ENERGY STORAGE PROPERTIES OF
CARBON ONION-CARBON NANOFIBRE
COMPQOSITES CONTAININ G TRANSITION
METAL COMPOUNDS

UNIVERSITY OF THE
WITWATERSRAND,
JOHANNESBURG

Submitted by
Tobile N. Y. Khawula

Supervisors
Prof. K. I. Ozoemena

Prof. C. Billing

A thesis submitted to the Faculty of Sciet@versity ofthe Witwatersrand
in fulfilment of the requirements for the degreebaictor of Philosophy
School of Chemistryniversity of the Witwatersrand

Johannesburg, South Africa

31 August2022



DECLARATION

| declare that this thesis is my own, unaided works lieing submitted for the Degree

of Doctor of Philosophy in Chemistry at the University of the Witwatersrand,
Johannesburg. It has not been submitted before for any degree or examination at any
other University.

o

(Signature of cadidate)

31 August2022 at Braamfontein, Johannesburg.



DEDICATION

To my late father



CONFERENCES

. Khawula, T. N. Y.; Ozoemena, K.Energy Storage and Industry 4.0: Challenges
and Prospects, Pilansberg NationalkP&torth West,South Africa,31 July 2
August 2019 Oral Resentation,Title: Electrospuniron (II) phthalocyanine
(FePc) based carbdibre hybrids as highperformanceupercapacitors

Khawula, T. N. Y.; Nzimande, N.; Ozoemena, K7®" Annual Meetingof the
International Society of Electrochemistry, Danb KwaZulu Natal, South
Africa, 4-9 July 2018, Poster Presentation, Title: Iron phthalocyanine modified

carbon micréibre hybrids as higiperformance supercapacitor

. Khawula, T. N. Y.; Ozoemena, K.Youth in Science and Innovation Indaba on
9-10 June2017, Pretoria, Gauteng, South Africa

SCHOLARSHIPS

. The Carnegie PB. Scholarship fundJanuaryDecember 2020Vits University,
Johannesburg, South Africa.

. Council of Scientific and Industrial Reseblr (CSIR) Ph.D. studentship

programmelanuaryDecembeR017, Pretoria, South Africa

. European School of Materials Science, 03 NovemBé& November 2016

Saarland University§aarlandGermany



PUBLICATIONS

A: Directly from the thesis:

(1]

(2]

(3]

(4]

Khawula, T. N. Y.; Haruna, A.OzoemenaK. . Mn2O3 nanoparticles embedded
onto OLGCNF composite for enhanced interfacial electrochemistry and
supercapacitancelnder review

Khawula, T. N. Y.; Haruna, A.; Ozoemena, K. Nanostructured MofMn,0s
embedded onto OLLNF/composites as hybrid supercapacitor electrode
materialsUnder review

Khawula, T. N. Y.; Haruna, A.; Ozoemena, K. Tetranitrairon (lI) (FeNs)
macrocycle modified carbon microfés asa high-performance supercapacitor,
Electrochim. ActaUnder revew.

Khawula, T. N. Y.; Haruna, A.; Ozoemena, K. $tructural Modification of
Electrode Materials through #evacancies in OLECNF@MoS composites for

Enhanced Electrochemical Energy Storalyé;lectrochem. Sotinder review

B: Indirectly from the thesis (Note: Khawula and Maphumulo are both my surngmes

(5]

(6]

(7]

(8]

Ozoemena, O. C.; Ehirim, T. Xhawula, T. N. Y.; Makgopa, K.; Shai, L. J,;
Ozoemena, K. I. Bovine Serum AlburdAependent Chargéransfer Kinetics
Controls the Electrochemical Immunosensitive Detectidibrio choleraas a
Model BioanalyteElectrocatalysis2021, 12, 595604.

Ozoemena,O. C.; Maphumulo, T. N. Y.; Shai, J. L.; Ozoemena K. 1.
Electrospun CarboNanofibres as an Electrochemical Immunosensing Platform
for Vibrio choleraToxin: Aging Effect of the Redox Prob&CSOmega202(Q 5,
57625771

Ozoemena, O. CMathebula,N. S.; Ehirim, T. J.; Maphumulo, T. N. Y,
Goodness Valkpe, G.; Shail, J. L.; Ozoemena, K. 1Oniontlike carbon re
inforced electrospun polyacrylonitrile fibres for ultrasiive electrochemical
immunosensing of Vibrieholeratoxin. Electrochim Acta 202Q 356 136816
Ozoemena, O. C.; Shai, J. WMaphumulo, T. N. Y., Ozoemena, K. I.
Electrochemical sensing of dopamine using o+lik@ carbons and their carbon
nanofibrecompositesElectrocatalysis2019 10, 381-391.



ABSTRACT

The quest for electrical energy stordges been a kegriver for researchers to come up

with more effective means of storing tfidgsm of energy due to the intermittent nature of

renewable energgources Several countrieshave swiftly adoptedhe transformative

potential of renewables, in particular solar energhile others have delayed the
implementation due to complex policies surrounding renewable energy projects. A way

forward would be innoative regulatory approaches that encourthgepairing of solar

systems with other generation technologies, and with storage, tadfieround t he <c | o«
supply. Rechargeable batteries and supercapaertevadely employedenergy storage

systems.

A redchargeable battery system offehigh energy densitywith lithium-ion batteries
(LIBs) being the most widely used. For some applications, it is imperative that energy is
delivered at a much faster rate. This characteristic feature is known as power, dedsity
supercapacitors have proven to be much better than batteries in thiBhedagge scale
commercialization and adoption af supercapacitoare hindered byits low energy
density.The electrode material is a major determinarthe success of supmpacitors.
Generallythese are supported on high surface area carbon materialstudyfocused

on the development of electrosppwmlyacrylonitrile (PAN)fibres embedded witbnion-

like carbon(OLC) andiron (Il) phthalocyanine (FePgpharticles andencapsulation of the
fibres with Molybdenum disulphide (Mao$. Furthermore, composifitores were either
integrated with mangane¢i!) oxide (MreOs) or engineered with defects for enhanced
performance in symmetric supercapaatolhe synthesis of eleobde materials was
divided intofour phases;

In the first phase (1PLC nanoparticle wereembedded in electrospu®AN fibres and
decorated with the M3 and evaluatedas supercapacitor electrode materials. For
enhancednterfacial electrochemistry aramlerall capacitancethe electrode material in
(1) was encapsulated with MpB phase (2).In phase (3FePcembeddedn the PAN
electrospunfibres were evaluatedfor supercapacitor applicationsimited specific
capacitance and poor cycling stabilityreebserved, thus suggesting integrating OLC

and further encapsulation with MgSn phase (4)The morphology of thefibres was

Vi



engineered with defects in the formE#* vacancies tanaximizethe electrochemical
reactionf the OLC/MoS; fibre composite

The electrochemicaproperties of thdibre compositematerials werenvestigatedand
OLC/Mn20s-CNF exhibited a specific capacitance, energy and power density of
electrodes were 200 g?, 44.63 Whkg?! and 3235 W kg, respectivelywith excellent
capa&itance retention While the MoS encapsulated and MDs: decoratedfibre
composite, OLC/MoSS@Mm0Os displayed aspecific capacitance, energy and power
densityof 348 Fg' 18.42 Wh kg?* and 5095 W kg, respectively. It ipertinentto note

that the capaaince of the electrodes was retaitebugtout the 5 000 cycles of the
chargedischarge testUpon thermal treatmergt 600 °C, FePePAN transformed into
FeN:-CMF and exhibited a specific capacitance, energy and power dehdity F g,
12.48 Whkg! ard 4 320 W kg', respectively. The vacancich (FeNy)s-OLC-
CNF@MoS compositeobtained bythe removal of F& atoms showed a specific
capacitance, energy density and power densi¥§8afF g, 76 Wh kg! 5833 W kg1,
respectivelyThis studyunderscorestrategic processes that can be adapted in the design,
synthesis and optimization ofsupercapacitorbased electrodesfor enhanced

performance.
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CHAPTER ONE
INTRODUCTION

1.1 Energy storage background

Despite the significant progress over the ydarseduce the greenhouse géSHG)
emissions the worldremainson an unsustainable pathhe longer carbon emissions
continue to risethe more difficult and expensive the transition toze emissions will
be.According to the Statistical Review of Worlch&rgy published by British Petroleum

in 2018 energy consumptiowill continue to increas&ith a concomitantncrease in
carbon emissiofevels ! Perhaps the single most crucial problem confronting the global
energy system over the next 20 years is deoarzing the power industry while still
satisfying therapidly growing demand for power, particularly in emerging countties
achieveenergy sustainability, more efforts are neettedardsthe development oflean
energy technology, such as energy ager and conversio To encourage speedier
deployment of new technologies, letegm energy strategies strong political
commitment, more private investment, and suitable policy and fiscal incentives are

necessary?

Renewable energy has an important rote glay in meeting thse challengs.
Successivelyin support of these developmenenergy storage technologies must
improve in order to continuously supply energy in a growing world population. Although
Li-ion batteries and fuel cells have bemmviding energy there isa demand for a
technology with ahigh power density, better efficiency and longer cycle life
Supercapacitors (also known as ultracapacitors or electrochemical capacitors) have been

developed to cater ftheseapplicatiorsthat Li-ion bateries and fuel cells cannot handle.
4,5

Thefirst reportof the electrical double layérwy H. I. Beckewas patentedn U.S. Patent
2,800,616n 1957by General Electric® It was impossible tadlemonstrate capabilitgt

the time becauskeoth electrodes eeded to be submerged in an electrolyte in a battery
like configuration ’ Robert A. Rightmire, from Standard Oil of Ohio (SOHInilarly

detectedhe occurrence of a doublayer effectwhile working on experimental fuel cell



designs A patent was filedn 1966 (U.S. Patent 3,536,968bsequentlyicensel it to
Nippon Electric (NEC) Supercapacitors were not commercially available until 1978.

Since then, supercapacitors have progressed through multiple design genérations.

The fundamental difference beten a supercapacitor and a batietite mannen which

energy is stored. Batteries depend on intercalation andtelealation of cations
controlled by the diffusionof the electrolyte,which restricts their charging and
discharging rateand ultimatéy the power density® In supercapacitors there are two
charge storage mechanisn(i) A device that achieveslectrostatioenergy storag®ia

charge accumulation at the electrodedelectrolyte interface of both electrodesadled

an electric doubledyer capacitor (EDLC). In EDLC$ons of opposite charge diffuse
throughthe separator and form a layer at the high surface area electrodes. The short
distance between the electrodesthe order of nanometers) coupled with Ataradaic
processes resulis higher power densities compared to batteries, thus ialipeDLCs

to achieve faster chargbscharge rates and cycling stabilith contrast, (ii) by
transferring charge between an electrode and an electrolyte solution, pseudocapacitors
store chargethrough faradic processes Combining these two energy storage
mechanisms leads to enhancement of capacitance and this type of a supercapacitor is

referred to as a hybrid.

The electrode materials play a pivotal role in determibiitpthe type of supercagitor

andhow much energy can be stored. Carbon based materials such as carbon nanotubes,
activated carban graphene etc., follow the mechanism ofEDLCs, whereas
pseudocagcitance arises when transition metal oxgleh as Mn@ RuQ, NiOy, etc.,

and comlucting polymers,e.g. polyaniline, polypyrrole etc. are used? In EDLCs
thousands of cycles are attainable because oftifghly reversible electrostatic nature.
Pseudocapacitors, on the other hand, have a high specific capacitance due to
electrochenual reactionstthe electrodesCombining both of these mechanisms gives a

better composite with improveshergy storagproperties®!!

Despite the outstanding power density, supercapacitors have made less headway into
energy storage applicatiotitenanticipated At present, supercapacitors store typically 5
Wh kg, which is significantly below that of commercializedibn batteries (10275

Whkg?). Table 1.1 compares and lists the electrochemical characteristics of batteries and

2



supercapacitorsThere is an apparent tradff between power and energy density in
supercapacitors which héd the research community to explore various options to try
andmitigatethe shortfalls 12 Consequently, electrode materials have been extensively
explored ashey play a crucial role in defining the capacitance, energy and power density

of a storage device

Table 11 Batteries vs. supercapacitors characteristiés

Function Supercapacitor Lithinum-ion (general)
Charge time 1-10 seconds 10-60 minutes

Cycle life I million or 30,000 h =500

Cell voltage 230275V 3.6 V nominal

Specific energy (Wh/'kg) 5 (typical) 120-240

Specific power (W/kg) Up to 10.000 1,000-3,000

Cost per Wh $20 (typical) $0,50-$1 (large system)
Service life (industrial) 10-15 years 5 to 10 years

Charge temperature -40to 65 °C (-40to 149 °F) 0to45°C (32%t0 113 °F)
Discharge temperature -40 to 65 °C (-40 to 149 °F) -20to 60 °C (-4 to 140 °F)

In this study, electrospinning wasisedto produ@ thenanofibrecomposite materials
under irvestigation Electrospinning isheprefered method because itssnple, versatile
and coséffective. 14 The flexibility of the methodallowed for the preparation of
electrospurfibres with diametes ranging betweehO0 nmand10 umdepending on the
polymer used, whilst achieving fibre continuityith a high ratio of surface ara to
volume ¥ During the electrospinning process, a polynsaiutionis subjected t@ high
voltage (between 1680 kV) from the syringe needle to the collect&lectrostatic
repulsion causes the polymer to elongate and deposit onto the collector plates once the
electrostatic forces exceed the surface tension of the polymer flind electrostatic
forces solution conductivity flow-rate,viscosity, and distance between tip acallector
are criticalin determiningthe fibre diameter during electrospinnintf Electrospinning

has beemsedto make composites with properties useful in energy related applications.
17-18



Iron (Il) phthalocyanine (FePeyasexplored to provide thenprovedenergy density in

LiB and supercapacitorst® The interest of metallophthalocyanines @Ifn energy
storage stems from their masystenswiidhieads nat ur e
to efficient electron transfer abilitie¥. The major issugto be addressed concerning the
MPc based electrodes include the very poor cycle life, poor rate capability and high
solubility in liquid electrolytes. In a recepatent, Chen eal. 2! suggested the use of a
protective Liconductinglayerto coverthe phthalocyanine compound so that it is not in
direct contact with the electrolyte. The results showed a much longer cycle life, high
cathode specific capacity and best energy density for a rechargeable-lahilnattery

cell achieved to datelahnke et af? has shown that in carbon supported transition metal
porphyrins, it is possible to improve both stability and electrochemical activity by a
pyrolytic heat treatmentmethodat a temperature windovof 450-900 J5hin an inert

atmosphere.

Following theseesults, nelybdenum disulphide (Ma$ was investigated asraaterial
that could potentially provide protective layered material fahe electrospuriibre
composites embedded witkePcand onion-like carbons(OLC). MoS; is a layered
structure material, ddbiting a sheetike morphology similar to graphen&rom an
energy storage perspective, the most advantageous property of this material is its centre
Mo atom that possessidation states ranging from +2 to ,+@iving it an additional
capacitance vighe pseudocapacitana@echanism?? To enhance the electrochemical
storage capabilities of MaeSLi et al.?* suggests dopinthe nanesized MoS which
accelerates electronic transfer and contmolease transitions during chargirand
discharging.However, wken the nanesize material issmployed for energy storage
purposestheelectronic conductivity isestricted in relation tgraphité ,sand its specific
capacitance is stillow for applicatiors. 22?8 To increasethe capacitance, amganese
oxides, knowrior theirlargeelectrochemicatorage capabilitiehave been incorporated

in carbon fibrecomposites.

To addresshe energy storage deficiency of Mg$he combination of this material with
OLC offer an interestingolution It is expected thaheincorporation of OLC will play
a significantrole in the improvement ofthe surface area of the electrodes which may

enable a device that can store and deliver electrical energy rapidly and efficiently.

4



Previously it was recognized th#te use ofMoS; on carlonaceous supporthe
electrolyte must permeate through the surface of carbon materials to react with the MoS
beneathwhich reducedhe electrode's rate capabilifjhese nanocomposites typically
contain a large quantity (>30 wt%) cdrbon compounds tharebarely active, which not

only reduces the bulk loading of Mp8nto theelectrode butadditionally causes poor
accessibility of active material dhe electrodethusproducing mechanical straiAs a
result,thedevelopment ofa superioonedimensonal MoS; carbon fibre composite with

high specific capacity and outstanding cycling stabilitpastdesirable?%3°

1.2 Research motivation

To harnestheenergy storage capabilities of supercapacitbesgdesign and development

of new electrode matetis that are able tkinetically facilitate more energy storage
imperative Interest in developing efficient supercapacitors has led to the stud
advanced electrodes using nanostructured composite materials to optimize performance
parameters. In thistudy, we report the use of electrospinning to synthesize unique
electrode materials that have the potential to providentinghneedecdenergy density in
supercapacitorsto this end, omposite materials am@ interest since they enable the
combinationof high conductivity, high capacity and stabilgiyoperties, not achievable

with individual materials

1.3Aim and objectives

The main aim of this study is to develop OLC and FePchased electrospun fibres
encapsulated with MeSand MnOz as potential electred composite materisifor
supercapacitor applicationshe chemical and physical propert@shefibre composite

is investigated prior to its fabrication as an electrode material
To summarisgthe major objectives of this thesiseas follow,

(i) To syntlesizeOLC based carbomandibres (CNF), and decoratehe fibres with
Mn203 nanoparticlesto makeOLC-CNF@Mn203 and explordts performanceas a
supercapacitor

(i) Toexplore the synergistic effectstbé novelOLC-CNF encapsulated with Me&nd
decorated wth MOz i.e., OLC/MoS@MnOs nanofibres as an electrode material.



