediered
tetragonal crystal systems. The unit cell size (ahefdrystal lattice structure is also a lattice
parameter that was calculated. This was achieved by relating thelemear spacing distance
(d), with the miller indices of a specific Bragg diffraction peak illustrated in thgOMIXRD
graph

|2

1 h?+k?
== = (4.4)

d? a2

Where (d) = Inteplanar spacing and (a) = Unit cell size. The equation above is only valid for

a bodycentered tetragonal sysm (BCT), and in order to calculate the lattice pararagter

wasbest to use the following two reflections:
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1 The reflection Iy, k, 0) can be used to calculate the unit cell size (a), and

1 The reflection (0, 0) can be used to calculate the value of (c)

The value of (c) is known as the number of numerical constraints on the lattice parameters of

the bodycenered tetragonal (BCT) system

The calculation for the valuef da i unit cell size) wasperformed with the use of the

reflection(220)Y (hkl). Equation (4.4)was then rearranged by making (a) the subject of the

formula, knowing that the value fowill substitute to zero.

—= + From equatior{4.4)

Becomes
zero
h
1 _h*+k?
PR jg(%) (43)
: al? : o
The zero substituted fdr cancels out theg term, thus laving the expression in the
cC

following form:

a= [d*(1F ) (4.6)
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The interplanar spacing valugl) of the Bragg peak44.441°=2() at miller indices(220),

was determined according to titlastrated calculation below:

d= 0.1540598 nm

i — 4.7)
o ad4.441
Singg———
¢ 2
\ d =0.2037 nir (4.8)
From this value, the undell size (a) was obtained by usiaguation (4.6).
a:\/(0.2037 )’ ( 2 +2) (4.9)
\ a=0.5762 nn (4.10)

The number of numerical constraints (c) on the lattice parameters is mostly considered as

one. However, for this structural system it was considered as 2, since the Bragg peak used tc

calculate the value (c) had miller indices (002). The followingresgion illustrates the

calculation for the value of (c).

c=,/d*(1?) (4.11)

c={(0.2037 nny’( 2) =0.4074 n (4.12)
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The average crystallite size (D) was lastiglculated from theBragg peak2d = 3 6 .,

which is displayed as the most intense peak, having miller in(2ddg. Scherrédrs equ at i
was used to perform the following objectified calculation.

D (4.13)

_ K/
(219 beos( ¢

The Scherrer equation states that the awecagstallite siz€D) is equivalent to the product

of the shape factor constaftk=0.89) and the wavelength of the-days(a), divided by the

product of the full width at haifnaximum (FWHM=5) height with the cosine of the angle

of reflection %r =22£f , for the dffraction peak of interest. From the FWHM value obtained
¢

as 0.002059 after systematically calculating it using origin 8, the calculation for the average

crystallitesize(D(m)progresses in accordance to Schert

(0.89)(0.1540598 nin

Dipy = (4.14)
(21]) o
(0.002059 co 36'2%
¢
\' Dy, =70.0362 nn (4.15)

The morphology obtained from the HHEM images of the pristine M@, material is
correspondent to its crystallography data obtained from XRD analysis. The phase of the
materal was identified from its JCPDS file as M) (Hausmannite, bodgentered
tetragonal crystal system) in ddl/amd spacegroup. The calculated lattice parameter

a=0.5762 nn, provided the indication that the My nanocrystals were of apgoate size

to allow a variety of accepted electrolytes for transition metal oXidsts.
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The ion dimension of Kand Li" in water is estimated to be 0.138 nm and 0.076
respectively[17]. Therefore, KOH and LIOH were used as suitable electrolytesigluri
electrochemical measurements. The XRD plot of the synthesized £&yManopatrticles in

Fig 4.16 illustrated high intensities of (222), (311), (002), (044), and (311) diffraction
patterns indexed into a facentered cubic (FCC) Fd3m spagm®up spinelstructure
(according to the JCPDS data file no.-@851030). The XRD pattern also revealed the
presence of a few additional compound phases such as CuO a@d, Mithin the spinel
CuMn,O4 material. These residue peaks could have been attributed dutowo thermal

energy subjected to the material during calcination treatment. This therefore caused some of
the copper precursors to not completely bind with the manganese oxide precursors. In the

study of spinel systems, it was reported that for the spamepound CyMn3,O4 wherex =1

, upon thermal treatment below 780 resulted in the formation of the spinel compound

followed by additional phas€d.66]. Despite these additional phases being present in the
XRD pattern, they do exhibit low intensities, thus allowing them to be ignored when
performing the necessary lattiparameters and average crystallite size calculations of the

purely phased spinel CuMQ..

According to the rules of crystallography for fazentered cubic (FCC) crystal systems, the
only reflections permitted for this type of crystal system is wherBitagg diffraction peaks
are indexed with miller indices that are either all even or all [@6d]. These primitive
conditions are evidently obeyed awtbserved in the XRD pattern of the spinel Cyln
material. The equation used in the calculation ofidktece parameters for this type of crystal

system is less complex than that of tetragonal or orthorhombic systems.

h2 kZ '|'|'2
d—12:(+a—2) (4.16)
Vo oa=d. (i & K (4.17)
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The most intense Bragg diffraction peak indexed with miller indices (222) was used for the
calculation of the inteplanar spacing (d), unit cell size (a), and averagealliyse size (D).
The XRDgraph, inFig. 4.16 additionally indicated &d position of 33.027 at which the

Bragg diffraction peak occurred.

