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ABSTRACT

The researclthesis entitled iSynthesis and characterization of reduced graphene
oxide, metal oxidehydroxide and polyaniline nanocomposites for supercapacitor
applicationo presents thesynthesis, structural characterization and electrochemical
characterization of reduced graphene oxide/metal oxide/polyaniline nanocomposites.
Two different metal oxid® namely copper oxide and vanadium pentoxide and a metal
hydroxide namely nickel hydoxide were used to synthesizethree set of
nanocompositewith reduced graphene oxi@es0) and polyaniling PANI) by insitu

single step chemical methsdoy varying the weight percentages of each of the
constituents The synthesizechana@omposites were reduced graphene oxide/copper
oxide/polyaniline nanocomposites (GCP), reduced graphene oxide/vanadium
pertoxide/polyaniline nanocomposites (GVP) and redugedphene oxide/nickel
hydroxide/polyaniline nanocomposites (GNFPhe structurs of the nanocomposites
were characterized lpowderXRD, FT-IR spectroscopy, »ay photon spectroscopy,
energy dispersive spectroscopfyeld emission scanning electron mictopy and
Raman spectroscopy. The electrochemical characterizationtheoSyntheszed
nanocomposites were carried omta two electrode system, bgyclic voltammetry,
galvanostatic charge/dischargtediesand electrochemical impedance spectrosdopy

the presence ofaqueous electrolytesThe magnetic effect to improve the
electrochemical performance of antiferromagnetic GNP nanocomposites were also
studied under different magnetic fisld he electrochemal results obtained for all the
three sets of nanocomposites are highly impressiveong the three set of
nanocomposites synthesizetthe nanocomposite514NP with a weight percentage
composition of rGO14%: Ni(OH)214%: PANI72%, exhibited a highest specific
capacitance 0602.40F g1, specific capacity 0722.88C g1, an energy density of
120.48W h kg ! and a power density @584.83W kg * with 1 M sulfuric acidas the
electrolyte at a current density of 1 Ay The GL4NP retains 75% of its initial specific
capacitance up to 16500 cyclé&¥ith one nanocomposite, which exhibited hegh
electrochemical performancéom each ofthe three seriesof nanocompositeshe
practical application as secondary power sourcedgasonstrated.

Keywords: supercapacitors, specific capacitance, energy density, power density.
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CHAPTER T 1
1.1. INTRODUCTION

The production of energy from ngenewable energy sources likessil fuel
reserves, leading to worse €émissionsis known to cause worst climatic change and
global warming. Tie nonrenewable energy resources ar¢heir prime utilization and
are forecasted to be exhaustedtlie near future Therefore, unquestionably, the
environmental pollutiomnd eneggy crisisare the two most pressing problems of human
kind today. To prevenénvironment from worst climatic changes caused by global
warming and to preserve the nmmewable energy sources, energy need to be

harvestedrom renewable energy sources

Hamessing renewable energy sources such asolhe energyand the wind
energyare the appropriateprimary consideration as substiteentsfor fossil fuels to
enable sustainable energy production. However, unreliable by nature, they are diffuse
and intermittent. Therefore, the harvested energy has to be stored in an effazient
Energystorage devices such as batteries are capable of storing largéegiahénergy
andproviding energy for consumer devices and vehicles. However, they usually suffer
from poor power dnsity. Therefore, batteries are usually oversiaad heavy weight

resulting in increased vehicle load and reduced efficiency.

To meet he future thriving energy demand, the development ofdost,
lightweight, flexible, ecefriendly and high performance energioragesystems that
can store energy efficiently and deliver it on demand are paramount. Thus, intense
worldwide research has &e focused on developing sustainable energy storage and
conversion devices. As the performances of these devices implicitly depend on the
properties of thelectrodematerials useéh fabricating such deviceadvancement in
nanomaterials technology plaggivotal role inconstructingsuch devicegKumar and
Baek 2014)

Dealing with energy storage and its delivery in time would largely encounter
supercapacitors, due to their higbwer density(fast chargalischarge ratekexcellent

long cyclic stability, low weightand ogrational securityn comparisonwith other
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secondary batteries. Hence rudimentary knowledge of supercapacitors and their
advancement would be of fine step in marching ahead with sustainable energy storage
andtheir applicatiors. Supercapacitor can be defd asafidevice that stores electrical
energy in the electrical double layer foethat the interface between an electrolytic
solution and an electronic conductorThe term applies to charged carb@arbon
systems as well as carbon batteectrode and conducting polymer electrode
combinationssometimes called ultracapacitors, supercapacitors or hybrid capacitors
(Winter and Brodd 2004)

Like batteries, electrochemical supercapacitors store and deliver electrical
energy, buthroughdifferent mechaniss While batteries do it chemicallfaradaic
reaction) supercapacitorgabricated with carbonaceous materiak®re electricity
physicallyby separating the positive and negative chafges-faradaic) Typically,
theenergy is stored by the formation of electrical dotdajers on the surfaces of both
negative and positive electrodédsrough rapid ion adsorptigrcalled as electrical
doublelayer capacitance (EDLCand bythefast and reversiblgaradic charge transfer
processes (surface oxidatisaduction reactions) on or near the electrode surface,
calledaspseudacapacitance. A combination of the above can store and releasac
energy by nanoscopic charge separation at the interfaces between the electrode and the

electrolyte as illustrated in Fig. 1.1

Electrochemical
(a) double-layer capacitance (b) Pseudocapacitance

electrolyte electrolyte

solvated

ion

Helmholtz
™\ double
layer

~0.6 to 1 nm

RuVO, + xH* + xe™

)

Ru;_,Ru", 0,H,

~nm to pm-thick

Fig. 1.1 Schematic representation of charge storage proceds)veectrochemical
double layer capacitancand (b) pseudocapacitance. Adapted from MRS Bull., 2

CopyrightMaterials Research Society (2011).
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In generalthecarbonbased electrode materials with high specific surface area
are used as electrode materialglectrical double layer capacitaasd electractive
materials such as transition metal oxides and electrically conducting polymers are used
in pseudocapacitors. A combination of the above two mechanisms could form high
performance supercapacitors, whistacosteffectivesolution for appliations where
durability and reliability of the storage devices become paramount. In addition,
electrical double layer capacitage believed to provide clean energy with almost zero
waste emission before the disposal of these de(kagsar and Baek 2014)

1.2. BATTERIES VERSUS FUEL CELLS VERSUS ELECTROCHEMICAL
CAPACITORS
Systems for electrochemical energy storage and conversion include batteries,
fuel cells andsupercapacitorespite of their differenénergy storage and conversion
mechani sms, there are felectrochemical S i
features are that the energsoviding processes take place at ¢éhectrode/electrolyte
interface and that electron and ion transport apars¢ed. Figl.2 and 1.3 show the
basic operation mechanisms of the three systems. Batteries, fuel cells and
supercapacitors, all consist of two electrodes in contact with an electrolyte solution.
In batteries and fuel cells, electrical energy is geedrdty conversion of
chemical energy via redox reactions at the anode and cathode. As reactions at the anode
usually take place at lower electrode potentials than at the cathode, the terms negative
and positive electrode (indicated as minus and plus pmles)sed. The more negative
electrode is designatesthe anode, whereas th@re positive electrode is designated
as thecathodeThe difference between batteries and fuel cells is related to the locations
of energy storage and conversion. Batteriescioeed systems, with the anode and
cathode being the chargiansfer medium and taking an active role in the redox
reaction as fAactive masseso. I n other wor

same compartment.
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Battery
e X e

2ty

Cu
so,
ZnS 0 ,-solution | CuS 0, solution
electrolyte | electrolyte
Separator
Anode Electrolyte Cathode

Separator

Fig. 1.2Representation of a battery (Daniell cell) showing the key features of battery

operation and the requirements on electron and ion conduction.

Supercapacitor

a) e X— e'—l
I +
! .
-~ | '™
I +
+
1 +
l +
l +
Separator
Negative  Electrolyte Positive
Electrode  Separator Electrode
o Fuel cell |
e—X—+&
2 HZ_’ 1 <+ 02

Separator

Anode Electrolyte  Cathode
Fig. 1.3 Representation ofa] supercapacitor, illustrating thenergy storage in the
electric double layers at the electreglectrolyte interfaces, ant)(a fuel cell showing
the continuous supply of reactants (hydrogen at the anode and oxygen at the cathode)

and redox reactions in the cell.
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Fuel cells are open syshs in which the anode and cathode are just charge
transfer media and the active masses undergoing the redox reaction are delivered from
outside the dg either from the environmerftor example, oxygen from gior from a
tank, (for example, fuels suchs hydrogen and hydrocarbpnEnergy storage (in the

tank) and energy conversion (in the fuel cell) are thus locally separated.

The supercapacitorshaving electrode materials made of carbonaceous
materials energy may not be delivered via redox reactansthus the use of the terms
anode and cathode may not be appropriate but are in common usage. By orientation of
electrolyte ions at the electrode/electrolyte interfacesadled electrical double layers
(EDLSs) are formed and released, which results parallel movement of electrons in

the external wire, that is, in the enerd@livering process.

The most promising future markets for fuel cells and supercapacitors are in the
same application sector as batteries. In other words, supercapacitor anellfuel c
developmergaim to compete with, or even to replace, batteries in several application
areas. Thus, fuel cells, which originally were intended to replace combustion engines
and combustion power sources due to possible higher energy conversion éfcienc
and lower environmental impacts, are now under development to replace batteries to

power cellular telephones and notebook computers and for stationary energy storage.

The ter ms 0 s(Wékgidfisiused teexpesdigeyedergy contents
of a system, whereas the ratewhich the energy is observed/deliveiedxpressed as
ispeci fic koYvdo compare the pdwver and energy capabilities, a
representation known as the Ragone plot has been developed. Aistipdifjone plot
(Fig. 1.4) discloses that fuel cells can be considered to bedmgigy systems, whereas
supercapacitors are considered to be-pigiver systems. Batteries have intermediate

power and energy characteristics.

There are some overlaps in theergies and powers of supercapacitors or fuel
cells, with those of batteries. Indeed, batteries with thin film electrodes exhibit power
characteristics similar to those of supercapacitors. Finally, Fig. 1.4 also shows that no
single electrochemical powesource can match the characteristics of the internal

combustion engine.
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Fig. 1.4 Simplified Ragone plot of the energy storage domains for the various

electrochemical energy conversion systems compared to an internal combustion engine

and turbines andonventional capacitors.
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Fig. 1.5Theoretical specific energies [(kW ton '] and energy densities [(kW h)fin
of various rechargeable battery systems compared to fuels, such as gasoline, natural
gas, and hydrogen.

fiHigh powerand high energy the competitive behavigrin comparison to
combustion engines angas turbines can best be achieved when the available
electrochemical power systems are combindad such hybrid electrochemical power
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systems supercapacitors would provide high power andlthteries anduel cells
would deliver high energyFig. 1.5 shows the theoretical specific enerdlés/ ht %)

and energy densities (kW h)fjof various rechargeable batteystems in comparison

with fuels, such as gasoline, natural gas and hydrogen. The inferiority of batteries is
evident (Winter and Brodd 2004) The performance comparissn between

supercapacitor and 1ion batteriesrelisted in Table 1.1.

Table 1.1 Performance comparison between supercapacitor aridnLbatteries

(Courtesy of Maxwell Technologies, In€¢Gidwani et al. 2014)

Function Supercapacitor Lithium -ion batteries
Charge time 1i 10 seconds 0.1-1h

Cycle life 1 million 500 and higher

Cell voltage 2.3t02.75V 3.6t03.7V

Specific energy (W h/kg)| 5 (typical) 1001 200

Specific power (W/kg) | Up to 10,000 1,000 to 3,000

Cost per W h $20 (typical) $0.50$1.00(large system
Service life (in vehicle) | 10 to 15 years 5to 10 years

Charge temperature 740 to 65°C (40 to 149°F) 0 to 45°C (32°to 113°F)
Discharge temperature | 140 to 65°C 140 to 149°F) 120 to 60°C {4 to 140°F)

1.3. CONSTRUCTION OF A SUPERCAPACITOR

An electrochemical supercapacitor (ES) is a chatgeage device similar to
batteries in design and manufacturing. As shown in Ef). an ES consists of two
electrodes, an electrolyte and a separator that electrically isolates the two electrodes.
The most important component in an ES is the electrode material. In general, the
electrodes oES are fabricated from nanoscale materialg theve high surface area
and high porosity. It can be seen from Fig. 1.6 that charges can be stored and separated
at the interface between tledectrode made ofconductive solid particles (such as
carbon patrticles, metal oxide particles or conductingmelhg) and the electrolyte. This
interface can be treated as a capacitor with an electrical diaylelecapacitance, which

can be expressed liyefollowing equation

Department of chemistry, NITK 7



Chapteri 1

c=-5_a (1.1,
4pd

whereA is the area of the electrode surface, which for a supercapacitor should be the

active surface of the electrode porous lajs the dielectric constaif the medium
(electrolyte) which will be equal to 1 for a vacuum and larger than 1 for all other

materials, including gases addk the effective thickness of the electrical double layer.
Electrolyte, Separator

1 Electrolyte, Active Layer

Current Collector Current Collector

Carbon patticles in
contact with an

Fig. 1.6 Representationof a singlecell doublelayer capacitor and illustration of the

potential drop at the electrode/electrolyte interf@dang et al. 2012a)

1.4. CLASSIFICATIONS AND WORKING OF SUPERCAPACITORS
Electrochemicakupecapacitors may be distinguished by several criteria such

as the electrode material utilized, the electrolyte or the cell dedigh.respect to

electrode materials viz., carbon based, metal oxides and polymeric materials,

supercapacitors are classified into three typéangari et al. 2012)

U Electricaldouble layer supercapacitors

U Pseudaapacitors

U  Hybrid supercapators

The classificatiorof supercapacitors and the materials used in them are listed in Table

1.2.
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Table 1.2Classification of supercapacitors types and their electrode ma(®aaigari
et al. 2012)

Electric double layer capacitors |i  Carbon aerogels

U  Activated carbon
i Carbonnanotubes

U Carbon nanosheets

Pseudo capacitors U Metal oxides

i  Conducting polymers

Hybrid capacitors U Carbon materials, Conducting polymers
A Asymmetric u Carbon materials, metal oxides

A Composite

A Battery type

1.4.1. Electrical-double layer supercapacitors(EDLS)

It is an energy storage device with both the electrodes madarbbraceous
materials separated by an insulator. It stores the energy charge-faradeicprocess
and there is no charge transfer thie electrodeelectrolyte interice. Carbon
nanomaterials are unique structures with large surface area, high chemical, mechanical

stability and excellent electrical conductiv{@hen et al. 2014)

Electrachemical doubldayer capacitance (EDLC), results from the electrical
doublelayer formed at the interface of electrode surface and electrolyiat is, the
depletion of the oppositely charged species stores the energebadinede/electrolyte

interface which is anonfaradaic process. The specicapacitance of an E[Lis

calculatedas
c=6 d‘A (1.2

whereH,is the relative permittivity of the medium in the electrical dodaleer, H is
the permittivity of vacuumA is the spedic surface area of the electrode ahd the
effective thickness of the electrical doutdger(Zhi et al. 2013)
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1.4.1.1. Working of EDIS

Load
AAN

/
Positive

slectrode

e
Negative

electrode

R “'I“lI IIIIII"lllll"lllllllllllI ll llllln Il

{

Electrolyte Electrolyte

Separator

Fig. 1.7Schematic representation of EBImechanisn{Vangari et & 2012)

The capacitancgenerated at the electrolygéctroc interface in an EDLS is
associated with an electrogetentialdependenaccumulation of electrostatic charge
at the interface. The mechanidor the production of capacitance liye electical
double layerinvolves reversible electrostatic adsorption of electrolytic ions on the
electrode materials which generally possess electrochemical stability and high specific
surface aredSimon et al. 2014)As shown in Fig. 1.7, this electrical doutbdser
capacitancemergedrom electrode material particles, such as at the interface between
the carbon particles and electrolyte, where an excess or a deficit of electric charges is
accumulated on the electrode surfaces and electrolyte ions with counter balhacing
charge buil up on the electrolyte side in order to meet electroneutrality. During the
process of charging, the electrons travel from the negative electrode to the positive
electrode through an external load. Within the electrolyte, cations move towards the
negativeelectrode while anions move towards the positive electrode. During discharge,
the reverse processes take place.