(i) To prepare electrospun Re¥s based carborfibres for the development of new
electrode materials with improved supercapacitance.

(iv) Todevelop a avelelectrode materiaéngineereavith defectsising FePc as a source
of F&* in FeN.-OLC-CNF@Mo0S compositematerial. The etching oudf the F&*
atomswas aimed atreaing vacancies in théibre compositamatrix for enhanced
energy storage in supercapacitors

(v) To study he electrochemical storageapabilities of the fibre composites using a
threeelectrode Type (halfcelll and a tweelectrode (fulicell) symmetrical

configuration in a Swagelok cell.

1.4Hypothesis

1 Thesynergistic effectbetweenOLC basectlectrospun fibreandtransitional metal
conmplexes such as MeSMIn.0Os and FePenhances the performance of éiectrode
materials for supercapacitor applications.

1 Incorporating defects into electrospun fibfesther improves accessibility of the
active material by the electrolyte ions, resultimg new paradigm of energy storage
limits.

1 Thesynthesizecdhovel electrode materiatenpowera lightemitting diode LED) in
a flexible pouch cell thusdemonstrahg realistic energy storage capabilities of the

electrode materials.

1.5Thesis structure

The outline for the rest of the thesis is as follows;

In Chapter two, detailed literature review of previous studigstbe energy storage
principles of supercapacitorstypes of electrode materials, and applications of
supercapacitors, the development tefat the synthesis of supercapacitor electrode
materialsis also reviewedChapter three describes the materials and reagents, as well

as the experimental methods for synthesis, characterisation and application testing in this
study C h a p t feur td sewen discusses theesultsobtained in the study and finally

the eighth chapter gives concluding remarksn the findingsanda brief discussion on

possible avenues féutureresearch
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CHAPTER TWO

LITERATURE REVIEW

In this chapter, a detailed review on electrochemical principles and supercapacitors is
presented. A review dhe basics olectrode materials discussevith particular focus
oniron (I) phthalocyanines, molybdenudisulphide and manganese oxide as electrode
materials. The fundamentals forlectrospinning ofnanofibre composite and their

applications weralso brieflyreviewed.

2.1 General Principles of Electrochemistry

In principle, electrochemistry is @ombination ofchemicaland electricaphenomena
caused by the passage of curretie Tharges are kept sepayated thusan electrostatic

field is produced that leads to charge transfer. This charge transfer can either be
homogenous in solutiofredox reactionspr heerogeneous on electrode surfaceln

simple termselectrochemistry isoncerned with theeterogeneous transfer of charge, in

the form of electrons, across the interface between a solid and an adjacent solution phase.
Essentiallyan electrochemicaleaction's overall rate is affected by three mechanisms of

mass movement, namely

(i) Migration: the movement of a charged bodgeciesdriven bythe influence of an
electric fieldforce and therebgreating a gradient of electrical potential.

(if) Diffusion netmovement aioleculedecause of ahemicalconcentratiorgradient
to achievea homogeneousomposition of the solutions

(iif) Convection Fluid movement in its physical form. Natural convection (convection
generated by density gradients) and forced cotmwecinduced by stirring) enable
liquids to move, and they can be distinguished by stationary zones, laminar flow, and

turbulent flow

Mechanisms of mass transfer of species fthabulk solutionto the electrode surface

can occur as a reaction polatina by intermediate chemical reactiaq or reqd forms.
Alternatively, it could also be via physical processes such as adsorption, desorption or
recrystallization A potential gradient exerts a force on a charged papigsent in the

solution's bodyThis is what propels the species toward (or away from) the electrode
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surface?® Whenthe rate of electron transfer is fast, only diffusion processes controls the
electrode reaction. In this case the electrode reaction obeys the Nernst equation and it is
electrochemically reversible process. In otb&sesthe electron transfer is sloandthe
reeaction is nonreversible A potentialdependent chargeansfer can be divided into two
types ofcategories, nameledox reaction antn adsorptionThe Nernsequation best
describes the potential, E, in a redox reaction (with an oxjdahtand a reductarted,
as indicated in equation (2.7))

Ox + zez Red (2.1)

0O 0 —I— (2.2)

in which, [Ox] refers tothe concentratiorof the oxidized specieand [Red] is the
conceantration of the reduced speci@éis the gas constant, T is the absolute temperature
'y is the standard potentiaind Ois the Faradagonstant. The amount of chamgeis
denoted by theroductd "Gand is a function of potentjad. 13

2.2The Eledrically Charged Interface also known as theDouble Layer

2.2.1 The Helmholtz Model

The physical nature of the interface is the driving force for the type of reactions that take
place at the interfacial regioHelmholtz's early experiments show that at edettede
electrolyte boundary, two layers of oppasgicharge are highly orderg@s shown by
figure 2.1 left) such that a double layer is formédmagine ifn%o= (%m 1 %eolution, Where

%ds the potentiaht the interfacandM is a metalin figure2.1 (right) is positive because

of electrostatic effecgn its surfacéhe metapossessespositive charg¢ Van der Waal s
forces) anionsin solutiondiffuseto the interfaceforming anegative counterchargéeet
according to Helmholtz, which would balance the charge on the eleciitug® a double

layer exists.The parallel plate capacitor's model is comparable to the one .above
However, it overlooksheinteractions thatake placeat a distanc&om the electrode than

the initial layer of adsorbed species, as well as any electrolyte concentration dependence
1

11



%

+| ©-<«—Anion
|C Rsolution ||C +H ©
.-"W" -
I ! + ©
¢ Metal +| ©  Solution

L IR N V.Y

Figure 2.1 Thecircuit diagramof the electrodelectrolyte boundary (lefgnd
schematiaepresentation of theperatingprinciple based on the Helmholtz model

(right). !

2.2.2 The Gouy-Chapman Model

On thecontrary GouyChapmarproposed anodelwhich considergheinfluence of the
applied potential and electrolyte concentration on the double ¢apacitor.Thus,from
the interface to the bulk electrolyte solutiothe applied potential diminishes

exponentiallyandthe ionsarefree tomoveasdepictedn figure 2.21
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Figure 2.2 (a) The GouyChapman model of the double lagtowingthe effects of
diffusion in which the applied potentiatapsexponentially from the interface to the
bulk electrolytesolution the ions are arranged in a diffuse manfigrthe electrostatic
potential's fluctuatioyfee with distancex from the electrodejemongtatingthe
influenceof ion concentratiosthe relationship between Cd (diffuse layer capacitance)
and potentigland (c)indicating the minimum at the zero charge position!
2.2.3 The Stern Model
An alternative model is referred to as the Stern madtlegalizes both effects dhe
Helmholtz and GowgChapmanmodelsnamely; (i) the ionic species' hydrodynamic
mobility in the diffuse layer that extends into the bulk solution, and (ii) the ion

accumulation near the electrode surfaee figure.3. ?
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(a)

——— Normal ion
distribution

Metal A Diffuse layer Bulk solution

= Helmholiz layer

Figure 2.3 The Stern model of the double layer i@) arrangemen(b) variation of the
electrostatigotentialwith distance (c) variation of with potential(note:n - is the
Volta, or outer potential difference, andhe fractionof p « owing exclusivelyto
charges athe interface?

Thetotal capacitance of thaouble layer at thelectrode @, is equal to the sum of two
capacitors connedlein series, wheré denotes Helmholtz layer phenomenon and

denotes diffusion region capacitant@he overall capacity js

— - — (2.3)
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2.3 Capacitor Principles

The first generation afapacitorsonsists of two conducting electrodes and an insulating
dielectric There are two types of capacitors, (i) electrostatic and (ii) electrolytic
capacitorsas depiatdin figure 2.4(a) and (b) The difference lies in the dielectric type.

Air, ceramicor polymer is used for electrostatic capacitwhsist electrolyticcapacitors
makeuseof electrolyticdielectrics ’ In theory, a voltage is applied, and opposite gbar
accumulate on the electrode surfaces. Because the charges are separated by a dielectric,

an electric field is created, which enables the capacitor to store ehergy

(a) Electrode c Electrode (b)
+ 'd
+ >
+ >
i >
+ >
- > I .
+ > —1
+ >
+ 'd
+ >

Dielectric

Electréstatlc force

Figure 2.4(a) Schematic diagram of conventional capasit@ectrostatic andb)
electrolytic capacitor®

The following equation determines a capacitor's capacitance

6 - (2.4)

where Cdenoteghe capacitancar] farads F|, Q the chargdin coulombs C] and Vis

the applied voltagdijn volts, V]. Each electrode has an accessible surfacetajad], is
distanced to the other by a len@@jm], and the medium between the plates has a relative
dielectric constant “. As a result, the capacitance can be calculated using the equation
below(2.5). 56

15



6 —0 (2.9

O* equaltothogr oduct of the diel eddB85Hxd0IEmMNst ant
andthe insulating substance'stfictric constant between the electrofleg 1 F/m). A

large dielectric constant of the insulating material, a large surface area electrode, and a
small distance between the electrodas all contribute to a significant rise in capacitance

value, accorithg to this equatior?

Power density and energy density are two of the most critical characteristics of a
capacitorGenerally both densities arexpressed in terms of a quantity per unit mass or
volume As demonstrated in equati¢®.6), the maximum errgy O  [W h/kg] stored

in a capacitor is related to its capacitance and the square of the maximum operating

voltage ©

(0 — (2.6)

Power P [W kg?] denotes the amount of energy expended per unit of time. Capacitors
are commonly depicteds acircuit in serieswith afi | o @esistancgR] external to the
circuit. The internal capacitaromponentssuch as dielectric materialrrent collectors,

and electrodesnfluencethe internal resistance and are thus accounted forrbgtac
termedthe equivalent series resistance (E$Rhms m]. This resistance determines the
voltage that exists during dischayges demonstrated in figure 2Be maximum power

0  eguation(2.7)gives the value for a capacitor measured at matched impedance

0 — 2.7

This secalled ESR, which is also known as internal resistance, is computed as jfollows

ovy - 2.9

Internal resistance causesdtage drop® ) between the first two point$ the discharge

curveanda corresponding currefin ampereA]. °
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Figure 2.5Chargedischargeests showing different internal resistamesponse®

Capacitors with a high power density are known as conventional capatiensare
useful in a variety of applicatiortkat require fast charegdischarge propertiesDespite
having fr higher power densitigthey stordar less energy per unit mass or voluthan
both batteries and fuel celfsAccording to recenstudies supercapacitorarethe third
generation of capacitorand are themost feasiblgfor implantation ®> Supercapeitors
have high energy densitiesn comparison to traditional capacitordue to the
combination of a double layeharge an accessiblelectrode materiadurface area, and

a tightcharge separatioistance®’

A typical supercapacitor is made up loétsame fundamental components as a traditional
capacitor® The ions in the electrolyte of this devisermeatehroughthe separator into

the pores of the electrode with opposing charges, resulting in charge accumulabibn at
el ect r od e snierfaedasstownr irfiguyet2.6. 1°iThe electrode material and
charge accumulation mechanisms are the main differdratesen supercapacitors and
batteriesThe goal of this technology is to fill the gap between traditional capacitors and
otherhigh perfoming energy storage technologiéhe increasedpecificsurface area
(SSA) of electrode materials combined with substantially thinner dielectrics reduce the
distance (D) between the electrodes in theseaied supercapacitorsthus, the

capacitance anenergy valuetave improved by several orders of magnitude according
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to equations (2.5) and (2.6Furthermore, supercapacitors maintain the low ESR

characteristic of traditional capacitors, allowing $onilar power densities’

e e]
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Figure 2.6 A supercapcitor schematic diagramdicatingthe (a) charging processand
(b) thedischarging process’

2.4 Supercapacitors

A supercapacitor, also known as an ultracapacitor or an electrochemical capaaitor by
lot of researchers, is the most recent addition taytbap of energy storage devices that
use high surface area electrodé€vidently,they have received much interest because
of their ability to deliver a lot of electrical powerth anextended operating lifetim&he

key attribute lies in the absenckaxtive material volume changes between the charged
and discharged statbat ispresent in batteries. Consequently, the efficiency is as close
as possible to 100 %1°

The Ragone ploshown in figure 2.6best describes supercapacitors' performance
comparedto otherenergy storage and conversion technologies such as batidrees
diagramdisplays energy densitieversuspower densies of various energy storage
technologiesilt is frequently used to assess and compare electrochemical energy storage
device performanceSupercapacitors, according to this diagram, occupy a significant
proportion of the space between batteries and traditional capadiioite both batteries

and fuel cells have high theoretical specific enevgyen compared to supercapars,

their power density falls short of what is requifed application * *® In simpler terms,
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they can store a vast quantity of energy ¢arhat distribute it quicklylike capacitors.
For this reasorhigh-power electric devices (such as supercapes) are routinely used

to support batteries and fuel celliscompensate for the shortcomingys

Supercapacitorare yetto meet the energy densitequirements to repladmtteries and

fuel cells This limits their competitiveness as a breakthrouglergy storage systent?
Charges are mostly kept inside the electrode active material of a béttesryneans tha
every active atom in the bulk electrode material is changbdreasonly atoms at the
particle surface are chargedthre case of aupercapcitor. If the cell voltages are the
same, the energy density of a battery should be substantially higher than that of a
supercapacitor.In this study the electrochemical characteristics of batteries and
supercapacitofisave beesomparedn Chapter oneTable 11.1% According to the table,
batteries have high energy densitgnda low power densitybecause of théaradaic
processes that cause continual phase or volume chargesycle life of a battery is
short inrelaton to that of asupercapacitodevice Sincethe chargalischargeprocesses

in supercapacitorare exceedingly reversible, with no chemical or compositional changes
they can persis-folds compared to batterieln the lastdecade batterypower needs
havegrownfor some applicationg o this endhigh-power pulse batteries were designed
and developedsan alternative to supercapacitors
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Figure 2.6 Ragonediagramfor energy storage devices.

2.4.1Electrochemistry

Supercapacitors are classifibdsed ontheir chargestoragemechanism.Figure 2.7

depicts different categories and their related materials.
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Figure 2.7 Classificatiorflowchartof supercapacitors and related types.

2.4.1.1E electric doublelayer capacitors

When a potential difference is maintained acre@dsctrodes in an electrolytic cel
current isgenerateénd charge accumulates on the electrodes u€Cbatemboés f orc
causepposng ionsto diffuse overa separatoandthroughthe pores of thelectrode

with opposhg charge. Thisresutsin a supercapacitowith two layers of chargeone at

the positive electrodelectrolyte interfacethe other at the negative electragectrolyte
interface This means that¢lectric doublelayer capacitor¢§EDLCSs) are supercapacitors
thatprimarily store enagy at thecarbonelectrolyte interface by reversible ion adsorption

on the carbon surfacé *? Figure 2.8 (a) shows a schematic representative of a typical
EDLC. The process is fully reversible and very efficient since there are no phase or
volume shifts associated with EDLC electrode matesialnlike batteries, whse
performancehatdegrades as cells capacitaisceeducednd series resistancereasd

over time.EDLCs made of carbon materials, have a long cycle lifehagtaly reversible

chargedisdcharge cycles'!
2.4.1.2Pseudocapacitors

Pseudocapacitors, on the other hand, are devices that produce additional charge through
transitions in active materials or conducting polymers that are faticeasly

reversible 12 Electrosorption, reductienxidation, and intercalation techniques are used
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to achieve this effecas illustrated by figure 2.8 (blhe redox reactiobhehaves similarly

to the electrochemical processes of rechargeable bati#®&rgseudocapacitor electrode
compromisingboth an eletrochemically inert material like active carbon and an
1)
doublelayer charging or discharging as described2id1.1 above and (2) the

electrochemically active component like a redox material, two processes

electrochemical redox proce3se clarge transfer that takes place in a pseudocapacitor
is voltagedependentThe behavior of theedox process can lexpressedby the Nernst
equationin (2.1)andassunesthatin the electrode laydroththeredox material particles

and reaction sites areemy distributed, anthatthe oxidant and reductant are insoluble

in the electrolytePseudocapacitors have a significantly greater capacitance than EDLCs,
but the continual volume shiftcaused by solid state mass transfer restricts the

supercapacitorfe. 1+ 1718
2.4.1.3Hybrid capacitors

Figure 2.8 (c) demonstrates@mbinatiorof anEDLC andapseudocapacitoi hisis the
third and final form of supercapacitofFhe most significant advantage ofugding a
pseudocapacitive redox material wathEDLC material ina supercapacitatevice is the
increased capacitance, which improties overallenergy densityiHowever, combining
pseudocapacitive material with doutddgrer material poses various obstaclésr
example, gle reactionghat occur in red& processesnay result ina reduction in the
charginddischarging cycle lifeSubsequenyl, thecombination of theedox reactions and
physisorptiorfrequentlyoccuring onthehybrid capacitoelectrodesnteractwith or feed
the electrolyte breakdowrmmechanisms resulting in considerablesupercapacitor
performance deterioratiof.o optimize this combination, carbdrased materialthat
possessa high surface areare chosento boost the pseudocapacitive component's
deposition massAlternatively, an asyimetric configuration with distinct anofdathode
materials that displagnincreased voltage stabilifyerformanceandlarge capacitance
appear to be a viable optiorhus,hybrid supecapacitors haveeachednergy and power
densitieslevels that areunattainablein the single type supercapacitorsComposits
materials asymmetrieype, and batterglectrode materials are responsibletf@rhybrid

capacitors' exceptional performangé?
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Figure 2.8 Schematic fofa) EDLCs (b) pseudocapacitorsind(c) hybrid capacitar!?
2.4.2Electrode materials