Inter-planar spcing calculation:

d=— (4.18)

~0.1540598 nm

d i — (4.19)

. 433.027

2SiNgg————

¢ 2
\ d=0.2710 nir (4.20)
Unit cell size calculation

az\/dz.(hz # K (4.21)
a= (02710 ny’( 2 +2 -8) (4.22)
\ a=0.9388 nnr (4.23)
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Average crystalline size calculation:

K/

Diezs :m (4.24)

Where theb Y F WH value of the (222) Bragg peak was calculated as 0.001835

0.89)( 0.1540598 n
D(222): ( )( I)] (4.25)

(0.00183% coga?%ﬁ
¢

\ D,,, =77.9357 nn (4.26)

(229)

The calculation results of the lattice parameters indicated that the unit cell size

(a:0.9388 nrj1 of the spinel CuMsO, FCC structured material is larger than the unit cell

size (a:0.5762 nn)1 of the pristine MgO, BCT structured material. This is attributable to

the spinel CuMgO, FCC crystal structure containing &trahedral and 4 octahedral
interstitial sites within the unit cell, at which the ®cand Mri* cations are positioned. The
structural design of the pristine and spinel materials obtained from XRD analysis is
correspondent to the HRTEM images, which digpd the general shape of the materials.
The average crystalline size of the spinel Cy®lnelectrode material was additionally
calculated as 77.9357 nm, which is slightly greater than that of the pristig@, Miectrode
materal (70.0362 nm). The XRQrgph of the CuMpO, electrode material, illustrated kig.

4.16 displayed Bragg diffraction bands at higher intensities compared to the band intensities
exhibited by the MgO, electrode material. These results argaod agreement with Raman
and smalande X-ray sattering (SAXS) analysis data, which also illustrated greater peak
intensities exhibited by the spinel Cup compared to that of the pristine iy electrode

material.
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Figure 4.16: XRD pattern of the spinel CuMnO, electrode material.

The main Bragg diffraction bands located at approximétea@sitions of 33, 36J, 38J, 55,

and 6@, for the spinel CuMsO, phase, were displayed as sharper and stronger peaks
compared to the most intense Bragg diffraction bands of the pristig®;Mhasg168]. This
observation implied that the spinel Cupn electrode material possessed a more stable
crystallinity and an increased average particle size, confirmed by the calculated lattice
parameters. As mentioned before, as well as displaydelgin4.16 there are additional
phases (MsO3; and CuO) within the FCC spinel CuMby structured material. However, the
Mn,Os3 phase is also present within the bamhntered tetragonal (BCT) M@, crystal
structure, as confrmmd by t he mat eComparingtsdnyORdatteigwith thah

of CuMn,O4 and identifying the location of the M@ phase, indicated that the assigned
Mn,O3 Bragg diffraction band indexed as (400) on the CpMirpattern slightly shifted to a
higher diffraction angle. This intriguing obseneatiis ascribed to the attachment ofOons

onto the MA" octahedral interstitial sites, thus formulating a larger sgiy unit cell, and

hence providing additional ionic vacancid$9]. The crystal structure model of the spinel
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CuMn,O4 material diplays CG* tetrahedral atomic structures on théa6es and &orners of

the FCC unit cell. Additionally, the M# octahedral atomic sites, originating from the BCT
Mn3O, crystal structure, is situated inside the unit cell, as well d®iween the 8orner
CU** interstitial siteg170]. As observed from the 2D structural representation of the hybrid
CuMm,O/MWCNT electrode material, the €utetrahedral and M¥ octahedral interstitial
sites bind to the MWCNT structures thg synthetic protocol, which isicroscopically
confirmed bySEM andHR-TEM analysis. The XR@raph of the hybrid CuMi®/MWCNT
electrode material is illustrated ifig. 4.18 together with an inset patterof the
functionalized MWCNTSs.
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Figure 4.17: Spinel facecentered cubt crystal structure of CuMn,0O4 material [171-
174).
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Figure 4.18: XRD pattern of the hybrid CuMn,O,/MWCNT electrode material.

The XRD graph of the as synthesized hybrid CyRFMWCNT electrode material
illustrated high intensity Bragg diffraction peaks2f reflection angles of 30,42535.593,
38.70@, 48.643, 57.753, and 63.350 assigned to their respective miller indices (002),
(220), (311), (400), (422), and (511). These atomic crystalline planes are indexed according
to the existence of a @yMn; O/ MWCNT phase (Joint Committee on Powder Diffraction
Standards, JCPDS pattern no-M@B-1548), with a Fd3m space group characteristic to FCC
crystal system¢$175]. The interplanar spacing distance (d), unit cell size (a), and average
crystalline sizgD), for the hybrid CuMpO,/MWCNT electrode material, was calculated by
using the most intense Bragg diffraction band with indexed miller indices (311). The
calculated values were obtained as d = 0.2324 nm, a = 0.7708 nmganpd B1.2610 nm,
respectvely. The small crystalline size of the Cu/MWCNT composite compared to
that of the spinel CuMy®,; material, is ascribed to the broad and high intensity XRD
diffraction bands. Notably, the diffraction peaks indicating the spinel GOlphase within
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the hybrid CuMrOJ/MWCNT composite marginally shifted towards greater reflection
angles, thus suggesting the occurrence of structural distdiio®]. This result cold
additionally be attributed tahe stoichiometric mole fraction of the €uand Mrf*
congdituents. The calculated average crystalline particle size for the hybrid composite
electrode material is in good agreement with microscopic-THRI) and spectroscopic
(SAXS) analysis results. It is illustrated kig. 4.19 below, displaying a 2Bnodel ofthe
hybrid CuMnO4/MWCNT structure, that the Gliions from the spinel CuM®, complex
strongly interacts with the 8mand sp hybridized carbon atoms of the MWCNTSs. This
pictorial representation of the hybrid Cup@/MWCNT structure is spectroscopically
confirmed by the D and G bands, indicating the presence o{G€) and sp (C=C)
hybridized atoms within the analyzed CudM/MWCNT material, appearing on the
obtained CuMpO4/MWCNT Raman spectrograph.