In this type of electrochemical supercapacitors, no charge transfers across the
electrode/ electrolyte interface and no net ion exchanges between the electrode
and the electrolyte. This implies that the electrolyte concentration remains constant
during the charging and discharging processes. In this way, energy is stored in the

doublelayer interface.
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If the two electrode surfaces can b@messed as€and E?, an anion as A a
cation as C, and the electrode/ electrolyte interface as //, the electrochemical processes

for charging and discharging can be expressed as per the following equations:

On one electrode (say, a positive one):

Es! + A- 808 | FU/A- 4 e
+q _ . discharging i )
Es'//A- + e /==, E¢l + A

On the other electrode (say, a negative one):
E + CF +e Shane | pa2y/ct
Es2//Cr Shaems . po 4 ot e

And the overall charging and discharging process can be expressed as
Es! + Es> + A~ +C* —<hasie , poly/A- + B/ C
Es'//A- + Eg?// ¢+ -Sschareine o Bl 4 B2 + A~ +C7

1.4.2. Pseudocapacitors

Pseudaapacitors store the charge by the faradaic charge tratsferringat
the electrodéelectrolyte interface. It has high specific capacitance and high energy
density than th&DLS. Transition metal oxides and conducting polymers are examples
of pseudacapacitors or redox capacitors.

Pseudaapacitanceriginatesfrom the redox reaction of the electrode material
with the electrolyte. The accumulation of electrons at the electrodanadaic process
and the electrons produced by the redox reaction, dransferred across the
electrolytéelectrode interface. The theoretical pseudpacitance of metal oxide can

be calculated as

C=—1_ (1.3
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wheren is the mean number of the electrons transferred in the redox redcisothe
Faraday constant] is the molar mass of the metal oxide &id the operating voltage

window.

1.4.2.1. Working ofpseudocapacitors
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Fig. 1.8 Schematic representation of pseurpacitance mechanis(wangari et al.
2012)

Faradaic supercapacitors (FS) or pseuthpacitors are different from
electrostatic or EDLS. A schematic representation of pseajplacitance mechanism is
shown in Fig. 1.8. When a potential is applied tia@daic supercapacitor, fast and
reversible faradaic reactions (redox reactions) take place on the electrode materials and
involve the passage of charge across the double layer, similar to the charging and
discharging processes that occur in batteriesyltiag in faradaic current passing
through the supercapacitor cell. Materials undergoing such redox reactions include
conducting polymersuch as polyaniline (PANIRnd metal oxidessuch asRuQ,

MnO», and C@Os. Three types of faradaic processes octdamdaic supercapacitor
electrodes: reversible adsorption (for example, adsorption of hydrogen on the surface
of platinum or gold), redox reactions of transition metal oxides (e.g.,)Rau
reversible electrochemical dopirgdedoping in conductive polyméased electrodes.

It has been demonstrated that these faradaic electrochemical processes not only extend
the working voltage but also increase the specific capacitance of the supercapacitors.
Since the electrochemical processes occur both on the sarfdde the bulk near the

surface of the solid electrodefaradaic supercapacitor exhibits far larger capacitance
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values and energy derisgthan an EDLS. As reported by Conway et(4B99) the
capacitance of a FS can bd 100 times higher than the electrostatic capacitance of an
EDLS. However, a FS usually suffers from relatively lower power density than an
EDLS because faradaic processes are normally slower thafamagiaic process.
Moreover,as theredox reactions occur at the electrod@adaicsupercapacitors often

lack stability during cycling, similar to batteri@d/ang et al. 2012a)

1.4.3. Hybrid supercapacitors

— e AW
N :
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@|(-) @<
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Electrolyte Electrolyte

Separator

Fig. 1.9 Schematic representation abmbined operation oEDLC and pseudo

capacitance mechanism

Materials used in hybrid type supercapaciamescomposite materiaJswhich
involve the combinations of carbon materials with either metal oxides or conducting
polymers or with both, thereby incorporatitite aspets of both EDIC and pseudo
capaciance.

It is worth mentioning that hybrid electrochemical supercapacitor with an
asymmetrical electrode configuration (e.g. one electrode cisat carboraceous
material while the other consisty of faradaic capacitece material) have been
extensively studiethtelyto capitalize orthe advantages dbththeelectrode materials
in improving the overall cell voltage, energy and power densities. A schematic
representation afombined operation of EDLC amps$eudacapacitancenechanismais
shown in Fig. 1.9. In this kind of hybrid supercapacitor, both electrical ddayee

capacitance and faradaic capacitance mechanisms occur simultaneously, but one of
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them plays a greater role. In both mechanisms, large surizeeappropriate possze
distribution and high conductivity are essentiahracter®f the electrode materials to

achieve large capacitanf®ang et al. 2012a)

Regardless of the materials for supercapacitor electrodes, combining different
materials to form composites shdue an important approach because the individual
substances in the composites can have a synergistic effect through minith&zing
particle size, enhancirte specific surface area, inducitige porosity, preventinghe
particles from agglomerating, féitating the electron and proton conduction,
expandingthe active sites, extending the potential window, protecting active
materials from mechanical degradation, improvimgcycling stability and providing
the extra pseudcapacitance. As a resulhe composites can overcome the drawbacks
of the individual substances and embody the advantages dfeationstituents.

But it is worth to point out that the reverse effects may also take placeprotess of
making composites. Consequently, there should be a compromise among the
composition of individual substances and an optimized molar ratio of constituents for

every composite materi@éVang et al. 2012a)

1.5. ELECTROLYTES USEDIN SUPERCAPACITORS

As shown in Fig. 1.6, besides the two electrodes, the electrolyte, which resides
inside the separator as well as inside the active material layers, is also one of the most
important ES components. The requirementsafo electrolyte in ES include: wide
voltage window, high electrochemical stability, high ionic concentration, low solvated
ionic radius, low resistivity, low viscosity, low volatility, low toxicity, low cost and

availability at high purityWang et al. 2012a)

The electrolye used in an ES can be classified into three types: aqueous electrolytes,

organic electrolytes and ionic liquids (ILS).

1.5.1. Aqueous electrolytes
Theaqueous electrolytes (suchagueous solutions #1:SQs, KOH, NaSQy
and NHCI, etc,) can provide a highaonic concentration and lower resistarthan

those of organic electrolyteES containing aqueous electrolyte may display higher
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capacitance and higher power than those with organic electrolytes, probablythie to
higher ionic concentration amidesmaller ionic radius. In addition, aqueous electrolytes
can be prepared and utilized wiasewhile organic ones need strict processind
conditions to obtain ultraure electrolytes.

However thebiggestimitation of aqueous electrolytes is thamrrowpotential
window as low as- 1.2 V, much lower than those of organic electrolyise to their
narrow potential windovaqueous eldrolytespossess serious limitatiam improving

boththeenergy and power densiti@d/ang et al. 2012a)

In order to avoidheelectrolyte depletion problems duritfie charging of ES,
the electrolyte concentration has to be high. If the electrolyte reservoir is too small
compared to the huge surface area of the electrodes, performance of the capacitor is
reduced. This problem is particularly important for organic edgdes where the
solubility of the salts may be low. Zheng and Jow found, however, that concentrations
higher than 0.2 molar are sufficigitotz and Carlen 2000)

1.5.2. Organic electrolytes

Organic electrolytes can provide potential window as high as 3.5 ,Vin
comparison with aqueous electrolyteBhis is the promising merit of organic
electrolytesover aqueous electrolytes. Amotig organic electrolytes, acetonitrile and
propylene carbonate (PC) are the mmistely used solvents. Acetonitrile can dissolve
larger amounts of salthan otheorganicsolvents, but suffers from environmeraald
toxic problems. P&hased electrolytes apzofriendly and can offer a widpotential
window, a wide range of operating temperatarel good electrical conductivity.
Besides, organic salts such as tetraethylammonium tetrafluoroborate,
tetraethylphospdnium tetrafluoroborate and triethylmethylammonium
tetrafluoroborate (TEMABF4) have also been used in ES electrolytes. Salts with
agymmetric structuregpossesdower crystallattice energy and increased solubility
(Wang et al. 2012a)

Disadvantages
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However the water content in organic electrolytes mustiaéntainedess than
35 ppm. Ot h e r poiergiadwill bé significdntd/ GexlucedWang et al.
2012a)

Compared to a concentrated aqueous electrolytel¢iotrial resistancef the
organic electrolytes higherby a factor of at least 20, typically by a factor of 50. The
higher electrolyte resistance also affects the equivalent distributed resistance of the
electrode materiadnd consequently reduces the maximum usable p@yewhich is

calculated according tequation 1.4.
=— 1.4

whereRis thetotal effective series resistance (ESR) andthecell voltage. However,
thepart of the reduction in power is compensated by the highgpatelhtial, which is
achievable with organic electrolgéotz and Carlen 2000)

1.5.3. lonic liquids (ILs)

A molten salt obtainedby providing heat to thealtto counterbalance the
lattice energyof the saltis calledtheionic liquid (IL). ILs can exist in liquid form at
the desired temperatures. Thelraracteristiqroperties make them promising be
used inES aselectrolytes. These propertiaselow vapor pressure, high thermal and
chemical stability, low flammability, widstable electrochemicapotential window
ranging from 2 to 6 Vtypically about 4.5 V aneélectricconductivityin the range of
10 mS cmt. Since ILs are solverfree, there is no solvation shell in ILs and thiusy

can offer a well identified ion size.

The most commonly usedLs in ES as electrolyteare imidazolium,
pyrrolidinium andasymmetric aliphatic quaternary ammonium salts with aniook s
as tetrafluoroborate, trifluoromethanesulfonales(trifluoromethanesulfonyl)imide,
bis(fluorosulfonyl)imide or hexafluorophosphate. Room temperature ILs are usually
guaternary ammonium saltike tetralkylammonium [BN]* and cyclic aminedike
aromatic pyridinium, imidazolium, saturated piperidinium and pyrrolidinium. Low
temperaturdLs based on sulfonium FS]" andphosphonium [EP]" cations are also
explored in the literatur@NVang et al. 2012a)
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To overcome the issue ofadequateledrical conductivity of ILs, particularly
belowroom temperature, a dilution of ILs with organic solvents (such as acetonitrile,
propylene carbonate oflgutyrolactone) might bleeneficial For example, ionic liquids
mixed with the commonly used PC/TEBF4 electrolytes improwethe conductivity
and therefore higher capacity and enhancedt@wperature power density. However,
this approach mayjead to otherissueslike safety, toxicity, flammability narrow
temperature regimes and so on. Furthermore, to achieve a high wettalelégtaides
by ILs, the interface properties of electrommic liquids need to be optimizéwang
et al. 2012a)

1.6. DEFINITIONS INVOLVED IN SUPERCAPACITANCE

1.6.1. Capacitance(C)

The capacitanc€C) of a supercapacitor is an intrinsic property, measured in
Farad (F) and is the amount of electrical chapg@n Coulomb) effectively stored in
the supercapacitpwhen it ischargedat the rated voltagér, according to the following
equation(Conte 2010)

c=R (1.5
V.

R
The standardized method to measure the capacitancgng theb const ant cur
di scharge methoddé and is based on the dis

is calculatedisingthe following equation{Conte 2010)

c=!t-t) ws
(V- Vo)

wherel (in A) is the discharge curren, - t1 is difference in discharge timandVi i

V> gives the potetial window used.This method has been mostly based on the

assumption that the discharge behavior of the supercapacitor remains linear. The values

of V1 andV> can differ from various procedures and standaadd can be stated as a

fixed quotient of the rated voltage.
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The methodused tominimize the potential differences due to nonlinearity of
the dischargbehaviorishe6 ener gy conversion capacitance

thefollowing (1.7)energy equatiofConte 2010)

V2 - V1
where E is the amount of energy discharged effectively Joule (J),when the
supercapacitgootentialchanges fronVi to V. In this casgthesevoltagescan be fixed

values of the rated voltag€onte 2010Q)
1.6.2. Cycle Life

It is generally believed thasupercapaciter do not show appreciable
deterioration over a long period of time and undemdreds of thousands of
chargeédischarge cycles, even if it is fully discharged gicéentialnear to zero. In
reality this is true for the EDLC, but it is not the cafsupercapacitoin which faradic
processes storenergy The ageing olupercapators is pertainingto a variety of
processes, which depend on siupercapacitatesign and the operating conditioasd

electrode material used in fabricating the supercapacitor.

A critical aspect in the cycle life determination is thedinition of the end of
life criteriaz. Some characteristics such, asmpacitance, equivalent series resistance
(ESR) andoperatng potential windowof the supercapacitochange significantly and
can be used to state the end of the life. Cycle life tesepures are normally based on
aconstanturrent profile Thesupercapacitasrare charged and discharged at constant
current between the rated voltage and a definedoémlischarge voltage arbitrary
selected, as a percentage of the rated voltage (ngrroakthalf or onethird of the
rated voltage). Periodically, after a defined number of complete dhegearge
cycles, the basic characteristics of the SC are measured and the variations are estimated.
The measurement is terminated whenever the capeeifar the energy) decreases for
at least 20 or 30% with respect of the initial gkiétz and Carlen 2000)

1.6.3. Specificenergy, energy densityand efficiency

The amount of energy stored ircapacitor per volume of a capacitor is called as its

energy density. Energy density is measured volumetrically (per unit of volume) in watt
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hours per liter(Wh L 1) and gravimetrically (per unit of mass) in watthours per
kilogram (Wh kg') (zhi et al. 2013) The electrical energ{Emay) stored or energy

densityof asupercapacitas calculatedy: (Conte 2010)

m

E._. =%ch22 (1.8)

where C is the capacitance and is the rated voltagePractically the complete
discharge up to a voltage equal to zero is impossiblahardfore a useable energy
content is the energy delivered when #upercapacitors discharged in a defined
manner (e.g. at constant current or at constant power) from the rétegeX& up to
1/2 Vr.

The energy efficiency(%) is the ratio of the energy delivered by a
supercapacitor to the energy that was supplied to it during a defined cycle. The specific
energy anapecificpower can be obtained by dividing the measwade of energy

and power with the overall weight of the supercapa¢@onte 2010)

1.6.4. Power density(P)

Power densitys the measure afte/speedt which energy can be delivered
to/absorbed from the load?ower density iscalculatedeither gravimetrically in
kilowatts per kilogram (kW kd) or volumetrically in kilowatts per liter (kW E). The
power density can be calculated using equation 2.7.

P :E (1.9

where, theE is the energy density (W h K andtgis the discharge time in hour.