Essentially, the performance of a supercapadtgoverned by thehoiceof electrode
materias and thecorrespondingnechanismsgi.e. EDLCs and pseudocapacitanagjch

is explained byhe charge trarer andbr charge accumulation processethatelectrode
electrolyte interface The various materials used in supercapacitor applications are
depictedin figure 2.9. *° Typically, these areclassifiedinto threemain groups carbon
based, transition metakides and conducting polymerEach electrode material has its
own set of properties and benefitsVariouscarbonallotropesare leading inthe market

as electrode materglwhile progress in the development of conducting polyr(ePs)

and metal oiklesas substitutesontinues apacé

23



1000 |- ,
‘=0
s
=~ 800 - > Rul), (wol-gelp
-
o
s
= 600 - v
k)
= 0 PAni O Mal, C Rul ), /CH
E‘ £ PEDOT-Ru0,
U 400 — - FPy-¥e O,
9 T © penoTPRy ONIO
. ey
& 0 rry "C.'»lrinl’,lj (CXG)
8 zm — Q9 funct-lC i Fh-deriv O PPY-NT OMe0
;% 0 Ac 0 PEDOT O Mn0)
Sa) (Fe O
0 L1 1 | S

Carbon CPs CP comp Metal Oxides RuOx

Figure 2.9 The specific capacitance of various electrode matetfals

2.4.2.1Carbonbased

Carbon is a onef-a-kind element since it can exist in a variety of structural forms, such
as diamond, graphite, fulleremanotubes, and so.dADiamond and graphite are natural
minerals found in the earth's crust, whereas the others are manmade. The opportunity to
build supercapacitor electrodes made entirely of carbonexplered given thatthey
exhibit outstandinglectrochemical stabilitpwing to thehigh electrical conductivity and
extraordinary chemical stabilityThey accountfor almost 80 % of the total
supercapacitordevelopedn theperiodof 2020.Carbonbasecelectrodamaterials are an
appealing optiorior EDLCsbecause ofheir large surface are@p to 3 519.50 rhg?l),
versatility,low cost, andeasy accessibility* By changinghecarbon structure, pore size,
and particle sizethe electrochemical characteristios the electrodesan be variednd
ultimatelytheirspecific capacitanc®seudocapacitanaecarbonbased electrodes arises
due tothe presence of certain electrically conductive functional groups on activated

carbons?°
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Carbon quantum daiCQD) or Carbon dots (CDs) particles are a nemily of OD
electrode materials that have found use in supercapacitor applicatforEhe
nanostructures are typically less than 10 nm consisting of a nanocrystalline core and an
amorphous outer layer with surface functional groups. Investigation ofcsyyaeitor
performance of hydrothermally synthesized CQD was reported by Athika?ét ahd

the results showed a specific capacitance of 95 With excellent stability as well as
coulombic efficiency over 1 000 cycles. Using a hydrothermal syntimetisod, Zhao

et al.

prepared CQRilecorated reduced graphene oxide (rGO) to form an
interconnected 3D network morphology. The electrodes displayed a 38&pegific

capacitance at 0.5 A'gand a capacitance retention of 92% over 20 000 cycles/Aagl0
1

Recently CDs integrated with polymers have been used to enhance the electrochemical
performance of supercapacitors. In particular, a study by De?eshbwed GO hydrogel
decorated by CBtabilized CuS nanopatrticles using the hydrothermal mefftuel CDs

were used to bind the CuS nanoparticles to the GO inside the 3D hydrogel framework.
An asymmetric configuration with the synthesized material acting as the positive
electrode and rGO acting as the negative electrode was investigated as a aapercap

The device exhibited a considerable specific capacitance and energy density 0f’920 F g
and 28 Wh kg at 1 A g%, respectively. Approximately 90% of the specific capacitance

was retained after 800 cycles.

In-situ polymerization was used by Zitpet al.?® to create ternary composites of CDs,
polypyrrole (PPy), and GO for supercapacapplications. It was suggested that CDs
with a large specific surface area could improve the interfacial characteristics between
GO, CDs, and PPy, thus enhancihg ternary composite's dielectric constant. After 5
000 cycles, a supercapacitor with symmetric GO/CDs/PPy electrodes demonstrates
anenergy density of 30.1 Wh Kgat a power density of 250 W Rgvith good stability.

The synthesized CD/PPy/GO reporiedhowed @igh specific capacitance at 0.5 A g

of 576 F ¢".

Graphene guantum dots @Ss) are rapidly emerging as highly stable and capacitive

electrodes composites that can compete with CQDs. According to Cher?gt3a).
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graphene was coated with G®Iising arelectrochemical process, and the resulting
composite materials were then employed as electrodes for symmetrical SCs. A specific
capacitance of 268 Flgwas observed in the GQD/3D graphene composite, an
improvement of Zolds over the supercaptars generated from electrodes made of pure

3D graphene (136 §1).

Highly N and O cedoped GQDs were electaeposited using the 3D CNT/carbon cloth
(CC) network as a flexible, conductive scaffold (N&QDs). A highperformance NO-
GQD/CNT/CC compositelectrodes with BEBEQW/PVA gel as the solid electrolyte were
used to construct an ablid-state flexible supercapacitor. According to figure-@, the
electrodes had a 461 mF @rarea of capacitance (at 0.5 mA&na 32 mWh cit area

of energy densyt and an 87.5% retention of capacitance after 2 000 cycles of charging

and discharging®

( a) Carbon cloth GQD/CNT/CC
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Figure 2.10(a) Schematic diagram for the preparation of 3D N&QD/CNT/CC

electrodes, (b) areal capacitance of flexible electrodes as the current density changes a
different current densities, (c) Ragone plot of SCs with areal energy densities and areal
power densities and (d) cycle stability of the device (15 mA)dimset: galvanostatic
charge/discharge curves for the 25 cycl&s).

1D carbonrbased materials sh as CNTs, CFs/CNFs, carbon yarns/carbon nanoyarns,
etc. have drawn much attention as electrodes in supercapaci®uperior mechanical

and electrochemical qualities, as well as good electrical conductivity, are all

26



characteristics of CNT$? In numeous studies, pure CNTs have been used as electrode
materials for supercapacitors, resulting in EDLC behavi8dt Wu et al *® successfully
produced CNTSs for SCs applications by using Ni catalyst to grow them in the inner walls
of carbonized wood traelids. The capacitance values were comparable to or greater than
those of supercapacitors based on wood carbon slices with pseudocapacitive materials
and were roughly five folds higher than those of activated wood carbon. The specific
capacitance improve® 215.3 F ¢ when the specific surface area increased from 365.5
to 537.9 Mgl All-solid-state supercapacitors had an energy density of 39.8 Wh kg
and 96.2% of their capacitance remained after 10 000 chadggolgarging cycles. An
investigation inb hierarchical CNTs/Mloped porous carbon for enhanced supercapacitor
performance by Zhou et al® showed that the CNTs facilitate rapid ion transfer and
storage during charegischarge processes. A specific capacitance of 2934(F 4 g

1y and high ate capability (207 Fyat 30 A g') was shown by the CNTs/Moped porous
carbon composite. Treymmetric supercapacitors had an energy density of 27.46 Wh kg

L at a power density of 874.98 WkdDue to their excellent electrical and electrochemical
properties, transition metal oxides and CNTs have been synthesized for use in energy
storage and conversion. £ nanoparticles and nanostructures combined with 1D
carbonbased materials are a promising option for supercapacitor electrodes. The
composite naomaterial is easily controlled in size and shape and has a high theoretical
specific capacitance and good redox performafi€ellowing an acid treatment ofulti-

walled carbon nanotub@IWCNT) and insitu breakdown of Co(N§) in n-hexanol
solution at140 °C, Shan et al! formed a MWCNT/CgO4 nanocomposites. The specific
capacitance of the MWCNTs/@0s composite was 200.98 Fgwhich was higher than

the specific capacitance of pure MWCNTSs (90.1%: g

Chang et al3® synthesized a corshellshapedpseudocapacitive anode material by
electrochemically depositing PPy on electrochemically prepared CNT films. The
volumetric energy density of the asymmetric supercapacitors with CNTs/PPy and
CNTs/MnQG as the anode and cathode, respectively, was 3.63 mWtac13.86 mw

cm3 with 89.0% retention after 10 000 chamjscharge cycles. When the discharge
current was increased to 40 mA énthe CNTs/PPy electrode maintained 75.2% of its
capacitance (965.3 mF c¢iat 1 mA cn¥). The CNTs/PPy capacitor maintaih89.1%

of its initial capacitance after 10 000 chaxjscharge cycles?
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Activated carbon (AC) is characterized by a large surface a®@6(2f gt), making it

the most commonly used electrode material for supercapacitors. A number ofgenbon

raw sources, including wood and coal, are used to create AC, a carbonaceous substance.
In supercapacitor application, the carbon atoms in the activated carbon are
inaccessibleéo the electrolyte ions as shown in figure 2.11 (a), thus its specific
capacitancés limited. Chengt al.*® described singlevalled carbon nanotube (SWCNT)
composite film as aaxcellent option for applications requiring eneggficient materials

due to their improved charge transfer channels and greater electrical conductivity. Figu
2.11 (a) shows the SWCNT stacked in bundles. The cyclic voltammogram (CVs) for
different electrode materials made of CNTs, graphene, and their composite in the aqueous
and organic electrolyte are illustrated in figures 2.11 (c) and (d), respectieelgcan

rate of 10 mV 3. The electreactivation phenomena used to enhance the electrode surface
area after chargindischarging cycles were schematically displayed. Before cycling
figure 2.11 (e), graphene layers tend to restack, however, after a lolg liégc
intercalated ions separated the graphene sheets figure 2.11 (f), increasing the surface area
accessible for electrolyte ions and, as a result, improving the material's capacitive
behaviour3® The fabricated graphene/CNT supercapacitor electedebiteda specific
capacitance of 290.4 Fldn a twoelectrode system, amhergy and power densities of

62.8 Wh kg' and 58.5 kW kg, respectively, which are 23% and 31% greater than with

a pristine graphene electrode in an organic electrolyte.
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Figure 2.11 (a) AC illustrating ion adsorption at the surface of the micropores
accessible to the electrolyte ions, (b) SWCNT, (c and d) cyclic voltammograms (CV)
for different electrode materials made of CNTs, graphene, and their composite in the
aqueous andrganic electrolyte at a scan rate of 10 miyrespectively. (e) Before

cycling, graphene layers tend to restack, (f), increasing the surface area accessible for
electrolyte ions®

For supercapacitor electrode materials, graphene and its poroudsvariawvide many
benefits*° High surface area, improved ion/electron transport, better material loading per
unit area of the substrate, and higher mechanical flexibility/stability during repeated
chargedischarge are some of its most essential qualittesccording to Xing et al*?,

humic acid can be carbonized with an oxidatxfoliationrthermal reduction to produce

high surface area graphene nanosheets. The supercapacitor electrodes displayed a specific
capacitance of 272 Flgat 50 mA ¢') with an energy density of 6.47 Wh ®@nd power

density of 2 250 W ké The electrode maintained 96.5% of its initial capacitance after
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8000 chargalischarge cycles. To synthesize graphieased SCs, Xie et df combined
conductive polyoxymethylene (POM) Wigraphene nanosheets. The cycling stability of

POM)/graphene nanosheets significaimiigreased when compared to pristine graphene
nanosheets.

In-plane flexible micresupercapacitor electrodes supported onto photographic paper via
in-situ femtosecond laseeduced GO/Au nanoparticles were reported by Li éf.dh a

single step, the laser treatment reduced the hydrated GO and HAuCl4 while also
patterning the rGO electrodes and creating the Au current collectors, as illustrated in
figure 2.2 (a). A lase-written rGO/Au micreSC with a triangleshaped crossectional
structure of microelectrodes is shown in the SEM image in figuz @)1 Figure 2.2

(c) shows that as the scan rate of the constructed flexible #sugrercapacitor increased
from 0.1 V s'to 100 V &', the specific capacitance exhibited were 0.77 m# and 0.46

mF cm?, respectively, and hadrate capability of 50%.
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Figure 2.12 (a) Schematic illustration and images of rGO/Au micro supercapacitor
fabrication. (b) SEM image of the intégidated 5layer rGO/Au microelectrodes and (c)
areal capacitance as a function of scan féte.
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2.4.2.2Metal oxides

Transition netalsoxides that are originated froRu, Co, Fe, Ti, V, Mo, and Nbave also

been investigated as prospective electrode nadgewith the results indicating that they
store more energy than carbbased electrode® Theyarepseudocapacitive in behavior

l.e. there arefast and reversible faradaieactionsat the electrode surface
combinationwith the nonrfaradaic elettic double layeformation Numerous oxidation

states are known to exist at certain potentials in oxide materials, and choosing materials
with numerousstahlity states withina given electrolyte's potential windowenables
maximal capacitancdzurthermoe, the high conductivities of crystalline metal oxides

allow charge propagation via the lattice structures of thin surface |&yers

Hydrous Ru@ have surpassetie specific capacitance of carbon materials uEDgC

charge storagmechanismRuC; has a déwer ESRvalue in comparison tocarbonbased

and conducting polymebased compoundsThis enables high reversibilitylarge
capacitancandhigherelectrochemicallgtability. ! However, Ru@has a high cost when
compared to its competitors, which are &ygcarbon and polymer materialBhe high
intrinsic costpreventsthese supercapacitors from reachitsgmarketuse Substantial

work has gone into developing production processes and composite materials that will

lower the cost of Ru@while maintainingts characteristicg: 134

The various oxidation states displayed by Ra@ Rd*, Ri** and R3" and its reversible

redox reaction follows equation (2.11) beldW
Yo 0 Ow 10 1Q 2z YO | 0OOw | mM C (2.1)

Manganese oxidas their various formgMnOx or MnkOy) have been heavily explored
in several energy storage applicatiqne batteries and supercapcitor€pompared to
other metal oxides, they aftee mosenvironmentally friendly and are easydynthesize.
In all the instanes where Mn@ have been useds an electrode material in
supercapacitors, it has shown improved performanddey are known to exhibit
pseudocapacitance due to the redaxdformation®f interfacial oxycation speciestm
different oxidation statgsnamely Mi* to Mr?*, Mn** to Mn**, and Mi#* to Mn** in a

voltage window ofqueous electrolyte4® Charge storage for MDx occurs in two ways,
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(1) surface adsorption of electrolyte cation*8Na’, K*, Li*) on MnQ, as shown by
equation 212 and(2) throughproton intercalation in equatisii2.13 a and bpelow;*°

(MNOy) surfacet M™ + & 2 (MNO2- M™) surface (212
Positive electrode

MnOOHz Hix MNO2+1H " +1H"+1e (0 <t <0.5) (2.139)
Negative electrode

MnO;+1H"+1ez MnO2(0<1 <0.5) (2.13b)

Generally MnOx electrodes have poor conductivias electrode material§hus a
suitable componersielectiorand reaction methods to buddmposite structures withe
rational designs keyin electrochemical properties. The synergistic effect and unique

structure othe composites should hesed to itdull advantages*’
2.4.2.3Polymers

As dternatives to transition metal oxides, pseudocapacitds® make use aonductive
polymers CP9. The most commonly usedPs includeoolypyrrole (PPy), polyaniline
(PANI), and polythiophenéPTS. * The major advantages oEPsarethe large specific
capacitance, high conductivity, low cost avetsatility of structuralconfigurations.*®
Possible deviceanfigurationanclude(i) a symmetric supercapacitor basedgrdoped
CP, (i) an asymmetric supespacitor based on twogopedCPs that are dopabks
variouspotentialwindows or (iii) a symmetric supeapacitor with go- and nrdopedCP.
In terms of energy and power density, the latter design appears to be the most promising.
These electrodmaterialshave been disadvantaged by their inabtityobtain efficient,
n-dopedCPs.*® The chargalischarge process of polymelectrodes is similar to that of
batteries in that it involves the insertion and removal of @oping de-doping) A
polymer is reversibly oxided and reversibly reduceédl this processasillustratedby the
equationdn figure 2.13. The cycling of theelectrodes leads to@ntinuous change in
physical structureand ultimately, adegradationin performance These factors have

hindered the wide use dEP basedpseudocapacitorgn application Recenly, CP
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electrode material researchin supercapacitor afipations is directed towardshe

development ohybrid vehicles®
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Figure 2.13 Schematicshowing the pand rdoping/dedoping processes in
polythiophene?®

2.4.2.4Composite

A supercapacitor from a composite material often entaitsmraon relatednaerial
coupledwith either aconducting polymeor metal oxiddan fabrication ands later cast
on a single electrod®epending on the material types, composite electrode materials

effectively offer both EDLCs and pseudocapacitor energy storage mechahisms
2.4.2 . 5Asymmetric

Thesedevicesemploy one electrodbased on a&arbon materialvhich its chargeis a
capacitive mechanisnwhile the otherelectrode isither a conducting polymer onetal
oxide and stores chargea FaradaicprocessesThey offer the advarages of longerm

stability and inexpensive cost.
2.4.2.6Battery type

A batterytype supercapacitor is constructed wéhtypical supercapacitor electrode
material on one electrod&hile the other isa typical battery electrode material i.e.
lithium, sodium potassium magnesiunetc. This configuration desigintends to close

the gap between batteries and supercapagitithsregards tenergy and power density
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The achieved power and energy density raxpggoximateljpetween 0.130 kW kg* and
5-200 Wh kg, respectively. Thisnethodncorporateshe cycle life and charggischarge

times of a supercapacitSf.
2.4.3Electrolytes

An electrolyte isa critical function inion mobility and balance between the two
electrodes® Supercapacitoelectrolyte aredividedinto three categories namelgnic

liquid (aqueous and neaqueous)solid state andorganictypes. Due tothe low dynamic
viscosity of aqueous electrolytes, their conductivity is often higher than that ef non
agqueous and solid electrolytekhe cacentration of free charge carriers (cations and
anions) and charge transport propertiase the main influences otne electrolyte
conductivity. These two parameters are also influenced by the salt's solubility in the
solvent and the degree of dissociatmr pairing of the dissolved salt ianhus, the
conductivity () of species ‘Q is directly correlatedto the ionic mobility { ),
concentration of charge carriegs ), elementary chargé&) and magnitude of valence of

the mobile ion charges{ as shown by the equation in (2.12);
, B& aQ (2.14)

Electrochemical stability of electrolytes is established through a potential window study
exercise Aqueouselectrolytes are restricted by théhermodynamic electrochemical
properties of waterapprox.1.23 V)and begin to decompose when the potential window
exceeds 1 VThe most frequently usaajueous electrolytsolutions in supercapacitors
arepotassium hytbxide (KOH), sodium sulphateNaSQs) andsulfuric Acid (H2SQu).