@ Cuv”

® \In”

e Oxygen
atoms

Figure 4.19: Structural model of thehybrid CuMn ;O4/MWCNT electrode material
[110].
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Figure 4.20: Comparative XRD patternsof the pristine Mn3O4, spinel CuMn,O4, and
hybrid CuMn ;,O4/MWCNT electrode materials.

Table 4.1: Summary of the crystallographic parameters calculated from the XRD
patterns of the pristine Mn3O4, spinel CuMn,O4, and hybrid CuMn ;O0/MWCNT

electrode materials.

Parameter Pristine Mn30,4 Spinel CuMn,04 Hybrid
CuMn,04/MWCNT

Average crystallite 74.0362 77.9357 51.2610

size D, (nm)

Inter -planar 0.2037 0.2710 0.2324
spacing dk,, (hm)

Unit cell size 0.5762 0.9388 0.7708

a, (nm)
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4.2.2 Fourier Transform-Infrared Spectroscopic Studies

FT-IR spectroscopy was used to evaluate the various functional groups present within the
pristine MnsO4, spinel CuMnO,4, and hybrid CuMgO/MWCNT electrode materials in order

to obtain additional information regarding their specs#tructure. The FIR spectraof the
pristine, spinel, and hybrid materials are presente#ign 4.21. For the pristine MgO,
electrode material, the broad band wittine region of 3660 3000 cnt* can be ascribed to

the symmetric and asymmetric stretching vibration modes of the hydroxyl HP group

from the solvent residual ultiapure watef171, 177] The intense absorption bands within

the low wave number rangg 4001 700 cm® are correspondent to the presence of thef Mn

O bonds, which appear consistently in each spectra, indicating good quality synthesized
electrode materialil78]. The absorption band peaks at 1023'@and 1620 cii are present

as a resulof the Ci O stretching vibratios, possibly fronthe unreacted residual diethylene

glycol used during the pristine M@, electrode material synthetic proced{t&9].

The FTIR spectrograph of the synthesized spinel CpMnnanoparticles displayed
aborption band peaks at 531 ¢nb92 cn, 668 cnt, 1421 cn, 1640 cnt, and 3430 cim,

as illustrated in the plot dfig. 4.21 The broad absorption band, which appeared within the
wavenumber range of 3000 3700 cnt, is analogous to the stretching rdtion modes of

the hydroxyl (Oi H) group originating from the ultrd pure water (HO) molecules
physically adsorbed onto the electrode material surfa@8]. This adsorption of water
molecules improve the wettability of the electrode material, whicisdeith the surface
tension between the electrolyte solution (containiigDil or Li*/OH" electrolyte ions) and

the solid electrode material surface. The enhanced wettability of the electrode material would
then subsequently strengthen the intermolecidere interactions between the electrolyte
ions and the electrode material surface during tdiffasion processes. The absorption
bands observed at approximately 531cmnd 688 crit in the FFIR spectrum is
characteristic to the vibration modes ofa#iedral Cé" - O* and octahedral Mt - O site
groups, respectively. The final absorption band accouotad the one observed at 164

! which is correspondent to the (C=0O) carbonyl group probably resulting from small
guantities of urreacted citic acid monohydrate @sO;. H,O) used during the material
synthetic procedure. The HR spectrograph for the hybrid CuMb/MWCNT electrode

material displayed the essential absorption bands corresponding to the hydroxy) @nd
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metal precursor (Mii O, Cui O) functional group$180]. However, in order to identify the
absorption band analogous to the incorporated fualied carbon nanotube (MWCNT)
structure, it was necessary to performIRTanalysis on the acid treated MWCNTSs alone.
The FFIR spet¢rum for the acid treated MWCNTS, displayed as an inset to the plot of the
hybrid CuMnO/MWCNT material, illustrated the generic broad hydroxyl () group

band at approximately 3440 &mThe absorption band observed around 1630" ésn
correspondenbtthe (C = C) vibration bonds, arising from thé Ispbridized carbon atoms of

the acid functionalized MWCNTs. The two spectrographs additionally resembled the
absorption band located 4630 cnt (indicating the presence of {C = C} symmetric
stretching)which provided the indication of strong molecular bonding between the MWCNT