The maximum powefPmay) is calculatedoy the formulazZhi et al. 2013)

V2

I:)max -5
4R

Vs thevoltage applied anR is theequivalent series resistan@&SR)of the deviceat

(1.10

a given condition
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1.7. ELECTRODE MATERIALS

The key performance parameters of supercapadci@specfic capacitance
(normalized by electrode mass, volume or area), energy density, power density, rate
capability (retained capacitance at a high current loading) and cyclic stdhilxder
to increase the energy density and power density of a supercapdcgtoecessaryo
increase the spdut capacitanceGs) and the operatingotentialwindow (V) as well
as reduce the equivalent series resistaB&R). ForEDLS, the maximum operating
voltage window (V) is mainly dependent on the electrolyte usedhwh limited by
the stability of the electrolyte. One of the current research trends in supercapacitors is

to develop noraqueous electrolytes withide potential window
Ideal electrode materials are required to pos&éset al. 2013)

High spediic surface arefgoverns the speftc capacitance

Controlled porosityaffects the specific capacitance and the cagbility).

High electronic conductivitycrucialfor the rate capability and the power denkity
Desirable electroactive sitégoverngpseudacapacitance

High thermal stability and chemical stabil(igffect the cyclic stability

[ enti et S cnt  t  a  a]

Low costs of rawnaterials and manufacturing

1.7.1. Carbon materials

Carbon materials angromisingelectrode materials fdarge scale production
and to be used as commercial supercapacitor electrode nsategab theiadvantages
such ashigh abundance, lower cost, easy processing; maxicity, higher specific
surface area, good electl conductivity, high chemical stability and wide operating
temperature range. Carbbased supercapacitastore energy b¥DLC mechanism
have excellent gfic stability and longycle life (durability)asthe electrode undergoes

no chemical change during the charge/discharge proodsext al. 2013)

The carboraceousmaterials store charges theelectrochemical doubliayer
formed at theslectrode/electrolytaterface, rather than storing them in the bulk of the
capacitive material. Therefore, the capacitamagorly dependson the surface area
accessible to the electrolyte ions. Trectors that govern their energy storage
performance are specific surface area, {sie distribution, electrical conductivity and
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surface functionality. Among these, specific surface area areksze distribution are

the two mosessentiafactors affecting the performance of caraoceousnaterials.

As suggested by Conway et al. (1999) the casbeaus materidbr EDLS must
have three properties:
U High specific areas, in the order of 1009,
U Good intra and interparticle conductivity in porous matrices

U Good electrolyte accessibility to the infpare space of carbon materials.

Thereforethe process of selecting supercapacitor electrode materidbsnng a high
and accessible spéic surface areawith good electrical conductivitys essential
(Wang et al. 2012a)

Zero-dimensional (€D) carbon nanoparticlesd-D carbon particleareroundshaped
particles with an aspect ratio close to 4D @arbon particles mainly include ultrae
activated carbon (AC), carbon nanospheres and mesoporous carbopo3seshigh
specfic area (~3000 fng ! for AC). More importantly, the pore conteand size
distribution can be tailored, which makes them suitable for suppartatgrial for

metal oxidesfor the supercapacitor electrodes.

Onedimensional (4D) carbon nanostructured-D nanostructures are thidershaped
materialdike carbon nanatbes (CNT), carbon nafibers (CNF) and carbon nanocoils
They have high aspect ratio and good electronic transport properties, which is

anticipatedo facilitate the kinetics of the electrochemical reactions.

Two-dimensional (2D) nanosheet2-D nanostratures aré¢he sheetshaped materials

with a high aspect ratio. Graphene, graphene oxide (GO) asxaneplesof the 2D

carbon nanosheets. Graphene and GO exhibit great mechanical strength, excellent
electronic conductivityrad high spedic surface area, which agesential propertidsr
supercapacitor electrodes. For example, the theoretical surface area of single layer
graphene is 2756 Ty ! with a charge mobility of 200 000 év s .

Threedimensional (2D) porous architectures3-D architectures are made of low
dimensional building blocks. -B porous carbon nararchitectures used in the

supercapacitor electrodes are mainly carbon nanofoams or sp@mthes havehigh
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specfic surface area, large areaaéctrolytei electrode intrface and continuous

electron transport paizhi et al. 2013)

1.7.2. Graphene

Graphene, a twdimensional alsp hybridized carbon, is an excellent electrode
material for supercapaciter due to its high mechanical strength, hitjeoretical
specific area, excellent charge carrier mohiléility to withstand a high current
density up to 108 A/cfand chemical stality. Graphene hasvide applications in
catalysis, field effect transistors, sensors, energy storage, conversionJheic.,
synthesis of graphene involves various techniques hkechanical cleaving
(exfoliation) and chemical exfoliation of graphite, cheah synthesis and thermal
chemical vapor deposition (CVD), unzipping nanotube and microwave synthiesis.
choice of synthetic route depends upon the size and purity of the graphene desired for
specific applicationgBhuyan et al. 2016)Graphene sheets are very hydrophobic and
tend toform agglomerates easily and irreversibly in agueous solution in the absence of
dispersing reagentshrought he ‘st acking and vanAtasser Waal s
2016) The theoretical capacitance of singlegraphenesheetwhen the complete

surface areD2756m?g 1) is utilizedis 550 F g *. (Zhao et al. 2012)

1.7.2.1. Advantages

U The consideration ajraphene in energy storageginatesirom its abundance, low
productioncost, processability, chemical stabiligxcellent electrical conductivity,
high thermal stability,wide potential windows good capacitancend eco
friendliness.

U Thegraphene exhibits 2ery large electrochemically active saré areawhichis
the most notable featuras it determines the capacitance. Crumpled silk like
structure of graphensith large interlayer spacing allows the easy access of
electrolyte ions to form electrical double layers.

U Oxygenatedform of graphene maely graphene oxide (GO) is an important
precursor for preparing graphene sheets on a large $hal@ajor advantagef GO
is that itcan be easily dispersed in water due ®phesence of marpolar oxygen
containingfunctionalgroups at its edges abdsal planes. These negatively charged

oxygenrcontainingfunctional groups can, not only be used as nucleation sites to
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adsorb precursors of conducting polymers and metal oxides onto the GO sheets via
electrostatic force, but can also be used to modify tefaces chemically and
electrochemically and to attach or convert them to other useful functional groups
required for anchoring or dispersing foreign moieties on graphene sheets.

U In addition, it is believed that these groups will greatly influencelierochemical

performance in terms of the heterogeneous electron transfer.

Therefore, graphene is generally consideis an ideal building block in
synthesizing theeomposite materials anchn be arelectrode material for the next
generation electrochemical supercapacitors, when coupled with a variety of compounds

such as conducting polymers, metals and metal oxidegkatmar and Baek 2014)

1.7.2.2. Limitations

U The maximum capacitance is restricted by the active electtotiece area and the
pore size distribution (typically 0.18.4 F m?, or ~150 F ¢ for carbon). Overall,
the energy denses of commercial carbohasedEDLSs aretypically 35 W h kg
1 whicharemuch lower than that of an electrochemical battery 480V h kg* for
a lead acid battery and il®60 W h kg* for a lithiumrion battery). Such low energy
densitescannot fufill the requiremenbf energy storage devices for vehicles, wind
farms and solar power planhi et al. 2013)

1.7.2.3. Remedies

U In order to improvehe specific capacitance and the energy density, transition metal
oxidesand ©nducting polymersare beingstudiedas supportingmaterialsto be
composited with grapherfer supercapacitor electrodes.

U Thestudiedmetal oxides include RuOMnOg, NiO, CaO4, SNQ, ZnO, TIQ, V20s,
CuO, FeOs, WGOg, etc., and conducting polymers include polyaniline (PANI),
polypyrrole (PPy), etc.In particular, some metal oxides show excellent pseudo
capacitance, unlike a lithium battery in which the ions are deeply intercalated in the
materials latticéZhi et al. 2013)

1.7.3. Reduced graphene oxide (rGO)

The reduced fon of graphene oxide (GOlith a few unreduced oxygen
containing functional groups is called as reduced graphene oxide (B&D}o et al.
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2013) The reduction process includes, chemical reduction method using reducing
agents like sodiurborohydride hydrazine hydrate, etc., reduction by heat treatment,
reduction using micro wave radiations, hydrothermal watbtc, (Zhao et al. 2012;
Johra and Jung 2015he chemical and mechanical properties of rGO is similar to that
of graphene which is with no oxygen containing functional grolips layer properties

of reduced graphene oxide can be controlled when it is composited using an
appropriated spacer whiclould deter the rGO layefrom restacking. The advantage
rGO over the graphene is th#te synthesis of rGO is facile than that of graphene, as
the graphene synthesis requires sophisticated instruments and conditereaghe
synthesis of rGO can berc&d out even at a laboratory condition without specific setup

which makes the rGO mofeasible anegtconomic than that of graphene.

The graphite oxide is an oxidized product of grapliite oxidation of which is
carried out using strong oxidizing age like potassium permanganate and sodium
nitrite with concentrated sulphuric acidommonly known as Hummers method
(Hummers and Offeman 1958) modified version of Hummers method is also in
practice which involvetheuse of phosphoric acid instead of sodium nitrite along with
sulphuic acid(Marcano et al. 2010) The graphene oxide is a product that is obtained
by exfoliation of graphite oxide. The exfoliation of ghaje oxideis generally carried
out by ultrasound sonicatidiPeng et al. 2012Wwhich disrups the stacked layers of
honeycomb latticeshereby causing the loose packing and widening thgeating The
hydrophilicity of graphene oxiddCompton and Nguyen 201Qnakes it more
dispersible in watemwhich is favorable fothesynthess of metal oxides and conducting
polymers on it.

1.7.4. Faradaic materials

The carbon materialmentioned abovare with limited specific capacitance,
typically in the range of I 0 ¢ Efor@ real electrode surfacEhe capacitancef
faradaic materialsnay be 10100 times greatethan trat of nonfaradic materials.
Thereforesupercapacitors madefafadaic (edox active materials arsuitable forthe
next generation of electrochemlicaipercapacitors. They not only store charges in the
double layerlike EDLS electrods, but also undergo fast and reversible surface redox

reactions (faradaic reactionsproducing high specific capacitancdherefore,
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substantial attemptzave beemadelately to develop electrode materials with pseudo
capacitance. This kind of matesaregenerally classified into two type@Vang et al.
2012a)
U Electroactive metal oxides
U Conducting polymers
1.7.4.1. Metal/ Metal oxides/hydroxides

In general, metal oxides can provide higher epegnsity forsupercapacitor
than conventional carbon materials and better electrochemical stability than polymer
materials. They not only store energy electrosadilidike carbonaceoumaterials but
alsoby electrochemical faradaic reactions betweentsdde materials anelectrolytic

ions within appropriate potential windows.

The prerequisitegor metal oxidego be used isupercapaciteras electrodeaterias

are:

U Themetaloxides should be eleditally conductive,

U The metad of metal oxideshouldbe able taexist in two or more oxidation states
that coexist over a continuous range with no phase changes involving irreversible
modifications of ghreedimensionaktructure,

U The protonshouldfreely intercalate into theetaloxide lattice on reduction (and

out of the lattice on oxidation), allowing facile interconversion of
/| P ¢/ ( (Wangetal 2012a)
Table 1.3 Theoretical peudocapacitance and conductivity ¢éw selectedmetal
oxides(zhi et al. 2013)

Theoretical -
Metal . . Conductivity
., |Electrolyte| Charge storage reaction |capacitance 1 Ref.
oxide I (Scm?)
(Fg?)
(Toupin et al.
+M* +e -
MnOz| N&SQ: |MnO,+M"+e MMNG,; 380 0.9Vl 10510 108 |, 290%
(M could be H, Li*, Na', K*) (Belanger et a
2008)
(Nandy et al.
. KOH, . i _ ) 2009)
NiO NaOH NiO + OH - NiIOOH + € (2584 (0.5 V| 0.0100.32 (Kong et al,
2011)
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(Hamdani etk
Co,0,+0OH +H O 2010)
KOH, 3CoOOH + 3560 4 > | (Rakhi et al.
CoO4  NaOH |CooOH + OH - (©0.45v) | 1071010 2012)
Cop +H O + (Yuan et al.
2012)
103 forpoly-
S:OS IZ':SO& RuQ, +xH +xe - RuQ, , |1200 2200 crystalline E:;eete?#ozsto :
? (OH) (0O<x< (1.23V) | and~1 for y
2011)
amorphous

Tablel.3, lists the theoretical capacitasoéfew metal oxidesnd theircharge storage
reactions. It can be seehat the transition metal oxide electrodesssessigher
theoretical specfic capacitance than the carbon electrodes. Several repaves
indicatedthat bare metal oxide electrodes can deliver large peEpacitance and

high energy density at a slosecan rate or at a low current density. For example, the
electrodeposited NiO thifilm electrodeexhibiteda spedic capacitance of 1776 F'g

in 1 M KOH electrolyte at a scan rate of 1 mV. $lowever, only 23% of capacitance

was retained when the scan ratsincreased from 1 mV sto 100 mV st. Therefore

metal oxides may not be employed alone as the supercapacitor electrodes for practical

purpose due to the following drawbacii et al. 2013)
Limitations

U Theelectrial conductivity of most metal oxides except for Ru®very low. The
high resistivites of metal oxides increase ti@rinsic resistance of the electrode
and especially cause a largemicloss at a high current densifyhus,the power
density and the rate capabilitgcomepoor.

U The strain developed in the pure metal oxide during thegédischarge processes
producegraclks inelectrode, leading to poaoyclic stability.

U The surface area, porosayd its distributionare difficult to tailor in metal oxides
(Zhi et al. 2013)
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1.7.4.2. Conducting polymers

Conducting polymers (CPs) possess many advantbkgdow cost, low
environmentalmpact high conductivity in a doped state, higbtentialwindow, high
energystorage capacity, porosity, reversibility and adjustable redox activity through
chemical modificatios that make them suitable materials for supercapacitor
Conducting polymers offecapaciive behavior through thdaradaic process On
oxidation the ions are transferred to the back bone of the polymers and on reduction the
ions are transferred back todlelectrolyte from the backbongiese redox reactions
occur throughoutthe entire bulkof the conducting polymerand not just ontheir
surface. As the charging and discharging reactions do not involve any structural

alterationdike phase changes, the processes are highly reversible.

Conducting polymers can be positively egatively charged with ion insertion
in the polymer matrix to increase electronic conductivityeycan cause oxidation or
reduction reactions, which generate del oc¢
The oxidatiofreduction processes of these pogrsare termec s 6 ddedopind g
The positivelycharged polymers, introduced by oxidation on the repeating units of
pol ymer chai nsgsl,0pardd ,t evrhnhcHadgedpaymésgeneratedy
by reduct i on -daorpee dtbe r nilehdé thegsodog@ng processes are
determined by the electronic staté T electrons.

Conducting polymersbased electrochemical supercapacigystems have three

configurations:

Type | (symmetric)This type ofsupercapacitois calledas a [pp supercapacitoin
which both electrodepossesshe same fglopable polymer. When fully charged, one

electrode is in the fullqoloped (positive) state and the other in the uncharged state.

Type Il (asymmetric)This type is a pp GupercapacitorTwo different pdopable
polymers with a different range of oxidation and reduction electro activities are used,

such as polypyrrole/polythiophene.

Type lll (symmetric)This is an inp type supercapacitorElectrodes use the same
polymer which can be both- mnd rdoped in the same moleeulsuch as poly(3
fluorophenyljhiophene. The type Il is consideredas a significant advance in
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conducting polymerbasedsupercapacitarin terms of materials design and the stored

energy density.