The hydrated cationic radius and conductivitpupled withtheir effect on charge/ion

exchange and diffusicare the main attributes for their common.ide

Solid stateelectrolytes strivéo merge the electrolyte and separator functions into a single
component, reducing ttietal number of components & supercapacita@nd increasing

the potential window due to the matrix increased stabiilyen these are employed, the
separator must basoluble in the electrolyte and have sufficient ionic conductiVihe

most commoly usedsolid state electrolytes are based on polymers such as polyethylene
oxide (PEO), polyinyl alcohol (PVA), polyethylene glyco[PEG), etcThese can be in
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the following three different formssolid polymer electrolytes (SPEs), gel polymer
electrolytes (GPEs), and polyelectrolyt&s.

As an alternativeprganic electrolytederived froma quaternary saland dissolved in
organic solvergsuch as acetonitrile (ACN) orgpylene carbonat@C)have been used
The operatingpotential windowof an organic electrolyteean exceed.0 V which has
significantlyenhanced thenergy densitpf supercapacitorsy 4x foldsin relationto that

of aqueous electrolyte¥hesebenefis have been the main driver for receasearch to
adoptorganic electrolytes. Howeven some casesrganic electrolytes mastill have
low conductivity,resultingin a risein the ESRIn applications where power density is a

critical requirementyesigivity is a limiting factor >3

The high conductivityand adequate electrochemical stabilége important to consider
when selecting an electrolyte allow the capacitor being operated to reach the highest
possible voltages. The appropriate electroligechosen according to the intended

application of the supercapacitétl->*
2.4.4Separators

The main role o&separatoim an electrochemical ca#l to preventontact between both
electrodes antb allow electron transferThe type of eparatorused in supercapacitors
contributes to its overall performancethrough a mechanical strength that ensures
durability and limited migration of particles overtim@eparators must be compatible
with thetype ofelectrolyte.For instance, in cases whenganicelectrolyteshave been
usedpolymerandpaper separatoese idealWhereasin aqueous electrolyteglassfibre

and ceramic separatorare most effective The most favorable separatppssesses

chemical resistareto corrosion by thelectrolyte and elctrode degradatidoy-products
54

2.4.5Applications of Supercapacitors

The applications of supercapacitorare countlesbecausehey are cost effective and

environmentally friendly energy storage degceTheir use ranges from small scale, for
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exampe mobile phones or as backup power sources up to electric vehicles and industrial

applicationsasoutlinedin figure 2.4.

“Environment-Friendly”
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Flashlight Solar Watch

&e

Remote control road sign Solar Energy

Figure 2.14 Current applications of supercapacitGfs

Supercapacitordhave largely penetrated the markeis devices with large power
capabilitiesfor energy storage systembhey are used farninterruptible power supply
(UPS) systemseitherindividually or in tandem with batteries as a hybrid UPSjher
applications includdransmission linesportable electronicstenewable ath off-peak
energy storagemicrogrid and micregeneration adjustable speed drives (ASDSs)
aerospace applicationsybrid electric vehiclesmedical devices, electronic fuses in the
mining industry and smart weapor&upercapacit@r aremost usedn electic vehicles
simply becausef an appreciable amount of enengguiredduring acceleratiothatis
regained during deceleration or brakifddne low ESR associated with supercapacitors
enablegshemto be chargeat a very high current. Tis, supercapacitorare suitedfor
regenerative braking applicatiotizat requirea high charging current profile to absorb
brakingenergy.This phenonenonis unlikely for batteriesvith a characteristibigh ESR
value, in which case thecurrent must beminimized to avoid owerheatingof the
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electrochemical cellTheinitial intent was to ussupercapacitorsn a combined power
source configuratiomo boostfuel cells and batteriesUpon further developments, the
device has beeimdependently adapted applications with higlpower demanslwhich
both fuel cells anelectrochemical batteries are not well suif®d® They considerably
extend the life of batteries when usegarallel Forinstance in mobile apps, the usage
of a batterysupercapacitohybrid connection has pven advantageous for rdime

expansions>®

2.5M0S:2 as an electrode material

Molybdenum disulphidgMo0S;) based electrodes have demonstrated higher energy
density and power capabilities, which candseribed to itdarger theoreticatapacity
comparedd layered graphene and higher ionic conductivity thansition metal oxides

80 MoS; has beervery important inimproving energy storage capabilities of-ibin
batteries and supercapacitors in recent yearbloS; is amongst the most common
transition netal dichalcogenides (TMDC&mily, which are semiconductors of the type
MX2, where M is a transition metal atom (such as Mo or W) and X is a chalcogen atom
(such as S, Se or Te$?%* TMDs arrange temselves in various crystalliierms, but

only the Mo and W compound®rm a 2D layered hexagonal crystal stuwe. As can be
seen in figure 28 (@). MoS; is a layered material in which eabfo atomic layeris
sandwiched between two S atomic layewbich are covalently bondedhe adjacent
layers are camectedthroughvan der Waalteractions in a structurally similar manner

to graphite® This presents an advantage of storing enéjgysing the highly accessible
high surface area for charge accumulation needed iniedaoublelayer capacitors,

and (ii) redox properties viantercalation of ions into MaSlayers at the interface

accompanied by faradaic chasgansferobservedn pseudocapacitor&*©®

Mo$S; crystal structure can exist threeforms of atomarrangements namely, AM0S,,
2H-M0S;, and 3RMo0S,, seefigure 2.5 (b). ' The 2H and3R types of Mo% have
semiconducting propertieand both of them haviigonal prismatic coordination (the
stacking sequences are ABd ABC, respectively)The vast majority of research is
focused around T and 2H Mog$, given thattheyconvert to each other by electdoping,
annealing, applying strain and electdo@am irradiatingyhich has shown to be highly

effectivein most application®wing to the tunableslectronic propertie® Despite the

37



menticned advantages of Me®ased electrodes, their commercialization in energy
storage applications is still limited by tpeor cycling performancand rate capability
Increasing conductivity via additional carbon or conducting polymers to form a

composite s been investigated by several researcPrers.

65A

Figure 2.15 Schematidllustrationof the crystal structure and optical properbés

MoS;. (a) Top viewof the monolayer MoS (b) Atomic arrangementsf singlelayer

MoS;: trigonal prismatic (2H)hombokedral symmetry (3Rand octahedral (1T§?

Over the pasiecaderesearch reports on Mp®ith various morphologies as an electrode
material in electrochemical energy storage have largely multigfigdorder to improve

the electrochemical performangEMoS; various synthesis strategies have been explored
which have led to the discovery of nanoparticfgsnaneflowers 7°, nanotubes’
nanoboxes? spheres’® and hollow nanosphere& 5. Some of these morphologies are

displayed in figure 28 togethe with their various synthesis methods.
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Figure 2.16 The schematic illustration of the preparation methods of M®S

2.6 Metallophthalocyanines (M-Pcs)

M-Pcs are the most researched macrocyclic organometallic functional mat€hals.

metal ion is symnetrically surrounded by four nitrogen atoms in the molecules' planar

geometriescommonly referenced as, transition metahidcrocyclesas shown idigure
217.°0wi ng to their macr ocy c-kystemsnvRaexhibi
unique prperties that make them attractinemany fields such as electro catalySiand
sensing’®, electrobiouromic ’° and electroluminescent display devié&diquid crystal
display device$?, photodynamic theragi?and other photosensitisation procesSesd
in the development of energy storage and conversion systems such as féfelaelten
reduction reactioff®, lithium battery® and supercapacitor developméhtThe central
cavity of phthalocyanines is known to be capable of accommodatingifi&Bet
elemental ions, including hydrogens (metak phthalocyanine, #P¢). %

M-Pcs were firstly studied by Yamakt al.® for application in lithium batteries as a

cathodematerial The best capacity was reported for the FePc variant as kg %oy

discharging at 1 mA. However, the high capacitance could not be sustained due to limited
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cycle life, poor conductivity and high solubility in electrolyte solutihin a recent
patent, Chen etl. ° suggested the use of a protectivechnductingmaterial to cover
phthalocyanine compound so that it is not in direct contact with the electrolyte. The results
showed a much longer cycle life, high cathode specific capacity and best energy density
for a rechargeable lithiusion battery cell In anotherstudy, Jahnke et &t improved
thermal stability as well as the electrochemical activity of transition metal porphyrins
deposited on a carbon support by a pyrolytic heat treatment step in the range from 450 to
900°C in an inert atmospheréfter the heatreatment, these centers are attached to a
conductive carbon matrix as opposed to the precuf$mse findings suggest thidte
synthesis of MPc with materials that have complementary properties to form a composite

arekey in achieving effective improvesnts on their electrochemical performance.

C Hydrogen

© carbon

© Nitrogen

© Metal= Cu, Ni, Co, Fe, Mn

Figure 2.17 Schematic view of enolecularstructure of phthalocyanine, where M in the
centre of the macrocycle represents the metal'fon.

2.7Fundamentals of Electrospinning

Electrospinning is perhaps the rhogersatile technique for the fabrication of ene

dimensional nanomaterial® Nanofibres obtained from the electrospinning technique
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may vary in dimensions from submicron down to nanometer diameters. Nonetheless,
electrospunfibres have been shown to ekit many useful chemical and physical
properties >3 A typical electrospinning setup is shown in fig®&d8 and consists of a

high voltage power supply, usually ihe kV range, thesyringeand thecollector plate.

949 In principle, a potential is apipld across a syringe and a collector such that the
interactions of the electrical charges induce a pendant droplet on the polymer solution at
the tip of the needlélhe electrostatic repulsion causes the droplet to elongate and form
a Taylor coneAs the intensity of the electric field increases, the repulsive electric forces
overcome the surface tension and eventually a charged jet of a polymer solution is
continuously stretched out. The instability in motion of theefibesulting from the
electric fieldcauses a whipping process leading to the evaporation of the sdllvasfa
solidified uniform thin filve is accumulated on the grounded colle6Fhe main drivers

for the diameter and morphology of theréb are; (i) the intrinsic properties of the
solution (polymer type, viscosity or concentratisolvent, elasticity etc.) (iiye distance
between the syringe and the collector, and (iii) the feed rate of the polymer solution.
Moreover, humidity and temperature of the surrounsiamg additional vidables that may

also play a role in the morphology and diameté&r%°

Polymer-based solution Collector
\ Q m‘a
i b w

\
Injection  Syringe Charged \é
pump jet

High Voltage S

Figure 2.18 Schematic of an electrospinning apparatits a horizontal setup®
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CHAPTER THREE

EXPERIMENTAL APPROACH

This chapterdescribesthe experimeral apparatus,precursor materials, synthesis,
structural/chemical modification pathways depth, and provide background
information on performance testingnethods A comprehensive description of
experimentdor studiespresented from chaptéour throughto seven The experiments
for this studywere conducted at the University of the Witwatersrand, Johanneasbdrg

at theCouncil for Sientific and Industrial Resear¢@SIR) in Pretoria, SA

3.1 Materials

3.11 Precursor materials
The purchasedhemicalsarelistedin table 3.1 andhey allhada purity above98.99%.
Distilled deionised water (18 W.cm) wasusedfor the synthesis and fabation of the

electrode materials.

Table 3.1Chemical used for material synthesis and device fabrication.

Category Chemical Name Source

Synthesis ofibres Polyacrylonitrile(PAN) Sigma Aldrich
Dimethylformamide (DMF) Sigma Aldrich

Conductivecarbon | Nanodiamond (ND) NaBond

Technologies

FePcsynthesis Iron (1) Phthalocyanine (FePc) Sigma Aldrich

Mn2Os synthesis Potassium permanganate (KMy)O | Sigma Aldrich

Mo$S; synthesis Sodium molybdate dihydrat Analytical Reagent
(NaeMoOJA 2:6)
Polyethylene gicol 1000, PEG | Fluka Analytical

1000)
Thiourea CH4N>S) Sigma Aldrich
Fevacancies Hydrochloric acid FHCI) Associated Chemice

Enterprises
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Washing Absolute ethanol@;HesO) Associated Chemice
Enterprises
Fabrication ofactive | N-metyl-2-pyyolidone (NMP) Sigma Aldrich
electrodematerial Carbon Black PRINTEX XE-2-B
Polyvinylidene Fluoride (PVDF) MTI Corp
Electrolyte Sodium sulphate (N&Qy) Sigma Aldrich
Current collector Aluminium foil GELON
Carbon paper GELON

3.2 Material Synthesis

The setup and geometry used in the electrospinning prazefilsresis demonstrated in
figure 3.1.The distance between tineedletip to collector was kept constant s cm
for all polymer solutionOther parameters such as voltage &ed ratevariedbetwea
8-10 kV and 0.41 mL/hours respectively,depending on theffect of thepolymer
solution properties These were(i) concentration, (i) molecutaweight, (iii) viscosity,
(iv) surface tensignand finally (v) conductivity. The method of electrospinniisg

thereforediscussedn detail for eaclof thepolymer solutions

Figure 3.1 Schematishowingelectrospinningetup used for synthesisfdires(OLC-
PAN, FePePAN and FeP®©LC-PAN).
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3.2.1 Synthesis of OLC, OLC-PAN, OLC-CNF and OLC-CNF@Mn203
composites
This fction describes the synthesisthefibre composite materialiscussed ithapter

four.

3.2.1.10LC synthesis

Nano diamond (ND) powder was poured into a closed lid cylindrical graphite crucible
(10 cm in diameter and 20 cm in height) and thermally treated iatereooled high
temperature vacuum furnace with tungsten heaters (Model:-338®W1, Thermal
Technology Inc.). The ramp up and ramp down rates were both 15 °C/min and the
chamber pressure ranged within 10 and 100 mPa. ND powder synthesis was performed
at 1300 °C for 3 hours in an argon flow of 1 L/min resulting in OLC nanoparticles with

an average diameter of 5 nm. Microstructural analysis was completed prior to subsequent

use in electrospinning experiments.

3.2.1.2Electrospinning OLEGPAN

OLC-PAN nanofibres were synthesized as follows. Firstly, 2g@©@LC and 2g of PAN

were dissolved separately in 15 nof N,N-Dimethylmethanamid¢éDMF), then mixed
together and stirred for 2obrs at room temperature. The mixture was further sonicated
for 20 minutesn a bathultrasonicator(30 kHz)to allow for homogenous dissolution.
The resulting polymer solution was filled in the syringe to carry out electrospinning. The
electrospinning was carried out at a feed rate of A.hoursand 15 cm distance from

tip to collector plée. The potential difference between the tip and the grounded plate was
10 kV. The collected fibres were immersed in water overnight (~a@sh to
remove/extract the solvent (DMF) and finally dried in oven at®®&@or 2 tours.

3.2.1.3Stabilization and carboration offibres

The electrospun material was annealed in a horizontal furnace with a quartidlathe
with argon gas at a rate of 100 mL/miimstly at260 °C for 3hours for stabilizatiorand
secondlyat 600 °C for4 hours for carbonization to obta@LC-CNF.
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3.2.1.4Synthesis dDLC-CNF@MnOs

Integrationof Mn.O3 nanoparticles witthe OLGCNF was achieved bglispersion othe
fibresinto KMnOs solution at 60°C. The weight ratio of OLE&CNF to KMnO4 was 1:1

(1 g each)n 30 ni of deionized water. The reactiowas vigorously stirred until the
residual solution urned golden brown. The resultingn.Os decoratedOLC-CNF
compositesvere rinsed with water threnes followed by ethanol to remove by product.
Finally, OLC-CNF@MnOs composite materiaivas obtained Y vacuum drying in the

oven at 60 °C overnight.

3.2.2 Synthesis ofOLC-CNF/Mo0Sz and OLC-CNF/MoS2@Mn203 composites
This section describes the synthesis of the fibre composite material discuskegtar

five.

3.2.2.1Encapsulatiorof MoS on the OLCCNFfibre support

Approximately50 mg of the stabilizedand carbonizedDLC-CNF material (refer to
3.2.23) were immersed in 70 Imof deionized water containing 0.2 g sodium molybdate
(NaeMoO42RH0), thiourea (0.4 g) and PEBO00 (0.1 g). The solution was left to soak
for 12 hours to allow proper soaking. The mixture was transferred to a Tlafkmh
stainlesssteelautoclaveand heated at 180 C for 2¥wurs OLC-CNFHMo$S; fibre was
collected by centrifugation and dried in the vacuum oven at 60 ° C.