structures and the spinel Cub@y nanoparticles.
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Figure 4.21: FT-IR spectrographs of the pristine MnsOg4, spinel CuMn,Og4, and hybrid
CuMn ,O04/MWCNT electrode materials.
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4.2.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique where a Raman spectrograph is obtaine
after analysis, which provides the molecular fingerprint of the specified electrode material
sample. Raman spectroscopy was used to obtain boratigiband rotation information of
particular molecules that are present within the pristingOyinspinel CuMnQO,, and hybrid
CuMmOJ/MWCNT electrode materials. The Raman spectrum of the pristingOMn
electrode material displayed a low intensity Ramandket approximately 485 chwhich is
attributed tothe Mni O stretching and vibration modes of the octahedral M lattices

within the MnsO4 body-centered tetragonal (BCT) crystal struct[i®0]. This peak is related

to the Agq stretching mode, whh corresponds to the symmetric stretching of the basal
oxygen atoms of the octahedral Mp8ublattices[180-181]. The Raman spectrum of the
spinel CuMnQO, electrode material displayed almost similar active band positions to that of
the pristine materialas well as with greater Raman intensities. The increased Raman
intensities over that of the pristine @y eledrode material isttributed tothe more stable
facecentered cubic (FCC) crystal structure of the spinel G electrode materigll82].

The Raman band located at approximately 90'cean be correspondent to a distortion of
atoms and molecules occurring within the spinel CeMnFCC structure due to a
phenomenon known as the Jareller effect[183]. This Raman active band is indexed as
(Cui O) due to the Ci ions evidently being the cause of the Jdlefler distortion
occurrence, which unfortunately leads towards the formation of a less asymmetric crystal
lattice structurg184]. The peak may additionally leescribed to the§ stretching node due

to it having a loweRamanintensity[185].

The hybrid composite, CuM®,/MWCNT, electrode material displays more intense Raman
active bands on its spectrograph than that of the pristine and sgciebdé materials. This

is attributed tothe crystal structure of the CuMB®,/MWCNT material being more stable,

thus allowing improved charge/discharge rate capabi[iti®§]. The Raman bands situated at
340 cm' and 488 cni is representative of the Cu(ll) ot and Mni O (A
stretching/vibratia modes, respectivelyl87]. The plot displayed as an inset to the Raman
spectrum of the hybrid electrode material is an enlarged representation of the two partially
distinctive peaks indicating the incorporation of mlalled carbon nanotubes (MWCNTS)

to the spinelCuMn,O, FCC structure. These two relatively distinctive Raman bands
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positioned at 1467 cthand 1529 cAl is ascribed to the D and-Bands of the MWCNTs
within the hybrid electrode material matfik88]. The Dband represents the disorder pt s
(C-C) hybridized carbon atoms within the complex MWCNTs network of the hybrid
CuMmO/MWCNT electrode materigll89]. The superior structural stability of the hybrid
electrode material over that of the pristine and spinel electrode materials is regutdsetne
increased Raman peak intensities as well as thmr@, which indicates the SC=C)
hybridized carbon atoms of the MWCNT lattice structjfe0]. The sp carbon hybridized
atoms is what mainly contributes towards the structural stabilityhefhybrid material
matrix. This statement is evident from the plot of the hybrid GOWMWCNT electrode
material, since the intensity of theland (150 a.u) is slightly greater than that of thieadd
(137 a.u). The Raman band vibration peaks occurritigiwthe shift range of (2432435

cm?) for each material is a result of the required gel used during sample prepgi@tipn
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Figure 4.22:Raman spectrographs of the pristine MO, spinel CuMn,O,4, and hybrid
CuMnO4/MWCNT electrode materials.
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4.2.4Smalli Angle X1 ray Scattering (SAXS) analysis

The Smalli Angle X T ray Scattering (SAXS) technique is an analytical method used to
determine the structure of particle systems concerning their average particle sizes or shapes
[192]. SAXS was sed to perform the analysis of the nanoparticle size distribution of the
pristine MnyO4, spinel CuMnO,4, and hybrid CuMpO/MWCNT composite electrode
materials.Fig. 4.23 (a)illustrates the paidistance distribution function (PDDF) of the
investigated @ctrode materials. This function is represented as a histogram of atomic
distances, indicating the average particle sizes of the nanoparticles present within the
electrode material structuf@93]. Firstly, apart from average patrticle sizes, the PDDF curve
additionally provides information concerning the particle shape, according to some classified
key features of various PDDF curves that are indicative to specific particle $hégpkeshe

PDDF curve of the pristine M@, electrode material illustrated mather polydispersed
distribution of spherical/globular nanoparticles over a distance domainiofl60 nm. It is

noted that particle shape information extracted from SAXS analysis is often considered as
ambiguous data and requires additional informatiom electron microscopic techniques to
absolutely confirm the shape of the nanopartid#84]. The majority of uniformly
distributed spherical shaped by nanoparticles illustrated smalhgle scattering patterns

with average particle sizes rangingweéen 60i 90 nm[75]. However, a decrease in the
scattering fraction number (P) was observed within the average size rangeiot@d.Gm,

thus indicating aggregation occurrence of the biggersQdnnanoparticles[75]. The
condensation and aggregation @noparticles is a result of the ‘derWaals interactions
between the particles, thusmusing them to be attracted to one another once they have

reached a minimum intgrarticle space distan¢&94].