The commoly used conducting polymers in supercapacitor applications are
polyaniline (PANI), polypyrrol (PPy), polythiophene (PTh) and their corresponding
derivatives. PANI and PPy can only belppedastheir ndoping potentials are much
lower than the reduction potential common electrolyte solutionds PANI requires
a protonfor properchargng and dischangg, a protic solvent, an acidic solution or a
protic ionic liquid is required. It seems that all conducting polymers can only work
(supplying charges) within a sttipotential window. Beyond this strict potential range,
the polymer may be degraded at more positive potentiataanthore negativeotential
the polymer may be switched to an insulating stated@ped state). Hence, the

selection of a suitable poteaitrange for ES performancecsicial(Wang et al. 2012a)

1.7.4.2.1.Polyaniline (PANI)

PANI is an important and highly promising electrode material for energy storage
applicationsDue to its multiple redox states, PANI possesseshifjbesttheoretical
pseudocapacitanceg~2000 F g') among all the other conducting polymédilee
polypyrrole (PPy), polythiophene (PT) and polytdtylenedioxythiophene)
(PEDOT). And this high pseudccapacitanceoriginatesfrom its fast and reversible
faradic redox reaction&umar and Baek 2014)

U0 PANI has high pseudoapacitance, light weight, low cost, controllable electrical
conductivity, high energy densityc@friendliness and facile synthesisalso has
high electrical conductivity in doped states (~1@000 Sm ) and ease of
fabrication for largescale devices. Moreoveilt, exhibits excellent specific
capacitance in the range typically between 500 and 3496, Bependingon the
synthesisconditions, which is substantiallizigher than that of conventional
carbmaceouselectrodes (~10@00 Fg 1) and comparable to pseudocapacitive
metal oxidegPan et al. 2016)

U PANI has the merits adcid base dopingdedoping chemistry which is responsible

for its unique electroniandredox propertiegKumar and Baek 2014)

Compatibility of PANI with graphene oxide
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U The oxygenated groupkke epoxides, hydroxyl groups and carboxyl functional
groupspr esent i n gr abpshlelanes andedgakaitsompat)
with polymers and has been widely used to fabricate poHlrased
nanocomposites because of its extraordinary struatwtestrong hydrophilicity.

U The carboxyl groupgpresent inGO could link to the nitrogen atoms in the PANI
backbone, providing doping for the interaction in addition to bonding aténiding
the neef anadditional dopant.

U During the oxidative polymerizaon of PANI in the presence of GQCaniline
oxidizes to PANI and simultaneously removal of oxygen occurs where GO is
reduced to graphene thereby creating a good conducting network.

U ThePANI can also act as a spabgilimiting the reaggregatiorsheets of graphene,
graphene oxide and reduced graphene oxidaeby enhancing the specific surface
area.Thus, the comosite ofGO/rGO and PANI caproduce higtelectrochemical
capacitance antbnger chargeédischargecycle life than that arepossible with
GO/rGO and PANIindividualy (Kumar and Baek 2014)

Limitations

U PANI is brittle andhaspoor cycling stabilitywhich severely hamper its potential
applicationin energy storagéKumar and Baek 2034

U PANI undergoeslarge volumetricexpansionand contraction during charge/
discharge process as a result of ion doping and dedoping. This voluchetnige
leads to structural breakdown and thassingast capacitance decay of conducting
polymers.Therefore mostof the PANI basedsupercapacitoelectrods retain less
than 50% of the initial capacitance aftdrout 1000 charge/discharge cyclésd
thiscycling instability limisits application in thelevelopment of high performance
supercapacitorPan et al. 2016)

U Conductingpolymersexhibitpoorelectricconductivity in the reduced state (at more
negaive potentials) anthereby,produdng a low capacitancé herefore they are
usually employed as the positive electrodath a negative electrode made from

another material such as carl{gvang et al. 2012a)

Remedies
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i

In orderto improveP A N Icyckng stability PANI can be composited with the

other energy storage materials likarbonaceousnaterials (graphene, carbon

nanotube or carbon nanofibers) andtal oxides/hydroxide€hao et al.2012).

Composites of PANI with graphermkerivatives are promising because graphene is

an excellent substrate to host the active polyarer can produ@ good cyclic

stability. Besidesdramatic improvements in thetnergy storagperformances can

be achieved due to the synergistic effect between the two components.

The high dopingfledoping ratef PANI during charg&lischarge cyclesanalso

increasdhe electrochemical capacitance of carbonaceous @lat@mposited with
it (Kumar and Baek 2014)

The merits and limitations of different supercapacitor electrode materials are

summarized in Table 1.4.

Table 1.4Summary of the different types of supercapacitor dei¢kset al. 2013)

Type of Electrode Charge storage . o
yp . . g . g Merits Limitations
supercapacitor material mechanism
. Good cycling |Low speciic
: Electical double laye . yeing p
Electiical double laye ._| stability and good capacitancs
. Carbon (EDL), nonFaradaic hy
supecapacitor (EDLS) rate capability | low energy
process .
density
High spediic
Redox metal capacitance, )
. : : . Relatively
. oxide Redoxreaction, relatively high
Pseudaapacitor . . low rate
or redox Faradaic process | energy density an .
. : capability.
polymer relatively high
power density.
. High energy
. |Anode:faradaig . . .
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cathode: carbo

Department of chemistry, NITK

30



Chapteri 1

1.8. APPLICATIONS

1.8.1. Present applications

Themostof the electrochemical capacitors sold nowadays is used in consumer

electronic products, where they mainly serve as backup sources for memories,

microcomputers, system boards and clocks. In these applicatiensupercapacitors

provide power to criticagélectrical units or consumers, case of power outages due to

disconnection or turoff of the primary source, contact problems due to vibration or

shocks or a drop of the system voltage due to switeinig other heavy loasl Some

typical applications are:

i

Video recorders, TV satellite receiveiBackup of T\fchannel setting, recording
times and clock time. The backup is provided for a duration of hours to weeks.

Car audio system, taxi metedBackup of radio station memory xtgare programs

and accumulated fare data while the-i@atio or the taxi meter is taken out of the car

or the car battery is disconnected. Backup for a fewdto a few days.

Alarm clock radios, process controllers, home bakery, coffee machmeteds
clocks and programmed functions fragetting lostin case of temporary power
outage. Backup for minute to hour.

Photo and video cameras, programmable pocket calculators, electronic agehdas
organizerandmobile phones. The backup is provided duthmgreplacement of the
batteries for seconds to minute. In many of those applications, the cost of an
electrochemical capacitor is lower or comparable to the costs of a rechargeable
battery. The most important benefits of electrochemical capacitors alentjer
lifetime, the larger cycling capability, the possibility of fast recharging, and the
environmental compatibility.

Another series odpplications of thesupercapacitarare theiuse as the main

power source. Theupercapacitodelivers one or seval large current pulsefsom

several milliseconds to several seconds duratlaater, the supercapacitar are

recharged by a power supply of low power rating.

Typical applications are:
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0 ToysToycars with Or echaragwerdapaatowhichtcantbes 6 cont ai
recharged from a battergr mainspowered charger. The charging takes about ten
seconds and power is supplied to the car for several tens of seconds. Due to
compactness and low weighietcars can accelerate very fast.

U Fail-safe positioningThe electrochemical capacitors provide the power for open or
close positioning in case of power failures. In the past, mostly spring systems have
been used. The use of electric actuators with elgodraical capacitors allows to
make smaller, cheaper and faster systems.

U Starter applicationsThe electrochemical capacitaasethe main part of the pulse
power for starting off, e.g. diesel locomotives. It is charged within ~1 min from lead
acid batteris. It allows to start thdiesel engine at very low temperature (Siberia).
The size of the battery system may be reduced by up to&i0&e the pulse currents
drawn from the batteries are much smaller, theslof the batteries double.

In a third typeof applications the electrochemical capacitors are used as alternating
power sources, e.g. on a daight basis. During the day the electric load is supplied by
power sources likesolar cells, which also recharge the electrochemical capacitors.
During thenight the power is delivered by the electrochemical capacitors.

U Solar watch: After being completely charged the electrochemical capacitors may
feed the watch for several days. The watch does not need any battery replacement
during its lifetime.

U Solar lanérns, road marking lanterns, lighting of titables at bus stop, illumination
of parking meters, traffic warning signals: the combination of solar panels, LEDs
instead of incandescent bulbs agbercapacit@rmake a reliable system with a long
lifetime and no needs for maintenance.

The huge number of chargléscharge cycles, the long lifetime, the large temperature

range, the high cycling efficiency and the low s#iffcharge makes electrochemical

capacitors very suitable for this type of applicati®gtz and Carlen 2000)

1.8.2. Future applications
The new applications areas furpercapacit@rare inthe following sectors:
U Industrial applications

U Electric utility applications
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U Automotiveapplicatiors

Most of these applications require high power storage systems which may be
eventually coupled with a high energy storage system. The basic idea is to use the most
appropriate technology for each function to be performed, considering botliceééchn
and economic aspects. Each applicaBcemalysis needs to clearly identify technical

requirements and costs for design evaluation.

1.8.2.1. Industrial applications

In the industrial, residential and business building sectors, there are increasing
demands fostorage systems f@nergybackup and for improving energy efficiency
of systemsused incarrying and elevating masses. The most interesting applications are
the uninterruptible power supply systems (UPS) and the integration of storage systems

in civil and industrial movers, such as elevators and cranes.

1.8.2.2. Electric utility applications

Progress insupercapacitosystems has made them suitable for high power
applications with growing interest from electric utilities, which are looking to these
devices for pdormance improvement and reliability in a variety of areas, with much
higher power levels and with voltage up to 600 V. The key featurespefrcapaciter
are extremely appealing for a variety of applications in electricity grids: fast response
time in milisecond, high energy efficiency (more than 95%), high power density and
long calendar and cycle life. Various functions can be then performsgbleycapacitor
devices like voltage regulator and smart grids.

1.8.2.3. Automotive applications

In the transport seatothe use of SC devices has been proposed for a variety of
vehicles and transport systems from small ones {tighy commercial and passenger
cars) up to heawguty systems, such as, trucks, buses, trams up to trains. The proposed
applications for theseevices range from very low energy content for very high power
services (engine starts) up to more enanggnsive service in hybrid vehicle
configurations combining conventional thermal engines and even more advanced

electrical generators such as thd fredls.

Electric and hybrid vehicles
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In case of electric and hybrid electric vehicles, supercapacitor devices can be
usefully applied to carry out different functions: peak power storage for acceleration
and recovery of energy during braking/decelergtpeak shaving of peak demands on
batteries, cost reduction of electricity generators, such as fuel cells, by optimal sharing

of power size according to the duty cycles.
The advantages of usisgipercapacitoare various:

U The energy efficiency of the vehicle may be improved because there is a better
charge capacity cfupercapacitowith respect to battery at high charge rates.

U The cost per power unit of electrical generators, as fuel cells, is significantly higher
than tha of supercapacitgrallowing for a power downsizing and cost reduction in
drivetrain production.

In general, for such applications, the overall energy content and power for
supercapacitordevices may vary from 50 up to 2,000 W h, depending on the

configuration with or without batteries and the size of the vehicle.
Heavy duty and large transport systems

Supercapacitoapplications have been also proposed in very large transport
system as Hyrid transit buses, trolley buses, trams and trains in order to improve energy
efficiency and minimize braking failure in both cases with or without feeding lines
(Conte 2010)
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1.9. LITERATURE REVIEW
The composites containing both faradaic andfaoadaic materialgarticularly2D carbon materials, metal oxides and conducting
polymers, prticularlypolyaniline, for their application in supercapacitors as electrode materials were surveyed. The survey results of some

of the recent worken auch electrode materials are presente@ahle 1.5.

Table 1.5Few of the early reported similar work.

Electrochemical characteristics

Electrode _
Method of Cs(Fd'? _ N
Components _ system : Cyclic stability at P E Ref.
preparation Corresponding Ternary _ ) )
used _ . . current density (Wkg'l) (W hkg')
binary composites| composites
Graphene, . Graphene and ~ |No obvious decay eve (Wang et al
Onei pot . 616 at 1 mV sin
SnG and _ 3 EL SnQGi 80.2 after 1000 cycles at 1| 9973.26 19.4 2012b)
synthesis 1M HSOQy )
polypyrrole gt
MoO3s and PANI Retains 86.6% of the _ .
) L ) 10294.5in 28.61in
261 in 1 M HSOy | 553 at 1 mV <in |initial capacitance aftg
_ _ 1 MHSO; | 1 M HSOy
273in1MNaSQ;| 1M HSQy 200 cycles in M _
rGO, MoOs | Onei step (Xia et al.
3EL H2SOy
andPANI method 2012b)

rGO and PANI [363 at 1 mV Slin
295in 1 M H,SQy 1 M NaSQy Retains 73.4% of the
270in 1 M NasQy initial capacitance aftg