3.2.2.2Mny0s integrationon OLGCNF@MoS

The decorationf OLC-CNFMoS; with Mn2Os nanoparticlesvas achieved bglispersiry
thefibresin aKMnO4 solution at 60C. The weight ratio oOLC-CNFMoS; to KMNnOs
was 1:1 in 30 ml of deonized water. The reaction was vigorously stirred undéiiréssidual
solution turned golden brown. The reguytMn20Os coated OLC/Mo&CNF composites
were rinsed with watehtee times followed by ethanol to remove any by prodtioglly,
OLC-CNFHMoS:@Mnx0s fibre compositevas obtained by vacuum drying in theeovat
60 °C overnight.
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3.2.3 Synthesis ofFePcPAN and FeNi-CMF
This section describes the synthesis of the fibre composite material discuskegtar
SiX.

3.2.3.1Electrospinning FeP®AN filre

FeR-PAN nanofibres were synthesized as followSirstly, 2g of FePgowderwas
dissolvedin 15 ml of DMF and in another beak&g of PANwas dissolvedn 15mL of
DMF. Upon stirring each of the solutions forhdursthese were mixed together and
sonicatedor 30 minutesin a bath ultrasonicator (30 kHa) room temperatur® allow
for homogeneous dissolutiohhe resulting solutiowasthen filled in the syringe to carry
out electrospinningas shown irfigure 3.1. The electrospinning was ciaa out at a feed
rate of 0.4 mthoursand 15 cm distance from tip to collectolate. The potential
difference between théptand the grounded plate wak¥8. The collected fibres were
immersed in water overnight (~bdur9 to remwe/extract the solvent (DMF) arfohally
dried in oven at ~6€C for 2hours

3.2.3.2Stabilization and arbonization of FeP&PANfibre

The aselectrospun material was annealed using a rstdp heatreatment in a
horizontal furnace with a quartz tube filled with @nggas at a flow rate of 100 nwhin

for 7 hours Multi-step heat treatment consisted of stabilimastep aR60 °C at a rate of
1 / mi n oufsofallowed byh carbonization a600 °C for 4 hoursto induce

microspores antbrm FeN--CMF.

3.2.4 Synthesis of FeNs-OLC-CNF@Mo0S: and (FeNs)d-OLC-CNF@MoS. fibre
composites
This sectiondescribes the synthesis bktfibore composite material discussedahapter

seven

3.2.4.1Electrospinningof FePcOLC-PANfibre

Firstly, aFeR-OLC-PAN nanofibrewassynthesized. 2g of OLC, 2g Fe&nd 2g of PAN
were dssolvedn separate beakers with mL of DMF solvent. Each solution wgatirred
for 2 hours at room temperatutgefore mixing into one slurry of OLC, FePc and PAN in

DMF solvent The mixture was furthepsicated for 8 minutes to allow for homogenous
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dissolution. The resulting polymer solution was filled in the syringe awycout
electrospinning. The electrospinning wasrieal out at a feed rate of 1 riloursand 15
cm distance from tip to collector plate. The potential difference between the tip and the
groundel plate was %V. The collected fibres were immersed in watgernight (~12
hourg to remove/extract the solvent (DMF) and finally dried in oven at ~®dor 2

hours
3.2.4.2Stabilizationand carbonization

Theelectrospun materiabove was thermally treateda horizontal furnace with a quartz
tube filled with argorgas at a rate of 100 rfrhin for 7 hours Multi-step heat treatment
consisted oR60 °C, 3 hoursfor stabilization and00 °C, 4hoursfor carbonization to
obtainFeNs-OLC-CNF composite

3.2.4.3Synthesis of A&y-OLC-CNF@Mo$S and (FeN:)¢-OLC-CNF@Mo$S

A 0.419 of theneat treated Fé&-OLC-CNF was sonicated in 40 ml denised water for

30 minutes and sodium molybdate {N@Os2H.0, 1.219), thiourea {.56g) and PEG

1000 (028 g) were added. This solution was transferred Tefton insertof astainless
steelautoclave and heated for 24 hours at 180 °C. After cooling to room temperature, the
samplewas collected by centrifugan to obtain thé&-eN:-OLC-CNF@MoS composite
FeN:-OLC-CNF@Mo$S samplevasimmersed irconcentrated HGindultrasonicateat

30 kHzfor 30 minutego remove FeDuring which,Fe reacted with Cl to form Fefas
evidencd by thesolution turring yellow. The final productvascentrifuged, andried in
anoven at 60°C for 24 hours. The final product waspected to b&ighly porousand

defect rich thus is denoted (FeNs):-OLC-CNF@MoS.

3.3 Characterization techniques for supercapacitorelectrodematerials

3.3.1X-Ray Diffraction (XRD)

XRD had been used to assess the structural properties of fibre composite materials using
a Bruker Lynxeye PSD diffractometérypically, X-ray is useful for unit cell dimension

and ascertainingthe level of crystallinity onmaterials The analysis is based on
constructive interference of morfwomatic X%rays with a samplée. During analysis a
sample is bombarded with-pays and a constructive interference o¥a¥ radiation

occurs in the mater i aihequatos (3d)escri bed by Br a
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¢ _ CQOENt phgho (3.1)

where n is an integer, & is the wavelength
two planes in the atomiattice, and is the angle between the incident beam and the

scattering planes.

With a mortar and pestle, the fibre composite samples were gently crushed and carefully
placed into a Si sample hold&achsample wadlattenedwith a glass sliderior to being

placed inside the instrument. TRK&KRD patterns wer@roducedhroughout he 2d r ange
of 10-90° at room temperaturesinga Co radiationwith & =1.78897 A.The OriginPro

8.5 program was used for qualitative phase analysis.

3.3.2Brunauer-Emmett-Teller (BET)

Thesurface areand poe size distributiorof thefibre compositesveremeasured using

the Micromeritics Tristar 30000f the Brunauer Emmett Teller (BETipstrument BET
techniqueelies on the adsorption of nitrogen gas ontcstiréace particlchomogenously

at a given pressuré. Prior to analysis, samples were degassed in order to remove
unwanted vapours and gases adsorbed on the surfameldast fouhours at 1500 in

a heating mantle.
The surface area was determined by the fundamental BET eq(fafipn

w representghe weight otheadsorbat&reatinga monolayeof surface coverageo ,
is the weight othe gas adsorbed at a relative pressti) , andd, is the BET constant
and is related to the energy of adsorption in the first adsorbed laybenodits value
indicateshe magnitude of the adsorbedsorbate interactionsThe findingsfrom BET
analysis are crucial for understanding the eleetooncurrent density effectaind
diffusion at the electrodelectrolyte interface
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3.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive Xray
Spectroscopy(EDS)

The SEMwas usefulin recading the morphologylisplayed bythe fibre composite.
Fundamentally, a®EM instrument makeaseof a beam of electron&at hit theatoms
in the sampleandforms an imagewith the secondary and backscattereztbns ® In
this study, the powder samples wenemogeneouslgispersedn adoublesidedcarbon
tape and supported on a metallic disc stbbsequently, the fibs compositesvere
encapsulatedith a 10 nm layerthicknessof a gold-palladiumand carbortoatto reduce
charging interferencevhile imagingin the SEM The instrument model used for this
study is theziess Ultra Plus 55 field Emissiort@&ningElectron McroscopgFE-SEM)
and isoperated at@kV.

The demental compositionf the samplesvasquantifiedusing the Oxford INCA EDS
softwareattached tahe SBM instrument Briefly, elementakompositionwas atained
due tothe electron beam interamn with the sample anX-rays with similar properties
of the elements presautby thesampleThechemicalcompositiordata wagjualitatively
and quantitatively obtaimfrom boththeareamapand point scaanalysis
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3.3.4Transmission Electron Microscopy(TEM)

In TEM analysis a fraction of an electron beam is transmitted after it is focused on

specimenand forms an imageas illustrated in figure 3.3Thei n st r uaiwedt 6 s

capabilities enable for significantly better resolution directed pictures of nanomaterials

than light microscopyParticle size distribution andrystallographic inform@on are

examples of additional datbtained using the TEMPrior to analysissamples were

sonicated iranethanolsolutionfor dispersion andriedonto the lacey copper grigtach

sample was put on a sample holder and inserted into the apparatusvesingrsThis

studymadeuseof the FEI Tecnai T12nodeloperate at an acceleration voltagexofi20

kV.
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Figure 3.3 Schematic diagram of a typical TEM
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3.3.5Thermogravimetric Analyzer (TGA)

TGA determines the thermal stabilifye. the strength of # material at a given
temperatureand theoxidative stabilities.e.the oxygen absorption raté materials and
the compositional properties.{.solventsfillers, polymer resiretc) of a sample. This
is done by measuring the quantity and the frequenthe weight variation of the samples
against temperature and time in a controlled atmospHermperaturein a TGA
instrumentcanincreasaup to about1600J0 whereaghe heating rate can be set from a
range between 1 and 20/min. The material be&ig examinedould be either in liquid
solid or gelforms and haveveightvariationsfrom as small as 1 to 100 mg, up to 100 g.
Graphical data igsuallyplottedwith a derivative thermogram (DTG) curvediul better
understanding oresolution ofsuccessie weight changes. The DTG curve can be
extracted from the TGA curve data by deriving the weight data as a function of
temperatureThe schematic in figure 3.4 illustrates the-getof the instrument and the
information extracted. For thisstudy, PerkinElmer TGA 6000nstrumenwas usegand
test was conducted undagh-purity nitrogen at a heating rate of A/min and gas flow
rate of 10 mL/min

Weighing mechanism
|

l

Weight

Furnace - ‘ ; ‘ Temperature < l]

Sample Display Tare
| Temperature
programmer
Gas Gas

Figure 3.4 Schematic diagram of TGA instrument.
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3.3.6Raman spectroscopy and Fourier Transform Infrared spectroscopy(FT-IR)

Raman and FIR spectroscopies have both shown to be effective-dastructive

characterization methods for studying amorphous and crystalline substances.ifi detail

Raman measurements were obtained usingBtinger Raman Senterrgectrometer,
equippedvith a 532 nm excitation lasérhe incident beam was focused onto the sample
using a 100 objective (NA = 0.90), and the backscattered light was dispersed onto a fluid
nitrogen cooled charge coupled device (CCD) camera through @&30dar millimeter
grating The information was captured utilizing LabSpec v5 softwHne. method works

by scattering monoecbmatic light from a laser in an inelastic manfdre energy of the

laser photons is pushed up or down as a result of the interadtlight with molecular
vibrations in a specific systermhis unique shift in energy is what generates information

about a system's vibrational modes.

FT-IR spectraof the fibre compositesvere producedusing the Bruker Tensor 27
equipped with ZnSe cria. Thedata was collected in tiveavelengthrangeof 550-4000

cmd. Prior to running an actual sample for a single beam measurement, a background
spectrum is obtained. FIR used the same fundamental concepts as Raman analysis to
provide precise informatn on bonding and coordination of tlilere compositenaterials
Ramananalysigprovided information on the vibration of/8o-S atoms and approximate
layer thickness that is largely dependent on theakd A4 peak frequencies, intensities
and widthson MoS; containing samples® Mn-O-Mn asymmetric and symmetric
stretching oubf-plane bending modewvere identified in the M#Dz nanoparticle
containing samples$.The tpical D and G vibrationdemonstrated by the carbon fibres
and OLCwerealso detected ithe spectraThe area ratios of the D and ®{O) peaks

were used to measure the extent of structleédcts and disorder in the carbdosthe

carbonaceous samplés.
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3.3.7X-Ray Photoelectron SpectroscopyXPS)

XPSalso commonly refeed to a€lectron Spectroscopy Chemical Analysis (EC3#\)

a commonly used tool for analyzing the surface elemental composition and a chemical or
an electronic state analysis of each element in the sample surface. In this technique, the
sample is bombardewith soft Xrays usually comprised of&lpha Xrays The Xrays
arefocused on the sample (typically3 keV) in a vacuum, and the energy of electrons

are emitted. The energy emitted by these photoelectrons is used to deduce the atom being

bombarded thsiallowing identification of elements.See figure3.4 below.

Electron energy analyser
X-ray Source

hv
photoelectrons
/ ~ \

‘ | K.E.=hv-BE.-¢,.

Sample

Figure 3.4 Schematic diagram of a principle operation of XPS.

The core electrons are ejected by incidesa){ with a kinetic energy of photoelectron,

whi ch accor di ng drioefféct carsbe expreséediasgylation (B | e
10.

O W O - (3.3
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whereO his the kinetic energy dhe photoelectrorQ , is the binding energy of electron
tothenucleus relative to the Fermilev&l s P 1| a n c k & the phatan frequeemcy , 3 i

of X-r ay s spthesgectidmeter work functior?

XPS analysis for thistudywas performed withthe K-Alpha + XPS spectrometer using
monodromat i ¢ Al K U -rqy $otirBedeading ® ¥ Yery Xhallow escape depth
(orinelastt mean free path, | MPF) , o, of phot oe
approximately 0.3t nm depending o . The E scale was calibrated by measuring the

reference peak of C1©( ¢ Y& Q dpand a Shirley function was used to subtract the
background??

3.4Electrochemical Characterization Techniques for Supercapacitors

This section gives details on the basic principles of all electrochemical methods used for

the primary characterisation of all electrode materials in supercapacitors.

3.41 Cyclic Voltammetry (CV)

CV is a powerful techniquesed tostudy redox processés electrode materials. In
supercapacitoelectrods, thisis an integral part fothe charge storage mechanism. In
principle, the voltage applied to an electrode is scatinedrly between two voltage
limits (w andw ) and plottedasa function of the measured current response. The current
depends on two things, firstly, the movemerthefelectrode surface electroactive species
and secondlythe electron transfeeaction. The currentoltage curve is referred to as a

voltammogramand an example is depicted in figure.R:6cording to equation (3.3)

0 8 wé (3.4

The slope of the curve may be used to compigevalue of the capacitance,[F].
However, this is noalways the casespecially in pseudocapacitorateriat where the

Q-V curve is not so lineaPractically they adopt a pattern of parallelogram with
prominentpeaksasdepictedin figure 3.5 According toFrackowiak and Beguiat al.!?

the prominenpeaks are associated with faradic reactions of pseudocapaettnode
materiab and th& porous nature. Thereby, the capacitanagejgendent on the applied
voltage and the accuracy of the linear regression is unsatisfactory. In which case, the

expressionn (3.4)is applied;
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Figure 3.5 Typical voltammograms focapacitors andupercapacitors-2

The scan ratés the pace at which potential changes I this study, CV curves were
recorded at various scan ratetween 5 and 200 m§* to understandhe influence of
scan rate on the capacitance of the electro@iee specific capacitance drops as the scan
rate increasesyhichis explained by the fact that at low scan rates, electrolyte ions have
more time to diffuse and enter into the electrode pdhess enabling the creation of
double layer charge storagkt low scan rate this mechanisadds substantiallio the

total capacitance®f a supercapacitorAn additional characteristicdfeature determined
from theCV analysids the reversibility ofthereactiors on the surface ofreelectrode. In

the case whereeactions argeversible, thecurvesdisplay a mirro image. Whereas

irreversible reactions will result in different chatgedischargeasymmetricaprofiles.

3.4.2Galvanostatic chargedischarge

This is the most efficient test in comparison with the Cke Turrent is controlled and

the voltage is meased as a function of timelt is the most useful electroanalytical
technique especially because it can be extended from a laboratory scale to an industrial
one. It is also used to estimdite relationship between power and energy densities in a

device. Thevoltage variation is explained laguation (3.5)
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o OY ‘OIS (3.6

In supercapacitors the capacitance can be calculated from the slty@e\o¥st curve
presented in figure below.

(a)
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S ©
R el
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T, T, THT, THT#T,
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Figure 3.6 Graphicalrepresentationf current versus time profil@) and potential
versus time profiléb), during galvanostatic charglischarge in supercapacitors®

For a pseudocapacitor, the/st curne is not linear therefore, the capacitaisoealculated

by integratingthe current over the discharge time charge time.

§ —— O (3.5)

whereV: to V2 is the voltage windowC is the capacitanceéthe currentt time andV is

the voltage. It is common practise to calculate the capaeitasing the backward scan
(discharge).

Specific capacitance of a symmetrical cell is calculated using; and power density
0 0Q — (3.6)
Furthermore, the internal resistance is determined from the voltagedrppdcurring

over the cur ratthebeginmng efreach disnhar§édpiresistancealso

referred to as arequivalent series resistan¢ESR) is linked with ion diffusion
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obstructionin the electrode€ SR is keyto gainng insight on the internal chemistand

is determined usinthe equation below;

Y o 3 (3.7)
0 <o 000 — (3.8)
0 p 1o OQ —_ (3.9)
(@ 2 ) |
E;ﬁ [¢ IR drop 0
S o
S 0.5
(D i
@) o

Time (s)

Figure 3.7 (a) Chargedischarge curves &DLCs (1) andpseudocapacitor®), and (b)
chargedischargeexperiments revealing varying internal resistance behavtbu
3.4.3Electrochemical impedance spectroscop{ElS)

The tendency of a circuit to resist the flow of electrical current is measured by its
impedance Compared withr e si st ance, which obeys Ohmos |
circuits impedance has zero phase angled considersthe capacitive and resistive

effects at a particular frequen&imply, EIS analysis is usal for the behavioual study

of the electrode in the frequendgmain A mathematician, Oliver Heaviside deduced

real values of impedance in a temponahee.’? He reviewed in detail the operational

impedance as the complex ratio of the voltage and current in an AC circuit, which is now

defined ag?

o — (3.10)
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where ¢ denotesthe impedanceOs the currentw is the voltage Qs the imaginary
component and is theangulaffrequency( 7  is composed of real and imaginargpd
and ¢0 impedance parts, respectly. Whencas plotted on the Xaxis andidon the ¥
axis of a chart, a "Nyquist Ploshown in figure 3.8s obtained This diagramcan be
groupedinto three segmentdrirst, the high frequency regipwhich is interpreted to
deduce solutiomesistanes Y . Second, thenedium frequency region that shows a
semicircle, reflecting charge transfer resistanceyY  at the electrodeslectrolyte
interfaceandeledric double layer capacitancé (). Third, is the low frequency region
of impedance which relatediffusional electrochemical systems reported by Warburg
EIS principlesarerobust and thushave been implementdxyondresearch application

to large scale productidor the purpose oflectrode materiajuality control.14

There aretwo fundamental equations used to evaluate the real and imaginary
impendences of an EIS experiment. These are presenéggiations (3.11) and (3.12)

and are representative of the Nyquist plot shown in figure'3.8.

o Y — (3.11)

and

c — (3.12)

where
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Figure 3.8 Nyquist plot and Randles equivalent circuit of an electrochemicaleell.