The PDDF profile of the spinel CuM@, electrode matéal displayed lessaggregation,
which isattributedto the more stable FCC crystal structure of the Cy@®jmaterial complex
confirmed from XRD analysis. The curve additionally indicated spherical shaped
nanoparticles with average particle sizes rangingéden 70° 110 nm. These results implied
that the spinel CuMi®, nanopaticles had bigger particle sizes compared to the pristine
Mn3O, nanoparticles, which was confirmed by microscopiENSand HRTEM) and
structural (XRD) analysis. The PDDF profile of thieybrid CuMnO4/MWCNT electrode

material illustrated a bell shaped almost symmetrical peak, with average particle sizes
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ranging between 50 108 nm. Alkinclusive, the hybrid CuMi©,/MWCNT electrode
material illustrated the best nanopartidistance distbution with justifiable average particle
sizes.Fig. 4.23 (b)represents the SAXS patrticle size distribution by number function of the
synthesized electrode materials. The function indicated that the smaller particles at small
scale scattering angles elttéd greater intensities than that of the bigger particles at-large
scale scattering angles. This, therefore, implied that the intensity of smaller particles eclipsed
that of larger particles, lich is attributed tdhe occurrence of agglomeration/aggtega

within the larger particlefl95]. This result was similarly obtained in the SAXS particle size
distribution by volume functionfig. 4.23 (c) but with greater intensities. However, the
opposite result was obtained kig. 4.23 (d) representing theize distribution by intensity

function, due tahe larger particles exhibiting dominated intensit@ser that of the smaller

particles
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Figure 4.23: SAXS patrticle size distribution in (a) PDDF profiles, (b) size by number, (c)
size by volume, ad (d) size by intensity of the pristine MrRQO,, spinel CuMn,O,4, and
hybrid CuMn ;,O4/MWCNT electrode materials.
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4.2.5 ThermoGravimetric Analysis (TGA)

The thermal stability and phase transformation of the synthesized ptwaferpristine
Mn3O,, spinel CuMgnOs and hybrid CuMgO/MWCNT electrode materials were
investigated by employing therrgravimetric analysis (TGA), as shown kig. 4.25 TGA
experiments were conducted by rapidly heating the sample materials from room temperature
up to 9003 with arampingheating rate of 13 /min under continuous nitrogen gas flow.
The TGA analysis plot of the pristindnzO, electrode material indicated an initial weight
loss of 2.3% within a temperature range of 14@00 3 . This inceptve weight loss
perentage isascribed to the volatilization of weakly adsorbed water molecules from the
surface of the MgD, nanoparticles[196]. An exothermic peak located at 485 is
correspondent to the phase transformation of the pristine electrode material fg@n thin
Mn,O3, as a result of oxidation/reduction processes occurring at high tempefa@#gghe
consequential liberation of oxygen atoms resulting from the oxidation gdMo Mn,Os3
yielded a considerable weight loss of 54.7% from the initial 2.3% wéigkt The weight

loss of the pristine My©, electrode material remained constant at temperatures greater than
600 3 , thus indicating the completion of thermal stability analysis for the investigated

material sampl¢198].

The TGA analyzed plot of the spinel Cup@y electrode material displayed decomposition
peaks within the temperature range of 108301 3 , which & surprisingly lower than the
decomposition temperature range ofi98600 3 exhibited by the pristine M@, electrode
material. This typically implied that the spinel Cupn electrode material exhibited a lower
thermal stability than that of the pristitvn;O, electrode material. However, it was expected
for the introduction of MWCNTs to the CuM@Q, nanoparticle surface to improve its
physical and thermal stability, as well as its electrochemical perfornja86¢ Similar to

the TGA plot of the pristine WO, electrode material; the TGA profile of the spinel
electrode material illustrated an initial weight loss of approximately 7.5%, attributed to
moi sture and adsorbed water mol ecul[208]. acr
The second decompaisin peak, illustrating weight loss, can be observed from3246 518

3 , which is assigned to the oxidation ©@Mmn,O4 to CuOOH + 2MnOOH as confirmed by
CV analysis. The weight loss of the spinel Cylpelectrode material remained constant at

temperature beyond 5003 , thus providing additional confirmation of the decrease in
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thermal stability exhibited by the spinel electrode matefiak TGA thermograph of the
hybrid CuMnO/MWCNT electrode material displayed a broader temperature domain with
no indicdion of constant weight loss at temperatures greater thas 86%om this result, it

was positively confirmed that the hybrid composite electrode material possessed a greater
thermal and structural stability than that of the pristine and spinel electratdgials[201].