3993.8in1M 13.3in
NaeSOQy 1 M NaSOQy
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200 cycles in 1M
NapSOy
Retains 92% of the
Graphene(G) G-198 | GF96 o ' '
Twoi step 638 at 1 mV Slin |initial capacitance afte (Xia et al.
FeOs(F) and 3EL F-33 FP-87 4407 17
process 1M KOH 5000 cycles at currer| 2012a)
PANI(P) P-58 | GP-678 . .
density of 0.2 A Y
Retains 76.4% of the
Graphene, __|initial capacitance aftg .
Twoi step 454.8 at 1 mV's (Xiong et al
MnFe0O4 and 3EL _ 5000 cycles at currer 5218 56.97
process in1M KOH _ 2014a)
PANI density of
2Ag!
Two Electrode 1133.3 at
System Lmvsiin M Retains 96.6% of th
etains 96.6% of the
Graphene(G) - C-39.4, R24.6 KOH (Three | " ) o
initial capacitance aftg
cobalt Two-step 2 G-171.5, CG183.2 electrode) 5000 pl t 3776.1 - (Xiong et al
cycles at currer : :
ferrite(C) and|  process CP-30, GR578.8 Y . 2014b)
3EL i density of
PANI(P) Three electrode | 716.4 at 1 m\&'? 2 A g1
system in 1 M KOH (Twg
C-52.5,R34.1 electrode)
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G-218.7, CG254.5
CP-48.3, GP615.3
GO and
_ Retains 97% of the
MnO- 412in1M | )
GO, MnO; and  Two-step initial capacitance afte (Han et al.
3EL |MnO2-150 162 NaSQy .
PANI process 5000 at current densi 2015)
GO and .
0.25Ag?
PANI-20
In situ,
oxidative Retains 92% of the
Graphene, o o )
polymerizatio Graphene and | 395 at 10 mA tf |initial capacitance aft (Mu et al.
MnOzand 3EL _
AN n and MnO.i 54 in 1 M HSQ: | 1200cycles at curren 2014)
hydrothermal density 100 mV's
method
1042.6 at 1 A | Retains 86.7% of the 3263 6.8 (Three
Graphene, _ — .
3EL in 1 M H>SQy |initial capacitance aft¢  (Three electrode )
MoOs and poly Two step (Li et al.
& (Three electrodg 3000 cycles at currery electrode system)
(p-phenylene|  method _ 2015a)
o 2EL system) density system)
diamine) )
12 Ad?
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4185at1AYin 325 (Two | 24.5 (Two
1 M HSOy (Two electrode | electrode
electrode system system) system)
Graphene and Sn¥ _
| Retains 90.8% of the
Graphene, 45 913.4at5mVvis| _ _ _
Onepot . initial capacitance afte (Jin and Jie
SnG andPANI 3EL PANI-467.9 in1 M HSQ
method 1000 cycles at currer 2015)
density of 1.2 A Y
729 at 3.5 A ¢ in| Retains 84.4% of the
1 M H.SQs  |initial capacitance afte
1500 cycles at currer
density of 3.5 Aftin 1
Graphene, M HSOy
Two step (Nguyen an
SnG andPANI 3EL .
method . Shim 2015
Retains 91% of the
initial capacitance aftg
1012 at 4 A ¢ in| 1500cycles at curren
1 M NaSQ; |densityof4Ag 1M
NapSOy
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Graphene, Retains 97.8% ahe
SnGand poly  Onepot 3EL 777.5 at 5mV's |initial capacitance aftg (Li et al.
(p-phenylene|  method in 1M HxSQy {2000 cycles at scan r: 2015b)
diamine) 5mvs L.
PANI | Retains 92.4% of the
Graphene, o 734 at10 mvis | ,
One stepn situ PANI-336| and | initial capacitance afte (Das et &
MoOszand o 3EL in 1M HSQy 1678.99 55.5
AN polymerizatior Graphe 1000 cycles at currer 2015)
ne472 density of 1 A §'.
_ Activated carbon _ Retains 85% of the
Activated 245in05M | ,
Two step 126.7 initial capacitance afte (Chen et al
carbon, MnQ 3EL . NaeSOy
method Activated carbon 1000 cycles at currer 2016b)
andPANI _ .
and MnQ-161.7 density 1 A ¢.
o i Retains 80% of the
GO, pristine GOand PG10.2 | 793.7at1AY | )
Two step . initial capacitance afte (Zhang et a
graphendPG) 3EL GO and P282.6 in2M 9906 41
method 1000 cycles at currer 2016a)
andPANI (P) HoSOy _ .
density 1 A ¢.
In Situ . .
Graphene, Al o 572 at 0.1 A | Retains 88.54% of th (Wang et al
polymerizaton| 3EL _ o )
andPANI ) _ in 2 M H2SQy  |initial capacitance aftg 2016b)
combined with
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hydrothermal 10,000 cycles at curre
method density of 5 A ¢
In Situ
Graphene, |polymerizatior .. |No obvious decay evg _
_ _ 1247 at1 Agin (Lin et al.
Co0sand [combined withf  3EL after 3500 cycles at 1 190 90
6 M KOH ) 2016)
PANI hydrothermal g'?
method
1090 at 0.5 A ¢
PEDOT: PSS _ _ o _
_ One step NiFeO4 and in acetonitrile |94% retention after 95 (Hareesh e
NiFe:O4and 3EL o . 660
co method graphene300 containing 1 M| cycles aD.5A ¢! al. 2016)
r
LiClO4
In situ _
o Retains 86.5% of the
. polymerizatior o _
GO, TiO2 and 464 at 0.62 g'! |initial capacitance aftg (Wang et al
of PANI on 3EL . 3720 34
PANI in1 M HCI 2000 cycles at currer| 2016a)
Graphene , )
_ _ density 12.4 At
oxide and TiQ
Graphene, Ni( In situ . _ )
o 562 at 0.5 A iff in| Retains 76.3% of the (Jietal.
and polymerizatiorf 3EL o )
N ) _ 1 M H:SQy  |initial capacitance afte 2016)
poly(anline- [combined witk
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CO-m- hydrothermal 800 cycles at curren
aminophenol]  method density2 A gt
In situ .
o Retains 97.4% of the
polymerizatior rGOT 113.6 _ o )
rGO, CuO anc ) _ 634in1 M |initial capacitance aftg (Zhu et al.
combined witf  3EL rGOand ) 114.2 126.8
PANI NaSQ:1 A ¢! | 1000 cycles at currer, 2016)
hydrothermal PANIT 343.4 _ )
density 1 A §*
method
Retains 85% of the
Graphene, ) o )
In situ Graphene and AQ| 1572 at 0.05 |initial capacitance afte (Usman et
Ag20 and o 3EL ) .
AN polymerizatior I 70 A glin 6 M KOH| 3000 cycles at currer al. 2016)
density 0.05 A ¢
GO/PPyi 500 | Three electrode
rGO/PPyi 685.5 system
rGO, CuQ GO/PPy/CuQ |997 at 10 A & in
3EL . (Asen and
Cu(OHpand| Two step Cu(OHY 1 750 0.5 M NaSO, _
& : Shahrokhia
polypyrrole method Two electrode | Retains 90% of the
2EL o _ 2017a)
(PPy) system initial capacitance afte
1. 20 8000
22510 A ¢tin | 2000 cycles at currer|
0.5 M NaSQy density 10 A &
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rGO, FeOs Retains 78% of the
One step . ) (Mondal et
and PANI 3EL 283.4 at 1 A ttin|initial capacitance aftg 47.7 550
method al. 2017)
5000 cycles
Retains 91% of the
rGO,NIiO and| Two step initial capacitance afte (Bai et al.
3EL 638.1at1 mv s
PANI method 5000 cycles 2017)
at 500 mA ¢*

It is seen from the Table 1.5 that the ternary composites have exhibited higher performances than those of their binty. compos
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1.10. SCOPE AND OBJECTIVES

1.10.1Scopeof the proposedwork

It is a known facthat the available energy storage devices are unable to meet
the requirements of efficient energy storage, as #reysuffering from their own
limitation like low energy density, low power density, ddence havinga long term
vision, supporting the prevailing research scenario on energy stara marching
ahead towards st betterment in terms of modifying, combining and developing

effective energy storage material is essential.

Though varieties of energtoring electrode materials are available, graphene,
metal oxides and polyaniline are with extraordinary qualities to be used as electrode
materials in energy storage devices. But each of them and their binary combinations
suffers from some serious limitans, which bring their energy storing properties down.
Hence making a super capacitive material by integrating all the merits of them would

be of wise notion.

It is proposed to develop composiedectrods for the supercapacitgrs
containing carbon, transition metal oxide and conducting polymers, which combine the
merits and mitigatethe shortcomings ofhe three individual components. In such
carbon nanostructuremetal oxidéhydroxide and conducting polyer ternary
composite electrodes, the carbon nanostructures not only serve as the physical support
to metal oxides but also provide the channels for charge transport. The high electronic
conductivity of carbon nanostructures bitseto the rate capabilignd power density
at a large charge/discharge current. The metal oxides and conducting polymers are the
main sources that store the charge and in turn the energy. The electro activities of metal
oxides and conducting polymers contribute to high $fe@pacitance and high energy
density of the carbon nanostructuneetal oxidéhydroxideand conducting polymer
ternary composite electrodes. A synergistic etfedhe electrochemical properties
could be expected and the materials cost can be redilibedcomposition of the
constituents, microstructure and physical propertiesadfonmetal oxidéconducting
polymer ternary composites govern the performance of the supercapacitor electrodes.

The electrode porosity, electronic conductivity, pore sizéridigion and speéic
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surface area affect the cell performance and wouldelter tailoredoy the combined
effect of carbon nanostructurenetal oxidénhydroxideand conducting polymer when

synthesized in the form of ternary composites.
1.10.20bjectives

Based on the literature review and the understanding gained from it the following
objectives are fixed.

U To synthesize nanocomposites of reduced graphene oxide, transition metal
oxide'hydroxideand polyaniline by facile ksitu one step chemical methagsing
different acid dopants

U To characterize the structure and surface morphology of thus prepared electrode
materials.

U To study their electrochemical properties by cyclic voltammetry, galvaimost
charge discharge and electrochemical impedance spectroscopy.

U To study the effect of magnetic field in improving the energy storage of the

composite material containing antiferromagnetic material.

1.11. FRAMEWORK OF THE THESIS
The entire research work imi$ thesishas been presentedh four chapters. The

overview of each chapter as follows

Chapter 1 introduces the various electrochemical energy storage devices and explains
the merits and limitationsof them. Details of supercapacitors, their definitions,
classifications, design, working principle, electrode materials and electrolyte used in
them, the merits and limitations of electrode materials and electrolytes and applications
are alsodiscussedA detailed literatre survey of 2D carbonaceous material/ metal
oxide/conducting polymer composite materials followed by the motivations and

targeted objectives of the present work are presented.

Chapter 2 presents the various chemicals and materials used for the syraiegistic
method ottwo different metal oxide and a metal hydroxide containisgocomposites,
fabrication techniqueof supercapacitor celand techniques used fostructural

characterizations and electrochemical characterizations.
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Chapter 3 presents the structural characterizations and electrochemical
characterizations results of three nanocomposites namely GCP, GVP and GNP

followed bythediscussioron obtained results.

Chapter 4 summarizes thevork carried out and thenportant findingsobtained from
the electrochemical results exhibited by the nanocomposites GCP, GVP and GNP. It
also presents the major conclusions drawn from the results and the scope for the future

research.
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CHAPTER T 2

2. MATERIALS AND METHOD S
2.1. MATERIALS

All chemicals used were of analyicgrade, procured from commercial
suppliers, and used without any further purifications. The chemicals used were: copper
sulphate pentahydrate (CuSO 2 ®}inickel sulphate hexahydrate (NiSO ©H
vanadyl sulphate (VOS{) aniline, ammonium persulplga(APS), hydrazine hydrate
(N2H4 2, sodium hydroxide pellets (NaOH), graphite powder, potassium
permanganate (KMnf), sodium nitrite (NaN@, glacial acetic acid (C}COOH),
phosphoric acid (EPQs), hydrogen peroxide #D.), sodium sulphate anhydrous
(NaeSQy), methane sulphonic acid (G60sH) (MSA) and sulphuric acid ($8$Qy).

2.2. SYNTHESES

2.2.1. Synthesis of graphite oxide (GO)
The GO was synthesized by foll owing r

(Marcano et al. 2010)n the synthesis, 1 g of graphite powder was addealnoxture

of 40 mL of concH>SQOsand10 mL of conc. HPQy, taken in a 500 mL beakerhenl

g of NaNO: was added and the content was stirred at 5@A@duringthestirring 6 g

of KMnOswas addedlowly, little at a time The stirring and heatingere continued

for 12 h.After 12 h the reaction product wakwly transferred into a 1 L beaker
containing ice cubes wittobnstanstirringusing a glass roand30 mL of 6% HO.>was

added and stirred well. Eventually the product washed severagimeswith distilled

water, centrifuged and dried.

2.2.2. Synthesis offGO

In the synthesis of rGO, a dispersion of 25 mg of GO in 50 mL of distilled water
was sonicated for 30 min. Then the pH was increased to 14 by adding 2 M NaOH, an
appropriate amount of hydrazine hydrate was added and stirred at 90°C for 2 h. The
product formed was washed repeatedly with distilled water, alcohol, finally with

acetone and dried at room temperatien et al. 2011)
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2.2.3. Synthesis of PANI

PANI was synthesized Hgllowing the reported procedu(ghang et al. 2002)
In the synthesis, 300 pL of aniline was stirred with 150 mL of distilled water for 10
min, to obtain a uniforrmixture of aniline and distilled water. Later 600 mg of APS in
50 ml of distilled water was added to aniline/water mixture followed by the addition of
10 mL 2 M BSGy, andthe polymerization was continued for SAnally, the obtained
polyaniline was wastd several times with distilled water, with acetone and dried at

room temperature.

2.2.4. Synthesis of reduced graphene oxideopper oxide/ polyaniline(GCP)
nanocompositeusing H2SOs as dopant

®1) Aniline, sonication

PANI coated graphene oxide

® Hydrogen Graphite oxide

2) 2 M NaOH

1) 0.1 M CuSO,. 5 H,0
3) N,H,. H,0, A for 2 h.

* PANI

@® Copper oxide

Reduced graphene oxide — copper oxide
— polyaniline nanocomposite (GCP)

Fig 2.1 The schematic representation of the synthesis rou®C#f nanocomposite

A schematic representation of the synthetic route followed for the synthesis of
reduced graphene oxideopper oxid&olyaniline nanocomposite (GCP) is shown in
Fig.2.1.In a typical synthesis of the composite, 35 mg of grapxige was sonicated
with 8 mL of 0.1 M CuS@ 5HO and 100 pL aniline in 25 mL of distilled water for
15 min. Then 200 mg of APS in 10 mL of 2 M${y was added and stirred at room
temperature for 5 h, followed by increasing the pH to 14 by using 2 M Na@Hhe
content was heated at 90 °C with hydrazine hydratéi{NH>O) for 2 h. Then the
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product was repeatedly washed with distilled water followed by alcohol and finally with
acetone and dried at room temperature. The binary composites were synthesized

following the same method excluding the third constituent.

2.2.5. Synthesis of GCP composites usirgjacial acetic acid as dopant

35 mg of graphite oxide was sonicated with 100 pL aniline in 25 mL of distilled
water for 30 min. Then 200 mg of APS in 10 mLgtdcial acetic acid was added and
stirred at room temperature for 4 h, 8 mL of 0.1 M CuSBLO was added and stirring
was continued for 1,Hollowed by changing the pH to 14 by using 2 M NaOH and the
content was heated at 9€ with hydrazine hydrateNoHs. H20) for 2 h. Then the
product was washed several times with distilled water, followed by alcohol and finally
with acetone and dried at room temperature. The binary composites were synthesized

following same method excluding the third constituent.

2.2.6. Synthesis of reduced graphene oxideanadium pentoxidé polyaniline

ternary nanocomposites (GVP)

. I
Y v a g\: :
Q. ¢ ‘? v
[ 4 s
. . Aniline
L3 .- TPV
Sonication
: 6 arbon ¢ A
xygen o PR fod
®Hydrogen © /. [ > "% Aniline intercalated
Graphite oxide graphene oxide APS and 5 mL
of 2M MSA
® V,0; Stirring for 5 h.
* PANI
1) 6 M NaOH

2) N,H,. H,0,A for 2 h.
A—
3) 0.1 M VOSO,.5H,0

Reduced graphene oxide, vanadium oxide and PANI coated graphene oxide
polyaniline ternary nanocomposite (GVP)

Fig. 2.2 Pictorial representation of reduced graphene oxide, vanadium pentoxide and
polyaniline ternary nanocomposites (GVP).

The pictorial representatiorf the synthesis of reduced graphene oxide/ vanadium
oxide/ polyaniline ternary nanocomposite (GVP) is depicted in Fig. 2.2. In the synthesis

of GVP, 35 mg of graphite oxide in 30 mL of distilled water containing 300 pL of
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aniline was sonicated for 30 m®00 mg of APS and 5 mL of 2 M methane sulphonic
acid (MSA) were added and the reaction mixture was stirred at room temperature for 5
h. Then, the pH of the reaction mixture was increased to 14 by adding 6 M NaOH. The
content was heated withpN4.H20 at 90°C for 2 h. Atthe end, 6.1 mL of 0.1 M vanadyl
sulphate (VOS® 5®) was added and the stirring continued for 15 min at room
temperature. The composite obtained was washed multiple times with distilled water,

finally with acetone and dried at room tempere.