When the frequency of an ideal capacitor increases, ion diffusion transport in the
electrdyte decreases, lowering the resistance and capacitddeersely in some cases

EIS has exhibited capacitance discrepancies between concentrated and diluted electrolyte
solutions. To overcome thedeficienciesa bodeplot with phase angle vs frequenisy

used to determine the capacitive or inductive effects of electrochemical sy$tems.

3.5Fabrication and testingof electrochemical cells

All electrochemical measuremerf@GV, GCD and EISjvere done using aulti-channel
Potentiostat/Galvanostat Blapgic SP300work station drivenby EGLab® v10.40
software. EIS measurements were iegrout in the frequency ran@g®m 10 kHz to 10
mHz at the open circuit voltage with AC voltage amplitude of 1.5 ii\é following
detailshow the electrochemical cells veeassembled for bothreeelectrode (haftell)

and tweelectrode (full cell) systems
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Figure 3.9Imageof multi-channel Potentiostat/Galvanostat Biogic SP300.

3.5.1Threeelectrodesystem

3.5.1.1Screenprinted electrodes

As a preliminarytrial, the electrochemical behavior was initially obtained from kihee
electrode system of screeninted carbon electrodes (SPCEs). These were purchased
from Metrohm SA (B) Ltd. The electrochemical cell was composed ofiad diameter
carbon nanotube (CNT) wking electrode, carbon auxiliary elemtie and ibver/silver
chloride Ag/AgCl) pasteas a reference electrod&n example of a SPCE is shown in
figure 310. Approximately 2 mg of the active material was dispersed in 2 drops of DMF
and the mixture soniocad for 15 minutes. A glass pipette was used to deposit 2 drops of
the mixture onto the working electrode followed by dryingmoven for 2 minutes at 60

°C. The electrodes were then connected to a DSC box from DropSens, working as an

interface between $&Pand the potentiostat.
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Auxiliary
electrode

Working
clectrode

Reference
electrode

Figure 3.10 Typical screerprintedelectrode characterized by the following
dimensions12 mm width 41 mm length; 2.54 mm pitch;Mm working electrode
diameter

3.5.1.2T-type cell

Further hreeelectrode measurements were eam the Ttype cell shown in figur8.10

The working electrode was prepatggthoroughly mixing the active materidise fibre
compositeswith carbon black (CB) as a conducting agent and polyvinylidene fluoride
(PVDF) as a binder material in a ratio&:10:10. To produce homogeneous shlilg
paste, a few drops of anhydrousméthyl2-pyrrolidone (NMP) were added followed by
vigorousmixing using a mortar and pestle this case, theaunter electrode for the t
type cells is titaniumAluminium foil was used as current collector in the fabrication of
the working. Before use, the Al foil was thoroughly cleaned with acetone to ensure
removal of unwanted residues. Using a glass pipat@urry containing the active
materialwas carefully deposited tmthe foil and distributed with a blade or doctor blade.
The electrode was then dried at®®vernight in a vacuum oven. The ma$sheactive
materials in workingelectrodes was withia 0.5 to 10 mg range All three-electrode
measurementssed goorous glass$ibre (whatman grade GF/D glass micragbfilters)

as a separator antiM NaSQ: aqueus solutionas anelectrolyte For complete
impregnation the cells were left for 30 minutes prior to testing.
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(b)

Figure 3.10 Schematic diagram representing tfaeeelectrode fype cell and its
components setup ankl)(how the cells are connected to #2300 Biologic

Cell body:

Gold Polyether
coated
ether
brass
ketone
contact

Counter
electrode

Contact

wire:
Titanium Inlet for Titanium Working
electrolyte piston for electrode
filling working
electrode

Figure 3.11 Imageshowingall thecomponents in a-Type cell forthreeelectrode
measurement

3.5.2Two-electrode symmetrical cells

For the tweelectrode systemmickel (Ni) foamwith the following dimensionsvas used
asasubstrate irthe fabrication othe electrodedTypically, the specifications of the foam
are as followsgelmet: thickness = 1.6 mm, surface area 758Qeil size = 0.5 m, 48

52 cells per inchPrior to beingused, theNi foam was thoroughly cleaned by sonicating

in 1 M HCI solution for 30 min, washing with copious amount of distilled water, and
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finally drying under vacuunSymmetricsupercapacitoproperties of the materials were
investigated using the Swagelok cells (MTI, Inc., USAdbwn in figure3.12a and the

cells were assembled according to toafiguration displayed indure 3.2b. The cells
already consist of two cylindrical current collectors, made of stainless steel on the anode

and cathode sides.

A few drops ofanaqueous electrolyte solution (1M XDy) were added to the prepared
electrode withan active material within the bottom split die stainless steel split test
cell. Subsequentlya separatomade out oporous glasfibre materialwas gacedonthe
surface of thdirst electrode followed byraO-ring made of TeflonMore drops of the
electrolyte solution were adddzbforethe second electrodeith active material was
placed facing downward towards the separatér spacer vasadded tamaintain contact
with the upper splitvhile the stacks horizontal Finally, the upper @it wassealedwith

the bottom, usinghe bolts and the cafg-heassembled electrochemicadlls weregiven

12 hoursto restprior to testing to ensure thorough impregnation of the electrolyte

solution into the electrodes éseparator.

Bolt for tighteni

(a) (b)

Rubber O-ring for sealing
(Poly-tetrachloroethylene)

Upper split

Spring p ing nut

Cylinder comp spring
(Stainless steel, 1Cr18Ni9Ti)

Spring guide post
Plastic guide sleeve (Nylon or PTFE)

Metal p plate/ Spacer
4-Inner-hex-bolt

2-Rubber O-ring for sealing
4-Nut for tightening bolt
4-Plastic bush for inner-hex-bolt

(MC nylon)
Lower split

Figure 3.12 Swagelok cell configuration used for fabrication of talectrode
symmetricakystemsof supercapacitors.
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3.5.3Pouch cellfabrication for the light emitting diode (LED)

Pouch cells were fabricated for the materials that génee best performance as
supercapacitors and were connected in series to light an LED 1.67 VTbellslurry
consisting of the 80:10:1Weightratio of the active material: PVDF: carbon black, was
prepared similarly to the electrodes tested in the twdlaee cells above. Subsequently,

the slurrywas coated on the carbon paper and dried at 90 °C over@igpper strips

were cut sufficiently long and pasted with silver paste on the base of the current collector
i.e. carbonpaperandgivenfew minutes tary. The electrodevith a copper strip attached

to it, wasplacedat the centre o laminate piece cut to a square shape of 35 mm by 35
mm. A porous glass fibre filteseparator was added on top of the electrode before the
second coated electrode was plh€acing towards the separafbine laminate was sealed
using an impulse heat sealer on three sides of the laminate. The fourth side was used to
injectthel M NaSQy aqueouglectrolyteand sealed afterwardsorconnection purpose,
thelong copperstrips outlets from the two electrodes were facing in opposite direction
and were later connected daell on either endé series. The outer cells were attached

to the Biologic for charging and attached to the light bulb for dischardihg. charge
dischar@ measuremesbf the cellswere done aa 0° angle in a planar state, flexibility

and bendabilityf the devicevas not tested for this work.
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CHAPTER FOUR

Mn>0Oz nanoparticles embedded onto OLGCNF composite for

enhanced interfacial electrochemistry and supercapacitance

4.1 Introduction

Mangarese oxides have captured a lot of attention due to their high theoretical
capacitance of up to 1300 F gnd stable cycling performance. Nonetheless, whas

still of concern is itdow electrical conductivity?® To mitigate these shortfalls, Mrasd
materialshave beersynthesized in carbon suppowssth a higher degree of carbon
ordering leading to higher conductivity and higher electrochemical stabifityln
addition nanostructured Mibased oxidearesynthesized taffect an increase surface
arearelative to its bulkcontour partGenerally, nanostructured electrodes are known to
enhance the electrochemical kinetics by reducing the diffusion pathway for electronic and
ionic transport!*1? Recently electrospun carboaanofibres (CNFs) hae gained interest

for energy storage related applications due to their excellent combinatwoperties
previouslydiscussed in chapter tw®& Their potential is most realized in cases where
they become substrates for active materials that possessicale double layer
capacitance (EDLC) and pseudocapacitapeleaviour In a review by Zeiger et af.
oniortlike-carbon (OLC) were described as the most interesting form of calimmo

their high electrical conductivity, large external surface areanamdscopic size**’

The capacitance dDLCs are typically3x greater than that of activated carbon (AC)
whichis attributed to the high surface area of ug @0 ntg?t.

The objective of this study was to explore the properties of OLC beseafilres and
determine whether the integratiohmanganese oxide nanoparticles could improve the
performance as an electrode material for supercapacitbesfibore composites were
synthesizedby electrospinning a polymer solution wigbreviously preparedOLC
powder.Followed by athemd treatmentfor stabilization and carbonizatiorrinally,

Mn20s nanoparticlesvere embedded on the surface of the fibres resultitigeinlesired
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OLC-CNF@MnOs composite materiaFigure 4.1 provides a schematic diagram of the
synthesis proaureof the OLC-CNF@MnOs compositematerial

=33

Electrospinning OLC-PAN fibi Stabilization . _PAN Carbonization @
bre @ 260°C 3 hrs, Ar Stabilized OLC-PAN fibre 600°C in Ar 4 hrs

OLC-CNF@Mn,0, 1:1in DI water @ 60 °C

Figure 4.1 Schematic for synthesis GfLC-CNF@MnO3 composite electrode
material.

4.2 Results and discussions

4.2.1 Material characterization

Prior to electrospinning, OLC powders were -pygethesized from the Nano diamond
powder and analyzed. The diameter of the sintered OLC nanopatrticles ranged between 5
and 10 nm, which is in good agreement wikiger et al.®, Weingarthet al 1’ and
Makgopa et al*®. OLCs exhibit concentric layered mginology of spherical particles
with a tendency to form agglomerated flovi&e structure as demonstrated the SEM

and TEM infigure 42 a and hrespectivelyThe mechanism of phase transformation of
OLC morphology from the initial ND powder has beefieasively discussed in the
literature ® The formation of OLC was confirmed by the onidike layers visibly
displayed on the surfaces of the clustered particldse TEM micrograph (figure 4.3 b)

In some cases, closed concentric graphite shells bewtdserved completely enveloping
small diamonds. The partial to complete covering of ND in a few graphitic layers is
consistent with the ordering of carbon atoms on the surfaces of individual NRhence

surface groupsconsisting ofC, H, N, O) have thenally decomposed’
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Figure 42 (a) SEM and (b) TEM image of OLC nanopatrticles.

The morphology of aslectrospun PAN fites are shown in figure 3tfrom both SEM

and TEM. Firstly, the SEM micrograph in figur&4.at high magnification revealed that
theaselectrospun PANiber morphology were characterized by a uniform nano diameter
with continuous length at random orientatiolbe low magnificationSEM and TEM
imagesn figure 43 b and c, respectivelghowa fibremorphology with solid interior and

a noticeably rough/wrinkled surface. The rough nature is attributed to the buckling
instabilities and stretching tifie polymer solution by electrical force’$.Based on SEM
micrographs, He fibres are characterized by a randorD3network with a diameter
ranging between 47800 nmand an average diameter of 569 ,ntimis agrees with

findingsby Mao et al ®.
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Figure 43 (a) SEM and (b) TEM image of @&dectrospun PANibres

SEM and TEM images @dLC-PAN fibresare shown in figure 4.a and b, respectilye
Whenthe OLC was added to the polymer solution, the surface morphology &Ahe

fibre became beadedith an irregular fibre diametedue to the OLC nanoparticles
embeddedherein The average diametef OLC-PAN increased to ~895 nifnom its
original 630 nm averagim PAN and hadh larger distribution ranging from 200 nm tap

1.2 um. This was explained by the change in polymer solution key properties (i.e.

viscosity, surface tension and conductivity) of the polymer sld?ryhese are critical
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factars that ultimately determine the morphology ditae. The viscosity of the OLE
PAN in DMF solution was higher compared to that of PAN alone in DBife of the
contributing factors wathe additional concentratiaesultingfrom OLC addition tothe
polyme solution. Another was théendencyof OLC nanoparticleso sel-assemble into
clusterdn solutions(i.e. PAN and DMF)despite vigorous sonicatia@wing tothear high
sur f ace -‘ariemt eih& ase of @igosus sonification could not courtera
this effect.Thus,in thefibre there arscatteredgglomeratesf OLC along the PAN fibre
that fusel together during electrospinning proces$.This is also evident on the
micrographsContrary to expectation a multep heat treatment in an argamasphere
had to be employed to maintain the fibrous structure of the-ONE. This consists of
an initial heat treatment step aimed at stabilizatiortheffibres at a relatively low
temperaturef 260 °C for 3 hoursTo affect the conversion of OLBAN (figure 4.4 a
and b) into OLCCNF (figure 4.4c and d) via carbonization, gexondheat treatment
stepwas performeat higher temperatured 600 °C for 4 hoursThe evolution of the
fibre morphology is clearly visible in the lowagnificationmicrographfigure 44 d. The
diameter of the OLECNF significantly reduced from an average of 8@%to 269nm as
measuredrom the SEM imageand had a smoother appearance on the sutéacein
comparison to the electrospun OIEAN. These observatiossiggesthat carbonization
may greatly influence the surface morphology of the fibres due to weight and density

changes associated with heat treatment.
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Figure 44 (a, ¢c) SEM and (b, d) TEM micrographs of OIFAN fibresand OLGCNF,
respectively.

The final composé was denote@LC-CNF@MnpOs after chemical treatment of OLC
CNF with KMnQs andthe morphologyis shown infigure 45 a and b under SEM and
TEM, respectively. The micrographs reveal a good dispersion of te.O3
nanoparticles Seemingly incorporation of ¢h MOz played a key role inde
agglomerationof OLC nanoparticles in the fibrstructure thus making it easier for

electrolyte ions to diffuse into the composite structure for charge accumulation.
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Figure 45 (a) SEMand(b) TEM image of aglectrospn OLC-CNF@MnOs
compositeindicating the presence of both Ola@ MmOz on the surface of the fibres
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Figure 4.6 (a) HR-TEM imagesfor OLC-CNF@MnOs fibre compositewith selected
area aperture marked with a red cir¢kec) ahigher magification of selected areand
(d) theradial intensityparalleland perpendicular to the fibre axis after background
subtraction.

Fibre diameter size distributions have been shown usibgrahart in figure 4/a and b

for OLC-CNF andOLC-CNF@MnOg, respectively. The results show averallincrease

in the fibre diameter when M#Os is incorporated which agrees with observationthe

TEM micrograph® f an addi ti onal outer | ayer on the
diameter of the filwwas uneva, ranging from hundreds of nanometres to micron levels

in size. The shift on theiameter othe majority of thefibresfrom the highest frequency

at 206400 nm on OLECNF to 600800 nm forOLC-CNF@MnpOs suggested successful
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integration and encapsulatia CNF with Mn2Os thin layer, corresponding with the

SEM and TEM images ithe previoudigure 45a and b.
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©
m OLC-CNF
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™
m OLC-CNF@Mn203
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N
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| I ’ I
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Figure 4.7 Fibre diameter distribution of OLECNF andOLC-CNF@Mn2C3

composites from SEM images.

Investigation of the bulk carbon structure iIL@PAN using XRD, indicates the
presence of an amorphous peakR'at 17at t ri buted to PAN and ano
= 27° corresponding to the (002) layers of grapfiiteire 48). The peak corresponding

to the 002 plane became narrower and intensifiéer ahermal treatmentThis is

characteristic of an ordered graphite lattice strucime. addi ti onal peak at
indicating presence of partially graphitized carbon inrtheofibres. These XRD results

support the electron microscope evidetita the conversion of PAN to CNF via heat

treatment is incompletdhis alsoagreeswith the observations made on SEM and TEM
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resultsin figure 4.4 The carbon onion to diamond ratio increases from GBI to
OLC-CNF also indicating an increase ir? $yybridized carbon. A higher degree of’sp
hybridized carbon is desirable to enhance the electrical conductivity and intrinsic
conductivity due to thé-electrons dangling bond$Thesix major XRD peaks observed

at 2 equals18.8 36.6, 38.23,55.18,65.79 and 81.8° for OLC/Mn2O3-CNF canbe
indexed to Q02), (211), (004 (044) (226)and Q08 planes, respectively and matched
those of the cubid a -3-unit cell, corresponding to the cubRixbyite structure with
lattice constant9.4080A. The 2 values and their correspondingspacing values have
been summarized in table 4.1. In accordance WMikhailiv et al, 2 two types of
interstitial sites cabe envisaged. These are (i) tetrahedral (8a) and (ii) octahedral (16c).
The presence of these sites helps promttediffusion of charge carriers for ion

intercalation pseudocapacitance, as shbwelectrochemical performance studies.
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Figure 4.8 PowderX-ray diffraction patterns, of OLC, OLAN, OLC-CNF and
OLC-CNF@MnOs compositesnaterials

Table 4.1 Peak list of MpOs3

h k | d [ i 2dA]

0 0 2 4. 704 18. 85
1 1 2 3.840 23.13
2 2 2 2. 715 32. 95
2 1 1 2.514 36.67
0 0 4 2. 352 38. 23
2 3 3 2.005 45,16
0 4 4 1. 663 55.18
2 2 6 1.418 65. 79
0 0 8 1.176 81. 84

*hkl are symbols for the planes, where h, |, aacklall integers.