The hybrid CuMpO/MWCNT TGA thermograph, much like the TGA graphs of the pristine
and spinel materials, displayed an initial weidpss of 0.53 %, attributed the release of
adsorbed water molecules, as well asrescted polyvinylpywlidone (PVP) from the
electrode material surface. The second significant weight loss occurring within the
temperature range of 4928973 is attributed to the thermal decomposition of carbon, in the
form of carbon dioxide (Cg, from the acid functionalized MWCNT network structures
[202].
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Figure 4.24: TGA thermographs of the pristine Mn3O,4, spinel CuMn,O4, and hybrid
CuMn,O4/MWCNT electrode materials.
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4.3 Electrochemical Characterization

4.3.1 Cyclic Voltammetry analysis and interpretation

4.3.1.1 Electrochemical studies of half cell (threelectrode) system with 3 M

KOH electrolyte

The cyclic voltanimetry technique wassed to pdorm the specific charge and discharge
capacitance calculations for each of the synthesized materials, starting from the pristine
manganese oxide/trimanganese tetraoxide ;(fn to the hybrid CuMmnO/MWCNT
electrodematerial. However, in order to perfo the calculation, it waitially required to
determine the integrated area under the anodic reduction peak at the lowest scan rate rur
(which was 5 mV/s). The calculation was done from CV experimental data run at a low scan
rate, as low scan rates provigefficient time for ions to be transferred between the

electrolyte and the electrode surface.

From the definition of capacitance, which states that the capacitance (F) is the abibigto
an electric charge, it wagossible to calculate the specifdischarge capacity from the

integrated area value of the cathodic reductive current verses potential peak.

c=2 (4.27)

Where C = the calculated specific discharge capacitaiqZes; the total charge stored on the
electrode surface after the charging process,chds the potential widow (qu =V, )

Since Q=1It, we can substitute it into the above equation to form a new specific capacitance

expression illustrated below.

c=1 (4.28)
DV
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The electrochemicatell device, which is the thredectrode assembly, consisted of the
working electrode (nickel foam current collector onto which active electrode nhateisa
coated) against the Ag/AgCI (3 M KCI) reference electrode and counter (platinum wire)
electrode. The cell device additionally contained a 3 M KOH aqueous electrolyte solution,
and was operated within a potential window €9.85 V. The low selectedopential window

was merely initiated for test purposes; however, it was gradually increased over further
experimental analysis. The actual mass of the active electrode material coated on the nickel
foam current collector was obtained by initially subtragtihe mass of the bare nooated
Ni-foam substrate, from the mass of the coatedohbin electrode. Since the active material
makes up 70% of the entire slurry paste mixture, the mass of the coated slurry mixture from
the previous subtraction calculatiaras then multiplied by 70% to obtain the active material
mass within the slurry mixture. This mass calculation is required as it is involved in the

specific capacitance equation illustrated below.

o= (4.29)
DV X M

Where C_,= the specific charge/discharge capacitarige,= the total charge stored on the

electrode surface, and . = themass of the activelectrodematerial coaté on the Nifoam

current collectarFrom these identified parameters, the following strategy was employed for

the C,, calculation. The specific capacitancef the MO, material was calculated by

initially finding the integrated area of the anodic peak at the lowest selected scan rate (which
was run at 5 mV/s). An integration tool, which is available with theLBE analysis and data
processing software on the@roputer system, was used to obtain the integral value. This
program does not change the raw data file after performing the mathematical analysis. The
integrated area value, measured in Ampéok (AV), indicates the total amount of current

that flows thraigh the electrode during the oxidation process of the active material at the
electrode surface. The integeakavalue of a seleetd trace between twmoints on the anodic
peakcurve was calculated as 0.00075 AV frequation (4.30)
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‘ffi.dv‘
TotalCharg¢ Q) = —

Scan raté%)

(4.30)

The total quantity of charge accumulated on the surface of the electrode during oxidation
processes was obtained as illustrated in the calculation below.

0.00078 A
Q:& 9.15As 6.15 Coulomkt (4.31)

0.005(%)
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Figure 4.25: Cyclic Voltammograms of the pristine Mn;O4 electrode material run at a),
high scan rates (10200 mV/s) andb), low scan rates (550 mV/s) in a 3M KOH
electrolyte solution.
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The mass of the M, active electrode material was additionally calculated, as illustrated

below, before commencing towards the final specific capacitance calculation.

Slurry mixturgl mg= Coatedelectrofle ng Barewtete mg (4.32)

\" Slurry mixturgl mg = 47.0mg-43.7mg=3.3n (4.33)

The active MO, material mass is 70% of the slurry mixture mass, thus making it 2.31 mg.
The calculation below illustrates the final specific capacgant the MnrO, electrode

material obtained at the lowest scan rate of 5 mV/s.

Fromequation @4.29), the calculation proceeds as follows:

0.15C
C,= 4.34
¥ (0.6V)x(2.31x10° ¢ (439

\ C,,=108.225CV* ¢ (4.35)

It is essential to note that 1 Coulomb per \(@Itvl) Is equivalent to 1 Farad.

\ C,,=108.225F (4.36)
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This calculated specific capacitance value, 108.225 F/g, is defined as the charge specific
capacitance of the electrodeatarial; as the total charge was calculated from the integrated
area under the anodic peak curve. The calculation for the discharge specific capacitance was
done in a similaimanner;however, the absolute value of the integrated area under the

cathodic pelacurve was used to perform the calculation.