2.2.7. Synthesis of reduced graphene oxahnickel hydroxide/polyaniline

nanocomposite (GNPusing glacial acetic acid as dopant

The schematic representation of the synthesis route of GNP nanocomposite is
shown in Fig. 2.3In the synthesis of the nanocomposite, 35 mg of graphite oxide was
sonicated with 300 pL of aniline in 25 mL of distilled water for 30 min. Then 600 mg
of APSwas added, followed by the addition of 10 mL of glacial acetic acid, stirred at
room temperature for 4 h, 6.7 mL of MLNiSOs 6@l solutionwas added and the
stirring was continued for an hour. The pH of the content was adjusted to 14 by the
addition of ™M NaOH. Then the reduction was carried out wittH¥  >CHfor 2 h. The

obtained product was washed multiple times with distilled water, finally with acetone

and dried at room temperature.

Graphite oxide PANI coated graphene oxide

® Carbon L i) NiSO,.6H,O0
Hydrogen . w ii) NaOH, N,H,.H,0
® Oxygen iii) A for 2h

’PANI
Ni(OH),

rGO/Ni(OH),/PANI nanocomposite (GNP)

Fig. 2.3The schematic representation of the synthesite of GNP nanocomposite

Department of chemistry, NITK 50



Chapteri 2

2.2.8. Synthesis of GNP nanocomposite using methane sulphonic acid as dopant

In the synthesis of the nanocomposite, 35 mg of graphite oxide was sonicated
with 300 pL of aniline in 25 mL of distilled water for 30 min. Then 600 mg of
amnonium persulphate was added, followed by the addition of 5 mLM{fMSA,
stirred at room temperature for 4 h, 6.7 mL of .NiSOs 20 Bblutionwas added
and the stirring was continued for an hour. The pH of the content was adjusted to 14 by
the additon of 6M NaOH; andthen the reduction was carried out witbH¥ O for
2 h. The obtained product was washed multiple times with distilled water, finally with

acetone and dried at room temperature.

2.3. PREPARATION OF WORKING ELECTRODES

Fig. 2.4(a, b, c) SEM images of fabricated carbon fabric, d) Pictorial representation of
the supercapacitor cell setup.

The SEM images of carbon fabric coated witksgsthesized nanocomposite
are shown in Fig. 2.4 a, b, and c. The pictorial reprasent of supercapacitor cell

setup is shown in fig 2.4 d. The synthesized composite was sonicated with acetone to
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get anhomogeneous dispersion and without the addition of any binder, drop casted over
a pair of 2 cm x 2 cm carbon cloths of same weighplaging over a hot plate for easy
evaporation. The drepasting was done in such a way that both the carbon clothes gain
same quantity of material. A Whatman filter paper (Cat.-1801 125) of
approximately the same dimension of that of the carbon clofftwedked with the
electrolyte were used as dielectric material to separate them from contact and then

sandwiched between two stainless steel current collectors.

2.3.1. Fabrication of magnetic supercapacitor cell

Fig.PbRographHhsabofic@a)ed supercapacitor device
for the application of magnetic field.
The method for the preparation of the electrodes is same as it is described in the
section 2.3.The photographs of the fabricated supercapacitor device and the
arrangement of the disc magnets to apply the magnetic fields are showreisa=and
2.5b, respectively.In order to apply the magnetic field, the as prepared supercapacitor
cell was sandwiched between pairs of magnets as shown in Fig 2.5b. Thesmagdet
for providing the magnetic fields are nickel coated permanent disc maga@&seter

18 mm and thickness of 3 mm.

2.4. CHARACTERIZATIONS AND MEASUREMENTS
2.4.1. Structural and surface characterizatiors
2.4.1.1. XRD studies

The powder XRD was carried out to arrive at the qualitative confirmations of
the nanocomposites synthesizethe qualitative analyses were carried out by
comparing diffraction peaks obtained with the JCPDS reference files. The XRD
analyses were also informatit@confirm the crystallinity of the composite. The XRD
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patterns act as an indicator toonfirm the complete reduction of GO to rGO, give
information about the loose packing of graphene layers present in composite. The
crystalline sizeof constituents @sent in the composite gitteeinformation about the

di mensions of the constituents (i. e. mic

equation(SalavatiNiasari and Davar 2009)

k/
D_

= (2.1
bcos g

where, D is the crystalline size, K is a constant (0.94 assuming that the particles are
spheri calayelengteoftheX aper wdi ati on, b is the f
intensity of the peak .ahedowdirXRDsspecttaavasangl e
recorded using Rigaku instrument of Mddali ni f 1l ex 600 with a r
(ee=1.514 ) aA. 2Th & Vs caannd r2atne used was 2d
2.4.1.2. FT-IR spectroscopy

In order to determine the functiongltoupspresent in the nanocomposites
synthesizedrT-IR spectroscopwas usedThe IR spectra afomposites were recorded
using FT IR spectrometer (Bruker, Med alpha) by KBr pellet metho@000 cm? i
400 cm?) and ATR method (4000 crhi 600 cm?).

2.4.1.3. X-ray photoelectron spectroscopy

XPSis utilized to deduce the exact elemental composition of both surface and
the bulk of the material under study (up to few layd@rsg oxidation states of the metal
in their oxides and hydroxids, the functional groups present on rGO and the bonding
natureof PANI and the nature of PANI (emeraldine, leucoemeraldine or emeraldine
salt) were deduced from the XPS analyses by deconvoluting the characteristic peak
obtained. The XPS spectra was recorded usiXgray photoelectron spectroscope
(XPS SPECS) with nomonochromatic AKU r adi ati ons (1486. 6
vacuum 5 x 10° mbar and C 1s peak located at 284.6 eV was used as a reference
peak. The survey spectrum was obtained with a pass energy of 70 eV, dhnd for
individual Cu 2p, V2p, Ni2p, O 1s and N peaksa pass energy of 40 eV was used.

Department of chemistry, NITK 53



Chapteri 2

2.4.1.4. Raman spectroscopy

Raman spectroscopg one of the most convenient techniques to characterize
graphene materials in natestructive way and itvas recordedo get detas of
reductionof GO to rGO,densityof defectpresent in rGOnumber of graphene layers
present in rGO and also for confirming the metal oxide/hydroxide and PANI present in
the composite. The ratio of intensity of 2D band to intensity G bapfid)lis the tool
thatgives information about the layer property of the rGO presEme. bp/lc ratio that
corresponds to single, double, triple and multilayer graphene structures are >1.6, ~0.8,
~0.30 and ~0.07, respectivéikhavan et al. 2014)r'heRaman spectra were recorded
in Horiba Yvon Jobin microscepof model Labram hr800, at a wavenumber rangé 400

4000 cm! using laser source of wavelength of 532 nm.

2.4.1.5. FESEMand EDSanalyses

FESEM is extremely versatile technique capable of providing structural
information over a wide range of magnificat®oft is used to image the sample surface
by scanning it with a high energy beam of electrons in a raster scan pattern. The
electrons interact with atoms that make up the sample to produce signals that contain
information of surface topography and compositibhe FESEM analysewascarried
outto get informatioron themorphology and structuréke particle size distribution
and crystallinity of a sample, extent of agglomeration, the atomic arrangements of
ternary nanocomposite, particle sizgattern of intercalation of metal oxgnd PANI
nano particles between graphene layers and theingeneous distributiohe EDS
analyses were carried out to find the elements present in the compésBEM
images and EDS analyses were carried out dglthemission spectroscope Carl Zeiss
of model AG ultra 55.

2.4.2. Electrochemical characterization

Cyclic voltammetrychronopotentiometryg@lvanostatic charge/discharge) and
electrochemical impedance methaslere enployed to analyze the newly fabricated
supercapacitors two electrode system using 2 M 4$&u, 0.4 M BSQs, 1 M Ho'SO
as electrolytes. The electrochemical analyses for GNP composites were carried out at
in the presence ahagnetic field. The different magnetic fields were supplied with

Permanent magnets (nickel coated disc magnets) of diameter 18 mm and thickness of
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3 mm(Selleri Perfect magnets) were used to apply magnetic field. The Gaussmeter
(Polytronic GM 504 with Hall probe (serial N6.G1916)) was used to measure the
applied magnetic field strengtfihe electrochemical analyses were carried out using
electrochemial work station IVIUM of modélvertex.

2.4.2.1. Cyclic voltammetry{CV)

The CVanalysesvere carried out to confirm the redox property, reversibility
and rate capability of electroslnade up osynthesizechanocomposited.he potential
window used is 1.2 V andéhscan rates used were ranging from 5 nf\tas2 V s

2.4.2.2. Galvanostatic Charge/discharge

The charge/discharge behavior of the electrodeas examined by
chronopotentiometry metho@he potential window usedas 1.2 V. GCDanalyses
were carried out atifferent current densities. The specific capacitafig (he specific
capacity ), equivalent series resistan&SH, energy densityH), power densityR),
coulombic efficiency ) and time constantwere calculated using GCD curves. The

formulaeused for the calculations are given below.

Soecific capacitancgCs in F gt) (Stoller and Ruoff 2010was calculated using

equation 2.2.
o
Co=—gv (2.2)
mi
dt

wherel is the constant current (in ampem)is the total mass of the two electrodes (in
g), dVv/dt(in V s?) is the slope obtained by fitting a straight line to the discharge curve
over the range oV (the voltage at the beginning of discharge after correcting for IR

drop).

Equivalent series restance(ESRi n) (Sudhakar et al. 201%as calculated using
equation 2.3.
iRdrop

I

ESR= 2.3
5 (2.3)
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where, the IRiopis the steep potential drop till the point where the linear discharge
begins (inV) and | (inA) is the constant current applied during charge and discharge

process

Time constant( (Parlak et al. 201Ayas calculated using equation 2.4.

t =C,.ESR (2.

whereCr is the cell capacitance (inF)aB®Ri s equi val ent series resi

the cell.
Specific capacity (@n C g 1) (Parlak et al. 2017Avas calculated using equation 2.5.

Q=C, 2 D (2.
whereCs is specific capacitance obtained (F)g a W id theypotential windovgV)

used.

Energy densityE in W h kg?) (Sudhakar et al. 201%as calculated using equation

2.6.

£ _ 100 C, 3( \DY
23 3600

®.

Power densityP in W kg 1) (Sudhakar et al. 201Was calculated using equation 2.7.
E

P=— 3600 (2.7
td

where,E is energy density anddis discharging time.

Columbic efficiency q i (Wan§edt al. 2015byas calculated using equation 2.8.

=l 500 % 2.8

C

where tqandtc are discharge and charge tsme seconds.

2.4.2.3. Electrochemical impedance spectrosc@pis)
Electrochemical impedance spectroscopy studgacarried out teevaluate the
response of electrode material when a low sinusoidal potential of 10 mV was applied

in a frequency rangef 0.01 Hz to 10(kHz. Theimpedance spectra weobtainedas
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Nyquist plos, Bode phase angle ppBode impedance or magnitude gl@dmittance

plots and plos of frequency versus capacitance.

The Nyquist plotgives the information about the capacitive nature of the
material, knee frequency (a frequency below which total capacitance of the electrode
material obtained), rate capabiliffhe Nyquist plot gives the magnitudes of various
resistance involved during the process of energy storage, when fitted with the

equivalent circuit.

The Bode phase angle plot gives information about the ideality of the capacitor,
relaxation time @) of the capacitor (relaxation time fise time that a device takes to
discharge all of its stored energy with an efficiency of more than 50% of its maximum

value). Thel is calculated using following equati¢hi et al. 2016)
f=L 2.9
fO

where,fois the critical frequency, corresponding to phase angld%f.

TheBode impedance plot gives the information of the maximum resistance that
impede energy storage process. The admittance plotigieesmation on thenaximum
conductivity ofthe material that supports energy storage.

The capacitance versus frequency plotegithe capacitance value when 10

mV applied at different frequency. The capacita(€eis calculated using following

equation
-1 (2.10
2pfz"
where fis the frequency (Hz) andz s t he i magi nary pWWut of
et al. 2015h)
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CHAPTER T 3

3. RESULTS AND DISCUSSION

REDUCED GRAPHENE OXIDE ,COPPEROXIDE AND POLYANILINE (GCP)
NANOCOMPOSITE

The oxides of copper (CuO and ) arep-type semiconductos Mu gwan g o a
et al. 2012) abundant on earth, inexpensive, facile to synthesis, low toxic, gosses
oxidation states of +2 and ;+4tore energy by faradaic redox reactmtherebyact
as a pseudocapacitive matemath good electrochemical properties. The theoretical
specificcapacitances of CuO and £uare~1800 F ¢! (Vidhyadharan et al. 2014nhd
~2247.6 F ¢' (Wan et al. 2017)respectively. These theoreticgiecificcapacitances
are close to the theoregicspecificcapacitance of hydrated ReQvhich is known to
be with high theoretical specific capacitance-8200 F g! (Vidhyadharan et al. 2014)

Copper oxidesdave furnished a high specific capacity when they were fabricated as
electrodes forLi-ion batteres (Vidhyadharan et al. 2014These properties of oxides

of copper make them suitable candiddte supercapacitors.

Thus the nana@ompositecomprising ofCuO/CuO, PANI (with high energy
and pseudocapacitancandrGO (with a good conductive matrix, high surface area,
long cycle life and an electrical double layer camat) $ expected to provide
promising electrochemical performancegen used to falcate supercapacitor
electrode materialThe GCPnana@omposites were synthesized by varying the weight
percentage of the each of the constituents. The synthetic rotite $ynthesis of GCP
with dopants 1 M E5Qy and glacial acetic acidieredescribed irsection 2.2.2. and
2.2.3 respectivelyThe sections 3.1 and 3.2 prest#@structuralandelectrochemical
characterizations of GCP nanocomposites with electrolytes, 2 i 8®Jand 0.4 M

HoSOy, respectively.
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3.1. GCPWITH H2S0OsASDOPANT
3.1.1. Structural characterization

3.1.1.1. X-ray diffraction analysis

GCP
= PANI
s
s
2
‘n
c
2
< rGO

GO

Lo b o 0 o 0 o 0 o 0 o 1 & 0 a1 .1

10 15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (degree)

Fig. 3.1 X-ray diffraction patternsof graphene oxide (GO), reduced graphene oxide
(rGO), polyaniline (PANI), and reduced graphene okidpper oxidfolyaniline

nanocomposite (GCP)

The Xi' ray diffraction spectra of graphene oxide (GO), reduced graphene oxide
(rGO), polyaniline (PANI) and reduced graphene oxiclgpper oxidépolyaniline
nanocomposite (GCP) are shown in Fig. 3.1. The diffraction peak of GO a{®Qa%°
is dueto the intercalation of water molecules and formation of oxygenated functional
groups on carbon shedtin and Jia 2015gand the peakt 42 is due tothe graphitic
structureof GO corresponding to the plane @00 (JCPDS File Noi 41-1487, 25
0284, and 75-1621) This peak is not obsexd for therGO and GCP composite
indicating the absence okygen containindgunctionalgroupsin the composite afey
are successfully reduced to rGO during the synthesis of ternary composite. The

diffraction pattern of GCP composite possesses the péaltsthe three constituents,
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showing the efficient intercalation of copper oxide and PANI in between rGO layers.
The peaks of GCP and their crystal planes are as follows. Peaks at 36.80° (111) and
42.20° (200) are of cuprous oxide ¢C) (JCPDS file No78/ 2076), a peak at 32.41°

(110) is of CuO (JCPDS file N0.B0917) and the remaining peaks at 19.20° (110),
21.97° (021), 23.27° (200), 26.87° (003), 27.90° (210), 29.14° (202), 31.90° (020),
33.35° (120), 34.06° (221), 37.87° (132), 49.70° (025) (JCRB3I0.053 1717 and

053 1891) are of polyaniline. Pure PANI shows peaks at 21.88° (020) and 25.68° (200)
(Xia et al. 2012band these peaks are shifted considerably 20F (110) and 23.27°

(200), and new peaks of polyaniline with different crystalline plane are observed in the
case of GCP composite indicating the production of PANI wdh assembly of
different crystal planes in the compositéde crystalline sizes dhe CuO and PANI
were calculated wusing Scherrerds equati ol

22.92 nm, respectively, indicating the nano dimension of the composite.