Raman spectroscopy is a powerful probing technique used to investigate the surface and
electronic structure of materiaRarticularly for this workthe degree of carbonizatiof

the thermally treated fiber composites was estimated Raman spectroscopykigure

4.9 depictsthe Raman scattering spectra for OLC, GREN, OLC-CNF andOLC-
CNF@MnOs samplesilt is well known that for carbehased materials one has to focus

on therelativeRaman scattering at ~1357 and 1574*amhich correspond to D and G
bands(Y , respectively?! The G band detected @l four samples is related to %p
hybridized carbon and originatom phononatthed ( 0, 0, O0) point i n t
zone.?* Generally, the strongest peak in the Ranattering of OLC based materials is

the D band which is naturally related to structural defects and often used to assess the
degree of disorder in carbdrased systems vthelp/lg ratio. The intensity of thé® and

G peaks greatly increased by a factor-80 in the argon annealed OXCNF samplen

relation to the OLE@PAN, this is an indication that the annealing process contributed to

increase in ordering in the carbon system, similar results were previously repdtted.

The Gaussian deconvolution the Raman spectrum of OLCNF sample revealed that
the D band accoustfor 55.37 % while G band represents 32.08 % of the total Raman
scattering. More importantly, figure 4.7 shows a blue shift of the D band from 1348 cm
in the OLGPAN to 1352 crit in the OLGCNF sample while the G band appeared at
1576 and 1580 crhfor OLC-PAN and OLGCNF respectively. This G band rstift
suggests the formation of defedteducinga change in the electronic band structure and
may also be related tiie dispersion chage in the Ramaactivephonon.® 226 The
calculated relative intensity ratie/lc for OLC-PAN and OLGCNF were found to be
1.97 and 1.47This decreaseé Ip/lc ratio confirms that OLGCNF producedis highly
graphitized.? The significant decrease oflp/lg ratio with annealing indicasethe
transformation of disordered carbon into graphitic carbon with a lower defect density.
This structural transformation is known to have a positive impact on the storage

capability.?* 2

The presence of cubstructureMn2O3 nanoparticles was confirmed thye presence of a
weak band at 344 chrepresenting theeformation vibration oMn-O-Mn symmetric
and symmetric stretchingd characteristic vibration pea#bservedat 636 cmt was

assigned tdhe motions of oxgen in MrO, representative athe h-k “Mn20s. 26 The
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broad nature of the Raman peaks for the f@aC-CNF@MnO3z composite materias
indicative of a greateamorphouscarbon content than tHeLC-CNF starting material
(figure 49). This isfurthersupported by the shift of the D and G 8arin the spectra to
1348 and 1576 cth

oLC D
OLC-PAN
OLC-CNF
OLC-CNF@Mn,04

ID/IGZ 1.47

Intensity (a.u)

1=1.97
_1/1,=1.95

300 600 900 1200 1500 1800

Raman shift (cm_l)

Figure 49 Ramanspectra of OLC, OLE&PAN, OLGCNF, andOLC-CNF@MnOs
composites.
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Table 4.2Comparative Raman analysis of the electrode materials.

El ectr
) D FWHM G FWHM I/ d | F WHM
Mat er i

oL C 1341 1041564 66 1.

({a]

OLEPAN 1348 167 1576 82 1. ¢

OLE&CNF 1352 199 1580 110 1. ¢

oL E
CNF @M@s

*D and Grepresent disordered carbandG graphitic carboyrespectively

1348 166 1575 82 1.1636. 68

*IpllG represerd the degree ajfraphitization
*FWHM representshiefull width at half maximum

The surface area and pore volumehe different materialproducedwereanalyzedoy
N2 adsorption and desorption. The BEJecificsurface ares(SSA)werecalculated ad
areshownin Table 4.3 The synthesize@LC nanoparticleshowed a higlsSA value
and a relatively low corresponding pore si@m the other hand)LC-PAN showed a
decrease in SSA due to the polymer interaction with OLC leading to the formation of
agglomeated OLCnangarticles embedded otine PAN, as evident from the SEM
images The pore size distribution tieOLC-CNFis broader than that of OL2AN due
to high temperature employment which enalbiigg porosityandthermal decomposition
of PAN that impece the OLC outer surface area. When GREN undergoes heat
treatment tgroduce théOLC-CNF, partial graphitization occurs and oxygamtaining
functional groups fronthe PAN fibres are reducedo carbon/graphitdeading to a
relatively high surface areaa high carbon ordering. The incorporation of Xagin the
fibre provided an increase in the SSA and pore size of theddmposite, which is likely

to maximize the electrochemical performance of the electrodes.
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Table 4.3Comparative BET surface agarameters of potential electrode materials

Electrode I ssa. Pore Vc Pore Si
m2/g cr?fg n-m

oLC 279.0 1.2 17. 11

PAN 17.87 0. 08 387.08

OL@AN 117. 6 0. 514 22.89

OLE&ENF 80. 96 0. 36 44.51

OLC-CNF@MnO3 129. 9 0. 35 51. 78

*SSA is thespecific surface arezalculated from the BET analysis

X-ray photoelectron spectroscopy (XPS) was used surface chemical composition
comparative analysis on OLRAN and OLCCNF samples. The survey scan spectra
presented in figure 40 and figure 411 demonstrated the eexistence of C 1s, O 1s and
N 1s core levels in boths electrospuand argon annealed samples namely €AAN
and OLCGCNF, respectively. The graphitic structure of the samples was confirmed in
both samples which exhibited more than %0carbon. The survey scan revealed an
obvious increase ithe carbon contentfdhe OLC-CNF sample, this increase from C 1s
core level is related to the higher degree of graphitization of-ONE resulting from
heat treatment ianargon atmosphere at 600. Moreover, the concentration of oxygen
decreasa from 9.03 %in OLC-PAN to 7.45 %n OLC-CNF. In contrastthe nitrogen
content remains relatively unchanged for both samplegppitoximately19.15 %. A
detailed comparative summary of the atomic perggnt the elements are shown in
table 4.2.
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Figure 410 XPS Survey Scan spectra of CIEAN.
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Figure 411 XPS Survey Scan spectra of CIGCNF.

Table 4.4Comparative XPS data of OLRAN and OLGCNF.

OLE&AN OLE&NF

Name At omi d%]c Mad%] At omiodld Ma %]

C 1s 71. 81 67. 6. 73. 40 69. 4
O 1s 9. 02 11. 3. 7. 45 9.39
N 1s 19.16 21. 0! 19. 15 21. 1.

Further XPS analysis were carried out on the manganese oxide doped compaesite fibr
OLC-CNF@MnOs. Figure 4.2 represents a survey scan of thedibomposite which
showed characteristic peaks ©f1sO 15 Mn2p, N 1sand K2p3 with corresponding
binding energies. The values of binding energies and atomic concentration are

summarized irmmable4.5 andwere in good agreement with those in literature.
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Table 4.5XPS data oOLC-CNF@MnO:s.

Name Pea Atomic con%]en
C1s 284 49. 2
O1s 530 31. 2
Mn2p 642 9.6
N 1s 398 6. 3
K 2p3 292 3.7

Intensity (a. u.)

1200 1000 800 600 400 200 O
Binding energy (eV)

Figure 4.12 XPS Survey Scan spectra@LC-CNF@MnOs.
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The C 1s core levels were deconvotlite a doublet of Gaussian. The dominant Gaussian
component of the C 1s core level revealed a relative broadening of the full width at half
maximum (FWHM) forthe OLC/MnOs-CNF composite(FWHM=1.85 eV) compared

to that of OLC-CNF precursor(FWHM=1.84 eV) indicaing the superior ordered
structure ofa fullerenelike layer inOLC-CNF@MnO3 samplecompositeas a result of

the formation of more carbon bonds duehigh temperaturdreatment inan argon
atmosphergsee figure 4.3). 2 The O 1s core levels illtmted in figure 4.3 were fitted

using two Gaussian functions which revealed the coexistence of quinines or pyrone at
529 eV and the carbemxygen single bonds at 532 €X7 The amount of carbeoxygen

single bonds was found twaveincreasd in the OLC-CNF@MnOs (93 %) relative to

that of OLC-CNF (91.36 %), this finding is consecutive to the relative increase of
graphitization. More importantly, contrary to earlier reports where thetreatment
increased the surface nitrogen conferit was found thathe atomic concentration of
nitrogen remained nearly unchanged after thermal annealing in argon gas. The XPS

resultsarein accordandgood agreementith the Raman analyspgesented

® Raw
—_ C 1s (0-C=0)
- C1s(C=0)
© | —cis(o-co
~ — C 15 (C-C) sp?
E\ ——C 15 (C-C) sp?
on | —Fitted
c
Q
il
£

290 289 288 287 286 285 284 283 282
Binding energy (eV)

Figure 4.13 High resolution XPS spectra of C 1s core levelsFbC-CNF@MmnOs.
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— 0 1s (Organic C-0)
—— 0 1s (Metal Oxides)
— Fitted

Intensity (a. u.)

535 534 533 532 531 530 529 528 527 526
Binding energy (eV)

Figure 4.14 High resolution XPS spectra of O 1s core levelsFbC-CNF@MnOs.

® Raw
N 1s (Organic N)

———— N 1s (Metal Nitride) #*
Fitted

Intensity (a. u.)

402 401 400 399 398 397 396
Binding energy (eV)

Figure 4.15 High resolution XPS spectra of N 1s core levelS3aC-CNF@MnOs.

94



Figure4.16 shows the XPS spectrum of Mn2p. The peaks located at 653.4 and 841.7 e
can be assigned to Mn2pl1/2 and Mn2p3/2, respectively and the calculated Mn 2p
separation en e rrofhis remf 2ompares favarabitn Yhat reported

by Chenet al'! and other@searcherg/ho have reported similar binding energfesMn

and confirmed that the oxidation state is 43 Thus, it can be proposed titae Mn

exists as M# in the OLC-CNF@Mn:03 composite

== Raw
—— Fitted

DEjp, = 11.7eV

Intensity (a. u.)

656 654 652 650 648 646 644 642 640 638
Binding energy (eV)

Figure 4.16 High resolution XPS spectra of Mn 2p core levelsGtC-CNF@MnOs.

The two peaks detected at 83 and 8%e¥/attributed to moitiplet splitting in the 3s shell
and confirmed the MHi oxidation stateAs shown in Figure.47, the splitting width was

5.75 eV, which is in accordance with a previous report on the XPS spectrivimGk.
14

95



-@— Raw
— Fitted

Intensity (a. u.)

Binding energy (eV)

Figure 4.17 High reolution XPS spectra of M8i core levels folOLC-CNF@MnOs.

4.2.2 Electrochemical performance

In this study, a threelectrodeconfiguration of thescreerprinted carbon electrodes
(SPCE$ was used to qualitatively confirm the capacitive behavior efcdrborbased
electrospun fibreskFigure 4.8 displays threeslectrode CV graphs obtained from the
SPCEs of OLEPAN and OLCCNF, in which current density is reported as a function of
cell voltage.The shape of the voltammogradisplayed byOLC-PAN and OLC-CNFin
figure 4.8 aand b, respective)y\suggestsdeal capacitor type behavior by the electrode
materiak. At ahigher scan rajehe rectangular shaper both materials began to deviate
asa result of the carboxylic functional groups from the PANs effectsuggestgoor
rate capabilityof the electroded=igure 4.18 ¢ and d sho@V graphs at @onstant scan
rate of 25 mVs?, at various potential windowgbetween0.6 and1.6 V) for OLC-PAN
andOLC-CNF, respectively. Th€V graphs of thelectrodeshave retained their shape
between B andup to 1.4 V indicatingexcellentstability within the typical aqueous

electrolytepotentialrange
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Figure 4.18 ThreeelectrodeCV plotsof theOLC-PAN and OLCCNFfibre composites
betweerb-200mVstin 1 M NaSQu electrolyte.

Galvanostatic chargdischarge curvesere recordedt various current densitiesdare
presented in figure 491 The potential drop ithe OLC-PAN fibre (figure 4.19 a)s higher

than that of the OL&CNF compositdfigure 4.19 b) suggesnhg electronic resistance in

this electrodeasexpected for high surface area containing electrode matérigsice

the area under the potential curve represents the total amount of energy delivered to a
load, it is obvious that OLLCNF variant is abl¢éo deliver more energy than OLRAN

at the same current densifihe higher potential windovwof the OLC-CNF electrodes

(figure 4.19 djnducesstrain in comparison tiheOLC-PAN fibre equivalent (figure 4.19

c), which suggest that the electrodes arelyike selfdischarge at potential windows
above 1.0v.
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Figure 4.19 Galvanostatic chargdischarge curves for OL-€AN and OLCCNF fibre
composites in a threglectrode SPCE system.

The threeelectrode data was obtained from adll arrangement withitanium asthe
counter electrodeal M NaSQs electrolyte solution and Ag/AgCI reference electrode
with Nickel as a counter electrodEhe OLC-PAN, OLG-CNF andOLC-CNF@MnOs
electrode performances were compairec CV test at 30 m\s! (figure 420). These
results show that OLC/M@s-CNF is more capacitive due itts higher current response
compared to théibreswithout Mn-Os nanopatrticles. Thaleal capacitive nature of the
OLC-PAN and OLCCNF is visiblefrom the rectangular shape of their CV curdesthe
case of OLC-CNF@MnOs composite, anadditional charge storageas achieved

throughthefaradaic reactions from the incorporation of @a
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Figure 4.20 Comparative three electrode CV at 30 siVfor OLC-PAN, OLG-CNF,

andOLC-CNF@MnOs composites.

Chargedischargecurves shown in figure 21 at 0.25 A g! resemble those of
supercapacitors with dominant capacitive behavidhe difference lies in the discharge

time for OLC-CNF@MnOs compositewhich was more than double that of the original
OLC-PAN, suggestinganenhancement in capacitara® indicated byhe CV data. The

curves had a small potential drop at the start of discharge cycle, reflecting the effect of
the internal resistance on the electrodes. Although the electrodes were cycledjat 1 A

for 200 cycles to assess their stability, no capacitance calculations were deduced as these

were half cells and do not represent how supercapacitors are used in applications.
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Figure 4.21 Comparativahreeelectrode galvanostatic chargescharge cwes at 0.25
A glfor OLC-PAN, OLG-CNF, andOLC-CNF@MnO3 composites.
Figure 422 and 423 show Nyquist plots obtained from the EIS analysis for the three
electrode materials before and after cycling to understand the effect O Bdition in
the compose fibres The circuits used to fit the Nyquist plots are presented in figude 4.2
for OLC-PAN, OLG-CNF andOLC-CNF@MnOs. Although they exhibéd low'Y
values OLC-PAN demonstratethe highestY in ahigh frequency regime but nearly
ideal linear shape witaphase anglef 78° at 0.01 Hzrepresentative adlow frequency
regime. This is explained by tlieensemorphology of the fibres in wh the ions were
not able to penetrate through the electrode matehas increasing the resistanckn
addition, the surface aressociated witltOLC-PAN fibres was small whicladversely
affected the expaseto the electrolyte solutiomhe OLC-CNF ekctrodes showed better
electron transfer due to the porous nature of the highly carbona@boes which
subsequently kto increased conductivity. When Mds were incorporated into the
fibresof the OLC-CNF, the'Y increased slightly whilgheY improvedby twofold.
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Figure 4.24 Theelectricalequivalent circuit used in fitting the Nyquist plots of GLC

PAN (a) OLC/CNF and (bPLC-CNF@Mn0Os (c).

A capacitance contribution study was done for@h€-CNF@MnOs eledrodes andhe
corresponding CV plots angresented in figure 4%2a and b at 10 and 100 m Ys
respectively Thegraphsindicatethat at low scan rates, the capacitance is largely driven
by diffusion-controlled processewhereas ah high scan ratbothsurface andliffusion-
controlled processeaxccur Figure 4.26 a and b preseth® bvalues forthe anodicand
cathodiccurrents respectively. The b values wede670.72 Vfor the anode peakand
0.660.73 for cathodic peaks respectively This confirms that the charge storage
mechanism in theODLC-CNF@MnOs electrodeis based on diffusion controlled or

pseudocapacitive mechanism.
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Figure 4.26 Log peak current vs log scan rate fayanodic andb) cathodic electrodes

of OLC-CNF@MnOs.

Figure 4.7 presents theCV and chargalischargeresults of a tweelectrode system
obtained from a Swagelok cell for OHEAN, OLCG-CNF and finallyOLC-CNF@MnO3
composites, respectivelyheCV analysigdiscussedavere conducted at various scan rates
between,5 and 100 mVs? to establish the current response of the composites in a full
cell and compartheimprovements fronaselectrospurOLC-PAN toheattreatedOLC-

CNF and finally, with that of theOLC-CNF@MnrnO3 composite All the electrode
materials hadg potential window between 0 and 0.8 V. Tdistinguishing feature was
theaccessibility of iongo the electrolytéor charge accumulatigmvhich was quantified

from the current response. The @W¥dGCD curves for théwo-electrode measurements

of the OLC-PAN fibres were similar to those of ideal capacitoras thefibreswere
thermally treated, they began to show pseudocapacitive behawoa slight deviation
from the original rectangular shape of the CV and triangular shape of the GCD was

observedThe resultaagreewith thoseobtained from the threelectrode gstem
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Figure 4.27 Comparativeéwo-electrode CV plots at 10, 50 and 100 s¥/(a), and
galvanostatic chargedischarge curves 0.1, 1 and 1@Afor OLC-PAN in (a and b),
OLC-CNF in (c andd) for OLC-CNF@MnOz in (e and f), respectively.