The total charge (Q) for the discharge specific capacitance at 5 mV/s scan rate was obtained

from the following calculation below:

Q:o.oooe( AV) (4.37)

0.005 )

\ Q=0.12As #.12 Coulomk (4.38)

After obtaining all the required parameters fequation (4.29) the discharge specific

capacitance computation proceeded as follows:

0.12C

DischargeC_ = 4.39
— (0.6V)x(2.31x10° ¢ (439

Y DischargeC,, = 86.580CV t (4.40)

\ DischargeC,, = 86.580F, (4.42)
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The percentage Coulombic EfficiencfC.,) of the material, within t& conducted

experimental parameters and conditions, was also calculated using the following equation:

C, = Discharge Capa.utancxeloo% (4.42)
Charge Capacitance

86.580F/9. 1 100

UF/g (4.43)
108.255F/g

\ C., =80% (4.44)

This MnsO4 material exhibited a peeatage capacitance loss of &) thus indicating a solid
platform for improvement through structural modificatidiable 4.2 shows a data schematic
of all the charge/discharge specific capacitance and coulombic efficiency valudsef
respected scan rates portrayed in the CV ploBg#.25

The variation in scan rates was employed to investigate the reversibility of the prisg@g Mn
electrode material. The 5mV/s scan of the cyclic votammogram Figird.25 indicated an
anodic oxidation peak at the gE 1,9 co-ordinate of (0.384 V; 8.2 mA), and a cathodic
reduction peak at the & Ipc) co-ordinate of (0.294 V6.7 mA). These anodic and cathodic
peaks also exhibited a formal potentiaf)(Bf 0.340 V and a pealo-pes separationS'(Ep =

Epa T Ep) of 0.09 V. The pairs of anodic and cathodic peaks at different scan rates,
corresponds to the electrochemical transformation of ‘Mm>®" in the charge/discharge
processes occurring at the electrode surface. The additichal cet i on peak (cé6
0.096 V inFig. 4.25 is associated with the reduction of Mn® Mn,Oz (Mn*" to Mn*").

This implies that the reduction process of the;®helectrode material involves two cathodic
half reactions. The corresponding oxidatannrd reduction half reactions can be illustrated as

follows:
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Oxi dation half reaction at peak (ad):
2Mn,O, + 20H - 3Mn,Q + H O + Ze (4.45)
Reduction half reaction at peak (bd):

3Mn,0, + H,O +2e- 2Mn Q + 20F (4.46)

A

Second reduction half reaction at peak (cbo

6MnO, +3H,0 + 6e- 3Mp Q + 60F (4.47)

The additional metatable MnQ phase isformed from the assistance of the Mmations
contained within tetragonal crystal structure of the;®material[203]. These additional
phases were confirmed to be part of the nplitased MgO, structure from XRD analysis.
The dataillustrated inTable 4.2 and ragone plot (c) ifrig. 4.26 indicated an increase in
specific capacitance at low scan rates. This implies that at slow scan rates, more time was
available for the KOH electrolyte ions to diffuse to the electrode surfaceirtogtahe
electrode materigl5].

The evaluation of the reversibility of the pristine /@3 electrode material was done by
relating the change in peak potentiabT’E‘() with the scan rates. From the data illustrated in
Table 4.3 YEp was observed to increase with the increase in scan rate and was calculated to
be 90 mV, which is greater than 59 mV for an ideal Nernstian prfe8s However, due to

the presence df he addi ti onal Fig. d.A5ctheielearocheraicakproesso )
demonstrated by the pristine My material was considered to be queesiersible[116].

This could be explained by observing the appearance and disappearance of the redlction pea
(cé6) at high and | ow scan rates, respectiyv
distinguishable on the cyclic voltammogram. However, at 5 mV/s, the peak (c) is no longer
visible, thus only displaying the small anodic and cathodic p&dks observatiotherefore
concludes the fa¢hat the MO, electrode material behaved reversiatyjow scan rates and
irreversibly at high scan ratebus exhibiting a quaseversible systerfil4, 116]
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Table 4.2: lllustrating data obtained from the charge/discharge specific capacitance and

coulombic efficiency calculations of the pristine MgQO4 electrode material.

Scan rate (mV/s) Specific charge Specific discharge Coulombic
capacitance (F/g) capacitance (F/g) efficiency (%)

200 27.201 25902 95.224
180 30.764 29.778 96.795
160 35.426 34 95.975
140 39.930 35.276 88.345
120 46.573 41.564 89.245
100 52.872 49.329 93.3

50 59.076 53.463 90.5

40 64.141 55.957 87.233
30 69.288 61.760 89.135
20 79.978 69.517 86.920
10 93.795 83.189 88.802
5 108.225 86.580 80

Fig. 4.26d)illustrates the linear relationship between the peak current and the square root of

the scan rate for the M@, electrode material. This plot was used to calculate the diffusion

coefficient at the electrode/electrtdyinterface by employing the Randisvcik equation

(under ambient condition§204].

1,=(2.69x16)n**AD"Cv"*

(4.48)
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Figure 4.26 lllustrating c), a ragone plot comparing the specific capacitance at various
scan rates, and d), a linear relationship between the peak currentgland I,c) and the

square root of the scan rate for the MO, electrode material.