3.1.1.2. FTilIR spectra

GCP

PANI

rGO

GO

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3.2FTi IR spectra of GO, rGO, PANI and GCP.
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The Fig. 3.2 showthe FFIR spectra of GO, rGO, PANI and GCP. GO shows

four peaks at 1078 c 1382 cm?, 1623 cm' and 3361 cnt of i Ci Oi Ci, Gj@H

GFO of carboxylic acidXu et al. 2010jand 1 OH (Xia et al. 2012h) of water,
respectively. None of these peaks are observed in the case of rGO, but the two peaks at
1565 cm® and 1213 cnt, later of low intensity, are of skeletaC=C ¢Feng et al.
2015)and epoxy( G; Q) (Midander et al. 2009)PANI exhibits peaks at 1567 ch
1441 cm?, 1284 cmt, 1079 cm!, and 780 cnt correspond to C=C stedting of
quinoid and benzenoid ring, G stretching vibration, C=N stretching vibration and
C C stretching vibrations, respectiveldin and Jia 2015)In the case of GCP
composite, there are peaks at 1581'civ72 cm?, 1376 cm?, 1188 cmt, 1109 cm*
and 994 cm, correspond to C=C stretching of quinoid and benzenoid ringdy; C
stretching vibration, C=N stretching vibratioGy; Hyin plane bendin¢Pan et al. 2016)
and CyHput of plane bendin(Midander et al. 2009)espectively, oPANI. The peak
at 607 cmtis attributedt 0 Cu (1) O vo0 land att 44% amhspossibly Cu
attributed to Cu@Feng et al. 2015which substantiate the fact that the as synthesized
composite has both @0 and CuO and corroborate the results obtained in pewder
XRD. The above facts inditaintegrated synthesis of reduced graphene foogeer

oxidéepolyaniline during in situ single step synthesis.

3.1.1.3. SEManalyses

28Ky X135, 888

Fig. 3.3(a) and(b) SEM images of GCP nanocomposite.
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Fig. 3.4ED spectrum EDS) of GCP nanocomposite.

The SEM images of GCP @ato different magnifications are shown in Fig. 3.3.
The images depict the uniform dispersion of.@ACuO nanoparticles over PANI
covered reduced graphene oxide layers. The &DBe GCP surface is shown in Fig.
3.4, with the surface spot on whiEldbSwasrecorded, shown in the inset. The surface
elemental composition of the as synthesized composite was confirmed by EDS analyses

to be C, N, O and Cu with the weight ratios as shown in Table 3.1.

Table 3.1The elements present withrresponding weight and atomic percentages.

Elements Weight % Atomic %
C 58.73 74.47
N 8.49 9.23
@) 11.85 11.28
Cu 20.93 5.02

3.1.2. Electrochemical analysis

A series ofGCP nanocompositegere synthesized by varying the weight ratio
of PANI and a constant weight ratio of copper oxide and.rG@ electrochemical
performance of the synthesized GCP nanocomposites were evaluated by cyclic

voltammetry and galvanostatic charge discharge studsesg two electrode system

Department of chemistry, NITK 63



Chapteri 3

with 2 M NaSOQy as electrolyteAmong all the compositethe GCP nanocomposite

with a composition (Wt %) rG€xe: CleO/CuQi3.40%: PANIgow, (GCR300 exhibited
higher electrochemical performance. The entire electrochemical observations and
discussion are presedtaen the following sections.The compositions and the

nomenclatures of nanocomposites synthesized are presented in Table 3.2.

Table 3.2The compositions andh¢ notations of nanocomposites synthesized.

Weight ratio of GCP composites Weight percentages Nomenclature

G 25mg: CleO/CuUOs0mg: P1oomg ~ Gu4.28%: Cos.57%: Ps7.14% GCPR100
G2smg: CleO/ CuOsomg: P1somg  Gir.1106: C22.22%: Pes.66% GCR150
G 25 mg: CeO/ CuOs0 mg: P 200 mg Go.09%: Cis.18%: P72.720 GCPR-200
G 25 mg: ClO/ CuOsp mg: P 250 mg G7.69%: Ci15.38%: P76.92% GCR250
G 25 mg: ClO/ CuOsp mg: P 300 mg Ge.66%: C13.34%: Ps0.00% GCR300
G 25 mg: CteO/ CuOsp mg: P 350 mg Gs.88%: C11.76%: Ps2.35% GCR350

G 25mg: CwO/CuOsp mg G33.33%: Cs6.66% GC

G 25 mg : P300mg G7.69%: Po2.30% GP

CuwO/CuOso mg: P 300 mg C14.29%: Pss.71% CP

3.1.2.1. Cyclic voltammetryCV) studies

The CV curvesof GCP composites with different weight ratios of PANI,
recorded at a scan rate of 5 mVia the potential range 0fi00.8 V are shown in Fig.
3.5. It can be seen from the figure that the CV curvebexddamposites wittdifferent
PANI loading show god distortedrectangularity, indicatinghe excellent capacitive
behavior ofthe composite electrode materidlhe presence of redox peaks indedhe
faradaic process along withe nonfaradaic process in storing energje area of the
CV curve increasewith the increase in PANI weighnhdicating the contribution of
PANI in storingtheenergy. The composite with the weight ratio composition of G
mg: ClO/CuOs0 mg P 300 mg(GCR-300) possesses maximum area, suggesting its high
charge storage capégci and superior capacitive behavior compared to other

compositions.
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Fig. 3.5 Cyclic voltammograms (CV cuves) of GCP nanocomposites of different
weight ratios at a scan rate of 5 mV.s
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Fig. 3.6 CV curves of G5 mg ClbO/CuOs0 mg P 300 mg (GCP-300)at different scan
rates.

CV curvesof composite with 300 mg of PANIGCR300) at different scan
rates, are shown in Fig. 3.6. It is observed from the Fig. 3.6 that at higher ss#imerate

CV curves do not possess any significance redox peaks, suggesting that the energy
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storage is by electrical doulkeyercapacitanceWhen thescan rate is decreased, at a

scan rate of 5 mV'§ there is an appearance of a pair of redox peaks, indicating the
emergence of pseudo capacitance. The pseudo capacitance originates from the faradaic
reaction of PANI through its redox transition between samiconducting
leucoemeraldine form and a conductinggpahic emeraldingorm (Xia et al. 2012b)

predominantly; and also between oxides of coppes@Gund CuO) present in the GCP

composite.
— GCP-300
65 ——CP
] —GC
44 —0GP
<
E 27
F]
L]
= 0 4
=]
O
24
-4 4
L] o ] . ] v 1 o ]
0.0 0.2 0.4 0.6 0.8
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Fig. 3.7CV curves of GCPB00, CP, GC and GP at a scan rate of 5 MV s

Therefore, it can be inferred that at low scan rate the energy storage is through
a combination of faradic and nidlaradic processe@Midander et al. 2009)The CV
curvesof binary combinations of constituents with corresponding weight ratios viz.,
G2smg ClO/CuGsomg (GC), Gesmg P30omg (GP), Roomg CeO/CuGsomg (CP) and the
composite Gsmg CeO/CuOsomg Poomg(GCP) at a scan rate of 5 m\f are shown in
Fig. 3.7. The voltammograms show the larger charge storage on GCP over the binary
combinations, which can be attributed to the uniform dispersion of PANI particles and

CwO/CuO nano particles on the reduced graphene sheets and their combined effect.

3.1.2.2. Galvanostatic carge/discharg€GCD) studies

The preliminaryGCD studies on theynthesizeddomposites were carried out
at different current densities of 0.25g'%, 0.5A g'*, 1A ¢'}, 2Ag'tand3 A gt The
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curves obtained were of equilateral triangle in shisgg;ating high reversibility of the
electrode material during charge and discharge pres@san et al2014) The rate of
charging and discharging was slow at lower current densities; and took longer charge
and discharge time compared to the charge/ discharge rate at higher current densities.
This can be attributed to the sufficient insertion of ida in the nanepores created in
composite architecture at lower current density and access of electrolyte through
composite material during charge and discharge prdkkesset al. 2014)The specific
capacitance offered lifieelectrode materials were calculated using the equéiéhn (
(Stoller and Ruoff 2010)As the maximum specific capacitance was obtained at 0.25
A ¢'!, the effect of composition of the composites were studied at 0.25. Al
galvanostatic chargdischarge curves of GCP compositesddferent weight ratio
compositionsat a current density of 0.25 Algare shown in Fig. 3.8.

1.0
——P100
— P150
0.8 — P200
e P250
—P300
s 06 —— P350
=
E 0.4 -
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o
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Fig. 3.8GCD curves of GCPs of different weight ratio of PANI at a current density of
0.25 A gL

The specific capacitance is maximum for 300 m&ANI loading and further
increase in the weight of PANI shows a decrease in specific capacitance. This is
because, the PANI particles are getting denser with the increase in the weight of PANI
in a random way and tend to produce agglomerates and hence, all the produced PANI

are not used efficientfitannappan et al. 2013)he weight percentage composition of
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GCR300 was determined to be rG&» CuwO/CuOsa4o%s PANIlsow The specific
capacitance values of GCP composites with different weighsi@t®ANI at a current
density of 0.25 A g are listed in Table 3.

Table 3.3 The specific capacitance values of GCP composites with differeight

ratio of PANI at a current density of 0.25 ALg

Weight ratio of GCP composites Cs(Fg?h
G 25 mg: CeO/ CuOs0 mg: P 100 mg 18.11
G 25 mg: CeO/ CuOs0 mg: P 150 mg 19.28
G 25 mg: CeO/ CuOs0 mg: P 200 mg 19.68
G 25 mg: CeO/ CuOs0 mg: P 250 mg 21.92
G 25 mg: CeO/ CuOs0 mg: P 300 mg 53.90
G 25 mg: CeO/ CuOs0 mg: P 350 mg 27.74

Since the composite with the polyaniline loading of 300 mg exhibited better
performance compared to all other polyaniline wemrhpositions, the performance
of GCR300 at different current densities (0.25, 0.5, 1, 2 and 3'Awgre evaluated

and the correspondin@CD curves are presented in Fig. 3.9.
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Fig. 3.9Galvanostatic charge discharge curves of GGB0composite atlifferent

current densities.
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The specific capacitance values of GCP300 at current densitiesf
0.25A ¢}, 05A gL, 1A Q'Y 2Ag'tand 3 A ¢ are53.29F g 1, 40.64F g 1, 38.40F
g !,14.07F g1 and13.80F g 1, respectivelyThe decrease in specific capacitance with
the increase in current density might be du¢h®lower ionic penetration on the
electrode surface at higher current denstti@nnappan et al. 201.3)he decrease in
the specific capatance of the cell proportionally with the increasing current densities,
is the typical behavior of electrochemical supercapacilaret al. 2011) The CD
curves ® GCPi1 300and the binary composites with their respective weight ratios at a
current density of 0.25 A'are depicted in Fig.3.10. The superiority of the composite
GCR300, over the binary combinations can be observed from the cuFhes.
equivalent series resistancESR of the GP and GGBOO were calculated using
Equation (24) (Sudhakar etl. 2017Jand t he val ues were found
7.19 mq, respectively.

The low resistance value of GEI®O0 indicates that the GEIDO0 offers less
resistance and more charge storage compared to that of binaries. The ohmic loss of GP
and GCP300 ae 0.501 V and 0.041 V, respectively (Fig. 3.10). Since GC and CP
offered very less specific capacitantteir ESR valuewereleft uncalculated. The low
ESR of GCP300 is attributed to the low resistances at the interfaces between electrode
material/current collector and electrode material/electrdlgehoo and Shim 2017)

The specific capacitieg®) of GCP1 300 and GP were calculated using the Equation
2.5. TheQ valuesare 42.63 C g?! and 35.27 C g?, respectively.The specific
capacitance values of GGRB00 and binary composites at a current density of 0.25 A
g'! are presented in Table43The high capacitance of GEGRB00 nanocomposite can

be attributed to the presence of nanosized PANI, which causes the decrease in charge
diffusion distance durindghe charge/discharge process; and also to the integrated effect
of the combination of all the three materiéllisman et al. 2016)t might also be due

to the uniformity inthedispersion of C£O/CuO nano particles and PANI particles over
rGO layers which provides an efficient thi@éenensional porous structure with short
diffusion path length for faster electron transgarh et al. 2016) The cyclic stability

of GCP1 300 was tested by conties cyclic voltammetry scans at 200 mVup to

5000 cycles.
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Fig. 3.10Galvanostatic charge/ discharge curves of &0, CP, GC, and GP at
0.25 A g

Table 3.4 Specific capacitance of GE¥00 and corresponding binary composites at a
current density of 0.25 A'g

Weight ratios Cs(Fdgh
G 25 mg: CO/CuOsp mg: P 300 mg 53.3
G 25mg: CO/CUOs0 mg 0.71
G 25mg:P 300 mg 44.09
CuwO/CuOs0 mg: P 300mg 0.13

From the plot of specific capacitance versus cycle numigch is shown in
Fig. 3.11, it is observed that there is only a little deterioration of initial capacitatice
theincreasing cycle numbers atice GCP300 retained 97.6% of its initial capacitance
up to 5000 cycles, exhibiting a good cyclic stabilitiiis might have emerged from the
smaller particle size and larger surface area, which effectively decrease the distance to
be traveled for charge transport, providing the faster mass transfer of the electrolyte
(Hareesh et al. 2016)The introduction of rGO, can effectivelyelieve the
contraction/expansion of PANI during doping/dedoping proctss et al. 2014)
Ragone plots of GGB00, CP, GC and GP at different current densities (D.35
A g'Y) with the magnified portions of CP and GC in the inset are shiowig. 3.12.
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Fig. 3.11Plot of specific capacitance versus number of cycles.
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Fig. 3.12Ragone plots of GGB0O, CP, GC and GP differentcurrent densities

respectively. Inset showwke magnified portion othe plots ofCP and GC.

The energylensitesand power densésof the nanocomposites were calculated
usingEquation2.6and2.7, respectivel((Sudhakar et al. 201.7)t is observed from the
plots that the GCB00 shows high energy density 4f73W h kg! andhigh power
density 0f136.25W kg'* at a lower current density of 0.25 A'gand also it maintains
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an energy density df.22W h kg ! and power density &681.5W kg'* at higher current

density of 3 A ¢. The relatively better electrochemical behavior of GDPR is

attributed to the good interfacial contact between the PANI nanoparticles with rGO

throogh™ i nteraction, enhancing the wutilizati ol
path for electrolyte ions during redox reactions, thereby producing high energy density

(Shen et al. 2013)The sustained highower density at high current density might have

originated from the intact structural stability thie composite GCF00 even at high

current densityThe columbic efficienies calculated using Equation 2(8/ang et al.

2015b)to be 91.91% and 95.78%. for GBGPO and GP, respectively.

3.1.2.3. Electrochemical impedance spectrosicqilS) studies

The Nyquist plots of GGRB00, CP, GC and GP are shown in Fig. 3.13 with the
magnified parts of semicircles the inset. Nyquist plots obtained are with a semicircle
over the high frequency region and a linear Warburg portion tbedow frequency
region, indicating the ideal supercapacitor behavior. The -sgohe with a small
diameter and the straight Warlgysortion of GCP300 compared to the Nyquist plots
of binary composites, indicate the good conductivity, better ion diffusion and better ion
transport(Li et al. 2011)in GCR300, which make the ternary composite more
promising than binary composites.