Thefitted Nyquist plotshown in figure 4.2represents thenpedance responassociated
with the two-electrode symmetricasupercapacitorcell for the OLC-CNF@MnOs
composits. From the Nyquist plofY is 0.8 Ohms before cycling and 0.79 Ohms after
cycling. The semicircle was reduced after cycling and sin@ pseudocapacitance
generating reactiors absentas suggested by the threlectrode capacitive stugdghis

deformed semicirclavas notassiged to an electrochemicatocessThus it is believed
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that this semtircle comes from the interfabetweerthe OLC-CNF@MnO3z composite

and Ni foam.
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Figure 4.28 Nyquist plots before and afteycling of theOLC-CNF@ MnO3 two-
electrodesystem

106



40 =@= OLC-PAN
=@= OLC-CNF
20 4 -= OLC-CNF@Mn,0

Phase Angle ()

e |

ol e | i
10 100 1000 10000 100000

-y
0,1 1

Frequency (Hz)

Figure 4.2 Comparative Bode plofer OLC-PAN, OLC-CNF, andOLC-

CNF@MnOs composites.

The maximum specific capacitanceasured in this study wd8.36 F ¢t and 10.75 F ¢

! for the OLC-CNF and OLGPAN fibres respectively. Unfortunately, these are not
sufficient for supercapacitorspplications Hence the development of statd-the-art
OLC-CNF@MnOs electrodes was key to achieving greater capacitance values. The
Mn20Os serves as an active site for redox reactions and thus accelerates the kinetics of
surfacereactiors which enhances the capacitanCensequently, apecific capacitance

of 200 Fg?! at 1 A g! was achievechs shown in figure 30a in a two-electrode
symmetrical system in 1M N8O electrolyte solutionFigure 430b shows thdRagone

plot for the OLC-CNF@MnOs3 electrodesAccording tothis diagram,there is a direct
correlation between specific power density and current density, whilst for specific energy
density the inverse is tru®©LC-CNF@MnOs electrodesexhibit a specific energy
density ancpowerdensity 0f44.63 Wh kg and 3235 kW kgt, respectively
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Figure 4.30 (a) Specific capacitance vs current density @npdRagone plot foOLC-
CNF@MnOselectrodes.

The longterm stability of the electrochemical performarmfehe OLC-CNF@MnO3
compositewas investigated at 1 & for 10000 cycles. In the beginning of the cycle, the
specific capacitance was 8k andby the 100} cycle it had increased to 8297 and

finally reduced to 81.2 Fat the 10000" cycle(figure 4.3L). The low @pacitance values

at the start of the cycling is attributed to the fact that the electrolyte ions had not diffused
into the pores of the electrodes for charge accumulation. However, as the cycles
progressed the surface area became accessible for eledtwak/and the insertion of Na

ions in the MaO3 with various possible oxidation state enhanced the overall capacitance
retention ofoy approximately102 %.
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Figure 4.31 Cycling stability studyshowingspecific capacitancandcapacitance
retention forl0 000 cycledor the OLC-CNF@MnO3 compositeon atwo-electrode
system.

A typical demonstration for supercapacitor electrode capabilitiessearch, is tpower
an LED that provides a highly efficient and quickly rechargeable safety ligigtsre
4.3(a) showsthe GCD curve ofthree cells connected in seriess shown by figure
4.32(b). The overalpotential windowwas3.6 V and the applied current density wiaé
gl The representative circuitor the application of OLE&CNF@MnO3 electrodes is
displayed by figure 4.3(c).
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Figure 4.2 (a) Chargedischarge profiles dDLC-CNF@MnOs composite electrodes
giving 3.6 V, (b) gohotograplof electrodes lighting up a 1.67 V LER a 0 bending
angleand (c) electrical circuit representative of the electredesected in series.

4.3 Conclusions

Thermally treated OLE&NF had a higher degree of carbon ordering, high specific
capacitance, better conductivity and higher electrochemical stabilitytea®LC-PAN
counterpartsThe electrochemical behaviour of OICNF can be ascribed to a higher
degree of carbon ordering leading to a more graphitic and electronically conductive
electrode material.

In conclusionthe preparation dhe OLC-CNF@ MnOs composite was relatively simple

and inexpensivelhe OLC-CNF@MnOs composites showed an increase in surface area

to approximately 1280/ g compar edNFEF ocourst OrlL@ausibnodue t o
Mn20s nanoparticles, which increased the accessibility of the active material to
electrolyte ion diffusion. The specifi@pacitance, energy and power densityOaiC-
CNF@MnOs compositeelectrodes were 200 &, 1.63 Wh kgt and 3235 W kg,
respectively. Electrochemical stability of the electrodes was verified through a cycling

test which demonstrated 102% capacitancentieie after 10000 cyclesThis composite

had remarkable differences in terms of its surface area and functional groups, which are
reflectedby the electrochemical properti€ghis composite did not, as had been initially
expected, yield energy density vak comparable to batteries.
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CHAPTER FIVE

Nanostructured MoS@Mn 203 embedded onto OLGCNF composites

as hybrid supercapacitor electrode materials

5.1Introduction

Energy density is an inherent problem for carbased supercapacitors, thus system
based on metals are fundamental for the commercialization of this technolddgS,

are increasingly used as electrode materials in energy storage applications, due to the
great boost of specific capacitance resulting from its unique propéftidaS; offers an
advantage of storing energy using the highly accessible high surface area for charge
accumulation needed in electrical doulalger capacitors and redox properties via
intercalation of ions into MoSayers at the interface accompanied bydic charge
transfer reactions of pseudocapacitors. The layered structure increases the specific surface
area for the electrolyte ions, while simultaneously decreasing the electron transfer and ion
diffusion paths, which ultimately leads to better powerfgrmance. A specific
capacitance of ~ 230 F'gan be obtained with Me%ind such high values are pivotal

for power sources in portable electronics and electric vehicles.

The main concern with MeSbased electrode materials has been its poor eléctron
conductivity and cycling stability’:° To tackle these deficiencies, nanostructured MoS
have been synthesized to minimize the strain upon cycling. In our prestigiis MoS
sheets were synthesized on carbon nanosheres (EN®g combination of MS; with

a highly conductive material (such ag3, CNT, C, etc.) has shown diverse functionality
via synergistic effects!?'® However, the excessive amounts of carlsomposition
presentifficulties throughthe following mechanisms, (i) thdiffusion process(ii) the
loading of MoS, and(iii) confines the entry sites of the active matetfaConsequently,
with this study, an electroactive species namely, mangaii@geoxide (MrpOs) was
integrated in between MaSheets as a strategy for efficiehctrochemical kinetics. It
was expected that a thrdenensional pathway afianosizedMn20s, enables efficient
electrolyte ion diffusion in the structure to enshigh capacitance values.
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For thisstudy, theelectrospun fibres producedahapter fouwere thermally treated and
subjectto a hydrothermal treatment reaction for heS; sheet growth on the surface of
the fibres Subsequerty, the dispersion of the fibres inkiMnO4 solution resukdin a
composite electrode material ideal for enhanaeelgy storage capabilitie¥hefibres
were encapsulad with MoS, sheets andembeddedwith the Mn2Osz nanoparticles
resulting inthe composite materi®LC-CNF/MoS@Mm0s. Figure 5.1 illustrates the

synthesis schematic of how the fiber composite mateaalwade.
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Figure 5.1 Schematic for synthesis GfLC-CNF/MoS@Mn,O3 composite electrode
material.

5.2 Results and discussion

5.2.1 Material characterization

SEM and TEM micrographs of the electrospun GRAN fibres arepresented ichapter

four after eleatospinning in figure 4.4a) and(b). It was observethat thefibres hal an
irregularwrinkled surface withmuchthicker diametes (i.e. ~800 nm on averagdjhe
formation of OLC related beads on the PAbres could be related to the tendency of
OLC to form agglomerated clusteres in the polymer solution which presents high
resistance against the electrical foarwl thusenables stretching during electrospinning

process.

The OLGPAN fibres were subjected to a mufitep heat treatment in an argon
enviroment , first for stabilization foll owed L

morphology, OLECNF morphologyereshown in figuret.4 (c) and(d) in chapter four
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It is clear that thdibre morphology was still maiained after heat treatment and the
diameter of thdibre reduced significantly, indicating removal of residual polymer and
evaporation of the carboxylic groups resulting in a highly porous structures. After thermal
treatment thdibres were porous and more irregular in shape due topbeess around

the OLC nanoparticles. This is also apparent onrthiEM micrograph The heat treated
fibres were subjected to a hydrothermal treatment for Mb8et growth on the existing
OLC-CNF matrix. The images in figureZ(a) show an additional laydormation on the
outer diameter of thi#bres which signifies encapsulation by Mosheets on the original
OLC-CNF matrix. Thdibres were a nucleation site for Mp§heets to originate and grow
their typical hierarchical structure as shown by the highnifiagtion image in figure 2.

(b).

Figure 5.2 SEM images Mogencapsulated OLLCNFs; OLGCNFHMoS,; composite
materialat (a) low and(b) high magnifications.

Figure 53 shows the morphology exhibited BLC-CNFMoS; afterthe incorporation

of Mn20s nangarticlesat various magnifications under SEWVhe composite material
displays asimilar outer layer formatiorio that observed in th©OLC-CNF@MnO3
material,suggeshg succesful integration dfin.Oz with MoS; encapsulate@LC-CNF.

The final product was dwted as OLC-CNFMoS@Mn,0Os. The homogeneity
distributionof theMn»Oz is considereddeal fortherobustnessf theelectrode material
manufacturingFurthermore, th&8D structural morphologgf thefibres were retaineds
shown in figure 5.3The averageiameter of the final composite ramjeetween 600

800 nm according to the TEM images, which is lower than the diameter of the initial
OLC-PAN counterpart

118



Figure 5.3 SEM images of Ms0Oz3 integrated with OLECNFMoS,; OLC-
CNFHMoS@Mn0O3 composite at vaous magnifications.

The elemental analysis of the two masmnofibrecomposites namel\p)LC-CNFMoS;;
OLC-CNFMoS@Mn03 wereanalyzed with EI3 softwareunderthe SEM. Table 5.1
shows the summary of the main elementth their respective contenin weight %
ratios. Thkedata confirms the presence of lsliad S elementntuitively, thecontent ratios
suggesa stoichiometry for Mogthatis MoS. .75 for the OLC-CNF/MoS; composite and
MoS; ssfor the OLC-CNFMoS;@Mn0Os composite Both values aravithin the imits of
errorsandsatisfactorily confirm the stoichiometry of the Mo®n was detected for the
OLC-CNFHMoS;@Mn,O3 composite as expected afteghe incorporation of KMNQ,
suggesting successfaynthesis oMMn20Os and integrationto the final composite. Ae
observedstoichiometryfor thecompositevas MnQ 76 Other additional elements, N, Na
and K were attributed to the starting precursamely,NaoMoOs-2H,O and KMNQ.
WhereasAl originated from the sample holder. BBpectra forOLC-CNFMoS; and
OLC-CNF/MoS,@Mn:0s areillustratedin figure 54 and 55, respectively.
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Table 5.1Comparison of elemental composition between @NF-/MoS and OLG
CNF/MoS@MnOsz composite materials.

Element

@)
S
Mo
N
Mn
K
Na
Al

OLC-CNF/MoS2

Wt.%

41,5
32,6
18,6
5,4
NA
NA
1,8
0,1

d
0,4
0,3
0,2
0,3
NA
NA

0

0

OLC-CNF/MoS2@Mn20s3

Wt.%
35,8
31,5
20,5
NA

9,4
2,6
0.1
0.1

y
0,2
0,1
0,3
NA
0,1

0

0

0

Figure 54 SEM-EDS spectraof OLC-CNFMo$S,.

OLC-CNF/MoS,
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mailto:OLC/MoS2@Mn2O4

OLC-CNF/MoS,@Mn,0,

Figure 55 SEM-EDS spectraof OLC-CNFMoS;@Mnp0s.

HR-TEM analysis oDLC-CNFMoS,@MnO3 composites was completed diglre 5.6
confirms the integration of the OLC, Mp®ith Mn>Os componentsAccording to figure
5.6 c,the composite consists mainlybS, patterrs thatdisplaya hexagonal structural

morphology, onion shaped OLC and MDsz nanoflakes
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Figure 5.6 (a) HRTEM images for th®©LC-CNFMoS;@Mn:Os fibre compositewith
selected area aperture marked with a red cirel® fbgher magnification of selected

area (d) adial intensityparalleland perpndicular to the fibre axis after background
subtraction.

The crystalline structure of OLCNFMo0S; and OLGCNFHMoS,@Mn,Os was further
verified by XRD and the results are shownfigure 57. The MoS in the OLG
CNF/Mo$S; fibre composite is a hexagonalystal system with layered structuresyax

space group and a space group number that eqteatl60. The cell parameter values
were a (A): 3.1600, b (A): 3.1600, and ¢ (A): 18.4500. Whereas in the final composite,
MoS; is a layered hexagonal crystal system withcrystal sysetm and 148 sgagroup

number. The cell parameters here were; a (A): 9.2200, b (A): 9.2200, and ¢ (A): 10.8310.
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The increase in the <cell parametefM@s can
miu_¥O E-fwhich indicates that the lattice d spacing undergoes atilistas a result of

the intercalation of M# atoms into the spacing between the-Bldayers. The XRD
diffraction peaks for OLE&CNFMoS; at 2 equals 14.39, 33.06, 38.21, 41.03 47.88,
58.35 and 60.44, correspond well to (002) (101) (103) (015) (107) 4b#iQ)L 13) planes,
respectively and were attributed to amorphous M&$* An additional peak & 27.25

was assigned to carbonecous (002) plamergingfrom OLC and CNF in the fibre
composite. These results confirmed the sucessful encapsulatiorfCeERE fibres with

MoS; sheets. It is also important to point out that during high temperature treatment, not
all of the PANfibre were accesible for carbonization due to the nature of the framework
structure which prevented complete transformation, ansl gbme residud&P?AN could

be detectethrough XRDin the final structure.

The amorphous and low intensity peak for the (002) plane in the-CNIEMo0S;
nanofibrestructural morphology, reflects the degree of ordered hexagonal sheSts

in comparison to Q02) MoS plane of OLC/MoS@MmnOs nanofibres. After
incorporation of MpOs nanoparticles the typical hexagonal diffraction peaks of MoS
were observed at 13.77, 30.72, 33.98, 34.96, 41.59, 43.24, 46.72, 52.71 ant261.02
corresponding to (002), (101)3d3) (105) (223) (532) and (324) foL.C/M0oS@Mmnx0s.

It is likely that the incorporation of M@z nanoparticlesn between theMoS; sheets
resulted in structural transformation from an amorphous nature to a more ordered
hexagonal structuréhe peaks at 1983, 38, 45,55. 66and ® ° 2° were assigned to

(002), (222, (004),(233), (044)(226)and @444 Mn.Os. 26 Thesewere in agreement with

those of the cubic spinel manganese oxides. An amorphous carbonaceous peak were
detected at 9.86.9.79, 21.11 29.88 and 32.689 were attributedo the (002), (004),

(221), (006) and ( 332) planes as a result of the combination of OLC and &éreon
matrix. The addition of M#D3 nanoparticles positively contributed to the electrochemical
performance of the electrodes given the interstitial $itescause lattice distortion and
subsequently influence band structure. These create new electronic states near the Fermi

level and increase the quantum capacitafice.
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Figure 5.7 XRD spectra of OLE&CNFMo0S; vs. OLGCNFMoS,@Mn20s nanofibre
composite.

Figure 58 showsa comparison of the FIR spectra of thdibres with absorption peaks
and their assignement. The vibrational bands were observeltbass, theband at 1114
cmttod "0 16466 0,2105cmttod 6 stretching, 2330 crhto 6 k 0, 2440
cmltol) "Oto 2659 cmt correspond to the CNFs and Mo GS at 797, 921 and
finally OLC-CNFMoS; at 605 crit. 1 OLC-CNFMoS;@MnOs composite showed
similar bands as OLLCNFMoS; with the exception of an additional peak at 825'cm
corresponding tod & U vibrations, suggesting succesful incorporatioh Nn,Os

nanoparticles int thébre matrix.
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Figure 5.8 FT-IR spectra of OLECNFMo0S; vs. OLGCNHMoS@Mn.O3 composite
materials

Figure 59 shows the Raman scattering spectra for MOLUC-CNFMoS,; and OLC-
CNFMoS;@Mn0O3 samples. The Raman active modes correspondif@gatod "Obands
of carbon structures ar@@ (in-plane) and (outof-plane) bands for MaSribrations
were observed and their values summarized in table 2e :Rama is a surface
measurement technique and in this case most diftteesurface were encapsulated with
MoS, sheets during the hydrothermal process and further covered wit®sMn
nanoparticlesThe typical D and G intensity bands have dramatically redémethe
OLC-CNFMoS;@Mmn03 composite. Whereas in the case of QCNFMoS; the bands
have grear visibility and higher intensity. Nonethale tis is an indication that the
OLC-CNF were successfully encapsulated with iMagd further decorated with M@z
nanoparticles, in agreement with the observations from XRD ad® lehalysis.
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