The parameters of the Randle Sevcik equation iecthe followingvalues and definitions.

n = 2is defined as the number of electrons transferred during the oxigatantion
processes. A = 0.5 éis the area of the nickel foam onto which the slurry paste (containing
the active material) was coate@.= 3 x 10° mol/cn? is the concentration of the electrolyte
solution. h/v'’? = 6.453 x 1G° A s"4mV*?is the slope of the,d versus v linear plot (from

Fig. 4.2609) for the MnsO, material. The diffusion coefficient, D, was calculated to be the
value 2.378 x 18 cm/s. The calculation is additionally illustrated below ahig tesult was
intriguingly foundto be fairly close to reported electrochemical analysis ofOMoperated

in a 1 mol/L LiPK electrolyte solution. Due to this discovery, itsuvateresting to investigate
how the MO, material would operate in a different selected electrolyte (in this case 3M
LIOH).
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Table 4.3: lllustrating redox parameters obtained from the cyclic voltammograms of the

pristine Mn 30,4 electrode material athigh and low scan rates.

Scanrate| Epa (V) Epc (V) | lpa(MA) | lc(MA) | YE, (V) E° (V)
(mVI/s)
200 0.420 0.241 75.6 -54.3 0.179 0.331
180 0.417 0.250 73.3 -58.6 0.167 0.334
160 0.410 0.247 77.2 -53.0 0.163 0.329
140 0.420 0.257 66.2 -52.5 0.163 0.339
120 0.418 0.258 65.2 -49.9 0.160 0.338
100 0.415 0.264 59.4 -44.3 0.151 0.340
50 0.400 0.274 38.9 -27.2 0.126 0.337
40 0.401 0.279 33.4 -24.2 0.122 0.340
30 0.398 0.282 27.9 -20.2 0.116 0.340
20 0.394 0.286 21.3 -16.0 0.108 0.340
10 0.388 0.291 13.5 -10.2 0.097 0.340
5 0.384 0.294 8.2 -6.7 0.09 0.340
Diffusion Coefficient calculation:
D= J bRy ! (4.49)
V27 (2.69x16)n*?AC
S AL 2
D:\/(z.egxlé)e(;ii)((lo?s?r:;(/r;\(}lé mol/ci) (4.50)
\ D =2.378x10° cm / (4.51)
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Copper manganese oxides (Cul@y) are spinel structured materials that have mostly been
applied in tre field of catalysis, due to their high catalytic activity and remarkiaalgnetic
properties. HoweverCuMn,O, have barley been studied in literatures according to its
electrochemical properties for use in supercapacjff)yS]. The XRD analysis interpration
provides a detailed study on the crystal structure of the GOMmaterial. In summary,
within the FCC crystal structure of the Cup@ material copper cations and manganese
cations occupy tetrahedral and octahedral stacking interstices respefdd&lyThe main
advantage of this material is driven by its spinel structure, which offers adinneasional
pathway for the complete adsorption and desorption of electrolyte ions at the

electrode/electrolyte interfa¢@45].

The cyclic voltammograméor the CuMnO, material, displayed irFig. 4.27, was used to
study and determine its capacitive response.QWeurve, at a scan rate ofdV/s, showed

a current response valggeater than that of the pristine M material] and all the curves
displayedapproximately symmetric anodic (oxidation) and cathodic (reduction) p&4a&s

This observation unveilegluality capacitive performance exhibited by the Cu®material
[146]. Additionally, the voltammogramalso displayedn anodic oxidation pealdlu strating

the Ba lpa co-ordinate) at approximately (0.382 V; 20¥A) anda cathodic reduction peak
(indicating the k& Ipc co-ordinate) at about (0.296 V9.6 mA). This data extrapolation
indicates the possible occurrence of a reversible system, wbidd provide a prominent
pseudocapacitive contribution fact¢t46, 206] These anodic and cathodic peaks also
exhibited a formal potential fEof 0.341 V and a pealo-peak separationYEp = Eya i Epo

of 0.086 V [146, 207] The comparison ofable 4.3to Table 4.4indicated an increase in the
peak current valuespgland }) at a high scan rate (200 mV/s) and a low scan rate (5 mV/s)
for the spinel CuMgO, compared to the pristine M@,. The data illustrated iffable 4.4

also indicated that the spinel Cup@ material exhibited a smaller petdpeak separation
(S'/Ep) as compared to the pristine p@y material. This smalle]?Ep value implied that the
spinel CuMnO, material processed ammproved electrochemical reversibility than the
pristine MnsO4 material. The smarT’Ep value may have been attributed due to the tetrahedral
and octahedral sites present within the spinel GrirCC crystal structure. These sites
could have occupied adutinal electrolyte ions and provide a shorter pathway for electrons to

diffuse across the electrode surface.
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Figure 4.27 Cyclic Voltammograms of the spinelCuMn,0, electrode material run at g,
high scan raes (106200 mV/s) and f), low scan ras (550 mV/s) in a 3 M KOH
electrolyte solution.

The ragone plot ifrig. 4.28g)of the CuMnO,4 material illustrated greater charge/discharge
specific capacitances at the various scan rates as compared to that of the prigwe Mn
material. Although he ragone plots of the two respective pristine and spinel materials
appeared graphically similar, it was also observed that the CV plots of the two electrode
materials displayed a similar curve shape. The only difference was that the@uiaterial
exhibted higher and sharper peak currents at lower pe@eak separation potentials. The
rate at which the electrolyte ions diffuse across each section of the,Oubtrated electrode
surface was additionally investigated in order to fully understand thersible nature
portrayed in the CuMi®©, CV plots. The anodic and cathodic half reactions were initially
investigated and obtained in order to schematically observe the oxidation and reduction
mechanism of the spinel CuMBy material at thephand | peals .
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