The magnitude of resistances involved during the process of charge storage
were generated from the EIS data by fitting an equivalent circuit (B@)g the
software Zsimpwin (version 3.21). The fitment curve and the EC are shown in Fig.
3.14. The equivalent circuit consists of the equivalent series resisiRjjabg double
layer capacitanceCq), the charge transfer resistanBe) theWarburg resistancé\(),
the leakage resistand&day), the constant phase element of pseudo capacitance)(CPE
and the constant phase element of mass capacitance) (GREarapu et al. 2009;i L
and Wei 2012) The equivalent series resistané®) (comprises of the electrolyte
resistance, the ionic resistance of ions moving through the separator, the intrinsic
resistance of the active electrode material, and the contact resistance atfémeionfer

active material/current collector.
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Fig. 3.13Nyquist plot of GCP300, CP, GC and GP composites. The inset depicts the
magnified portion of GCB00 and GP at high frequency.

The lowRs valueof GCP1 300, as shown by the small intercepttbé X-axis
at high frequency, indicates the good conductivities of active materials and current
collectors(Masarapu et al. 2009The R is the resistance developed across the rGO
and the electrolyteandthe lowerR value is evident from the smaller diameter of the
semicircul ar capaci ti vy &s associatgd withOthe de3ldx q ) .
capacitance or pseudo capacitance due to the faradaic reaction of PANI; and also,
oxides of copper (GO and CuO) present in the ®Q&ompositeW is the Warburg
resistance, corresponding to the electrolyte ion diffusion into the electrode material. In
simulation analysis, to arrive at the EC, CEE i used in the place of ideal capacitive
element C) for a better fit of depressedpaxitive loops. The depressed semicircles
indicate a deviation fronthe ideal capacitive behavior; and are obtained duthéo
frequency dispersion arising out of inhomogeneity on the electrode surface in contact
with the electrolyte, as a consequence pbeous and nominiform electrodgJuttner
1990; Dinodi and Shetty 2014)
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Fig. 3.14The original and fitted EIS data of GE®O0 with knee frequency and circuit.

The relation between the real capacitancethadonstant phase element after
accounting forthe frequency dispersiqns expressed as per thguation3.1 given
below(Dinodi and Shetty 2014)

C = QW)™ (3.1)

whereQ is the CPE constant,maxis the frequency at which the imaginary part of the

impedance 4 Nids a maximum amuis a CPE exponent or frequency factor which

provides a measure of inhomogeneity on the electrode suffaeezalue of n is given

by ( 1 O n O 1), and when n = 1, CPE behaves
frequency factors obtained are at 0.87 and 0.80 for.GPH CPE, respectively,

indicating the moderate capacitive behavior of &G0 composites. The steeper

Warburg regia in the case of GGBOO indicateghe faster ion transport through the

electrode material and efficient access of electrolyte ions to the electrode surface

(Jaidev et al. 2011)

The frequency dependency of supercapacitors is measured in terms of knee
frequency. The knee frequency is the frequency below which the whole capacitance of
a supercapacitors is attain@diao et al. 2016)The knee frequencies of GE&PO0, CP,

GC and GP are 37.28z, 0.51Hz, 5.17Hz and 19.31 Hz, respectively. The ternary
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GCR300 has the highest knee frequenicgicating a far early onset of capacitive
behavior of GCRB00 compared to that of binary composifekao et al. 2016)Also,
thehigher knee frequency implies that the electrolyte ions are easily accassiltthe

pores and henca better rate performance of GGBO electrode¢Brun et al. 2012)

These observations areagreement witlthe cyclic voltammetry and charge discharge

results.
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Fig. 3.15Bode plots of GCP 300

log frequency / Hz

, CP, GC and GP.

The phase angl8ode plots of GCR 300 and the binary composites are

depicted in Fig. 3.15 The plots present the frequency dependency on phase angle and

the frequency

corresponds

t o

the phase

frequencyat which tle quick response of a super capacitor is determiivezhn et al.
2011; Sheng et al. 2012a; Pan et al. 2014)A t
the capacitor are equal in magnitu@heng et al. 2012aYhe critical frequencyfq)

t hat

corresponds

to the

45A the

phase

resi stance

d 809.Me o f 4

relaxation time §) gives a measure of the rate of the ionic diffusion in the electrode

and the minimum time consumed by the device to discharge all of its energynwith a

efficiency of more the 50% of its maximum val@uan et al. 2011; Pan et al. 2014)

The  found to be 0.21 s, indicating a fast discharge prodéss critical frequencies

corresponding

to phase

angl e

45A and th
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Table 35. From Table & it can be observed that tl&CP 1T 300 possesses second
highest critical frequency of 4.66 Hz and second lowest relaxation time constant of 0.21
S, which are attributed to the fast response and faster discharge of as fadsvated

The GC possessése highest critical frequency of 9.03 Hz and lowest relaxation time
of 0.11 s despite havinghe low specific capacitance, which can be attributed to the

high leakage resistance of GC binary composite.

Table 35 Magnitudes ofda n d. U

Composites  fo(Hz) G (s)
GCP-300 4.66 0.21
CP 1.29 0.77
GC 9.03 0.11
GP 3.71 0.26
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3.2. GCPWITH GLACIAL ACETIC ACID ASDOPANT
3.2.1. Structural characterization

3.2.1.1. X-ray diffraction analysis
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Fig. 3.16 (a) X-ray diffraction patterns of reduced graphene oxide/copper

oxide/polyaniline nanocomposite (GCR)) X-ray diffraction patterns of copper

oxide/polyaniline (CP), reduced graphene oxide/copper oxide (GC), reduced graphene

oxide/polyaniline (GP) binary composites.

The X-raydiffraction patterns of graphene oxide (GO), reduced graphene oxide
(rGO) and polyaniline (PANIlare shown in Fig.3.1 and the explanations are also
discussed in section 3.1.The reduced graphene oxide/copper oxide/polyaniline
nanocompositeynthesized using glacial acetic acid as dof@@P)is shown in Fig.
3.16a. The broad peak at 24.19° and the additional overlapped peaks corresponding to
polyaniline (PANI), distinctly suggest the further increase in interlayer spacing due to
the interalations of PANI between rGO layefldan et al. 2014)The peaks of GCP
and their crystal planes arg fallows. Peaks at 29.61° (110), 36.41° (111), 42.31° (200)
and 61.35° (220) are of cuprous oxide {Ou(JCPDS file No. 78076), a peak at
56.36° (021) is of CuO (JCPDS file No.i8®17) and the remaining peaks at 23.98°
(110), 26.98° (003), 28.34210), 30.89°(020), 33.55° (120), 34.73° (221), 39.78°
(310) (JCPDS file No. 53717 and 5B81891) are of polyaniline. The presence of

several peaks of polyaniline with different crystalline planes, in the GCP
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nanocomposite indicates the production of PANhvah assembly of different crystal
planes in the composite. Peaks at 9.06°, 11.80°, 12.76°, 14.60°, and 17.18° on the
spectra of GCP are due to the presence of oxygen containing glacial acetic acid that are
doped on the polymer backbone of PANEerendra and Sathyanarayana 200%be
crystalline size of the G@®, CuO and PANI were calculated fromithr@spectivamost

intense paks andtheyare 36.88 nm, 35.76 nm and 33.27 nm, respectively, indicating
that the synthesized nanocomposites are in nanodimendibasX-ray diffraction
patterns of copper oxide/polyaniline (CP), reduced graphene oxide/copper oxide (GC),
reduced graphene oxig®lyaniline (GP) are shown in Fig. 3.16DP shows peaks at
22.70° (021) corresponds to PANI (JCPDS file Noi E®1), 29.74° (110), 36.43°
(111), 42.31° (200), 61.53° (220) correspond te@WCPDS file No. 7&076) and

peaks at 43.43° (111), 50.57° ®@0correspond to Cu (JCPDS file No.10836). GC

shows peaks at 24.31° (002) of rGO, 43.38° (111) and 50.46° (200) correspond to Cu
(JCPDS file No.- 04-0836). GP shows two peaks, the first broad peak centered at
12.10° shows the presence of oxygen ammg acetic acid which was used as dopant
and traces of other oxygen containing functional groups left unreduced and the second
broad peak centered at 22.14° is duthé&well intercalated PANI between rGO layers.

3.2.1.2. FT-IR spectra

The FTIR spectra ofcopper oxide/polyaniline (CP), reduced graphene
oxide/copper oxide (GC), reduced graphene oxide/polyaniline (GP) binary composites
and reduced graphene oxide/copper oxide/polyaniline ternary nanocomposite (GCP)
aregiven in Fig.3.17. The FTFIR spectra of graphene oxide (GO), reduced graphene
oxide (rGO), polyaniline (PANI) are shown in Fig§.2 and the explanations are
discussed in section 3.1.€opper oxide/polyaniline (CP) binary composite shows
peaks at 3388 cnt 1587 cm 1 1503 en 113967 1312 cm 11168 cm 11046 cm!
8321 748 cm 16951 626 cm 14961 413 cm ! corresponding toéOH of water, C=C
stretching of quinoid and benzenoid ring,Mgstretching vibration quinoid ring, @4
bending vibration of benzenoid ringopalakrishnan et al. 2014)CiH in plane
bending of aromatic ring,Ci H out plane bending of aromatic rif@ppalakrishnan et
al. 2014) Cu O stretching wWration in CyO (Gopalakrishnan et al. 2014nd Cu

peaks, respectively.
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Fig. 3.17 FTiIR spectra of copper oxide/polyaniline (CP), reduced graphene
oxide/copper oxide (GC), reduced graphene oxide/polyaniline (GP) moarygosites

and reduced graphene oxide/copper oxide/polyaniline ternary nanocomposite (GCP)

Reduced graphene oxidepper oxide (GC) binary composite sheypeaks at
3708 cm 11602 cm 11488 cm 11358 cm 11221 cm 1496 429 cm !corresponding
to1 OH (Xia et al. 2012bpf water, skeletalC=Ci, 1 Ci Oi ini Ci OH, i Ci OH, epoxy
1Ci O, and the rest are of Cu, respectively. Reduced graphendpmtydailine (GP)
binary composite show peaks at 3378 ¢rm594 cm ! 1489 cm 1289 cm 1 1159
cm 11041 cm *and 831711 cm ! corresponding to C=C stretoly of quinoid and
benzenoid ring, CN; stretching vibration of benzenoid rirfGopalakrishnan et al.
2014) C=N stretching vibration,iCiH out plane bending of aromatic ring,
respectively. In the case GfCP composite, there are peaks at 1581 ci472 cm !
1376 cm 11188 cm 1 1109 cm ‘and 994 cm?! corresponding to C=C stretching of
quinoid and benzenoid ring, Gystretching vibration, C=N stretching vibrationG; 1
H in plane bendingPan et al. 2016and Gy Hyout of plane bendinfGopalakrishnan
et al. 2014)respectivelycorresponding to PANI. The peak at 607 dsattributedo
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Cu(l)i O vibrations in CpO and at 449 cmpossibly attributed to Cu@Midander et

al. 2009) which substaiste the fact that the synthesized composite has beth énd

CuO. The IR spectral results corroborate the XRD results. The above facts indicate
integrated synthesis of reduced graphene dsiagiger oxidépolyaniline during in situ

single step synthesis.

3.2.1.3. Raman spectra
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Fig. 3.18 Raman spectra of graphite oxide (GO), reduced graphene oxide, (rGO)
polyaniline (PANIl)and GCP.

The Raman spectra of graphene oxide (GO), reduced graphene oxide (rGO),
polyaniline (PANI) and reduced graphene oxide/copper oxide/polyaniline
nanocomposite (GCP) are depicted in Bid8 It is seen from the figure that the D, G
and 2D bands of GO are at 1355 é&ni595 cm'tand 2642 cnif that of rGO are at
1356 cm'11595 cmitland2664 cm*1and that of GCP are at 1397 ¢pi614 cm'land
2665 cmt. An observation on the peak positions of D band of GO, rGO and GCP infers
that there is a positive shift in wavenumber from 1355'¢m1356 cm'land to 1366
cm happraisingthe easy electron transfer enabled between rGO and PANI by the
intercalation of PANI in between the rGO layers and their bosom cditetzl et al.

2013) The increase impllgratio from GO to GCP, as depicted in Figl&, shows

the increase in defects and the reduction of GO to rGO during the synthesis of GCP
(Rana and Malik 2012; Mondal et al. 201Fhe bo/lg ratios of GO, rGO and GCP are
0.37, 0.48 and 0.87, respectively. The/lk ratios of GO and rGO correspond to
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multilayer nature and of GCP corresponds to few layer nature honeycomb lattices
(Akhavan et al. 2014 pttributed to the facts that the intercalation of PANI between the
rGO layers may not only serves as a source of pseaplacitance, but also act as a
spacetby increasing theigpacing of honeycomb lattices of rGO during the synthesis
of GCP(Kumar and Baek 2014The formation of PANI was ascertained by the peaks
at 518.57 cm7583.83 cm'71808.24 cmt71170.10 cmfp 1223.71 cm7 1362.33 cm'T
1506.18 cmipand 1600.00 cniy corresponding to phenazine like segments, stretching
and bending of out of planei @ bonds of quinoid rings, bending modes 6¢fHCin
benzenoid rings, stretching modes ©EIN in polaronic elements, vibrational
semiquinoneadicds, stretching vibrations of C=N in quinoid elements, and stretching
modes of C=C in quinoid rings, respectively. The presence of copper oxides are
substantiated bthe peaks at 492.48 critof Cu(OH) (Deng et al. 2016)601.89 cmt1
(Wang et al. 2003jnd 643.17 cnitof CuO(Chen et al. 1995)nd at 623.89 crhof

CwO (Deng et al. 2016Y)espectively.

3.2.1.4. XPS

Figures 319 (a-h) present the survey XPS spectrum of GCP composite, core
level spectra of C, N, O, and Cu. The elements present in the GCP composites are
confirmed from survey spectrum apossesses the characteristic peaks of C, N, O and
Cu (Fig.3.1%). Each of these peaks were deconvoluted by using Gaussian fitment
(Peak fit versioni 4.12). The C 1s core level spectrum (Bd.%) was deconvoluted
into five peaks with binding energiof 284.16 eV, 285.07 eV, 286.34 eV, 288.06 eV
and 289.69 eV, which are assigned té Isgbridized carbons of C=CArezzo et al.
1994) Ci N bonds of polyanilindKumar et al. 199Q)Ci O, C=0 of traces of oxygen
containing functional groups on reduced graphene oxide which were left unreduced and
Oi C=0 of acetic acid that wassed as dopant on the synthdsiareesh et al. 2016)

respectively.
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Fig. 3.19(a) Survey XPS speatm of GCPR, (b-e) core levebpectra of C 1s, N 1s, O

1s, Cu 2p 3/2(f) Cu 3p Auger electron spectamdcore level spectra ) Cu 3p(h)

Cu 3s.

The N 1s core level spectra (F&8)1) were deconvoluted into three peaks at
binding energies of 398.51 eV, 399.82 eV, and 401.97 eaiping to benzenoid
amine bonds (=N) (Kang et al. 1996; Kumar et al. 199@Quinoid imine bondsi NHi
) (Kang et al. 1996and nitrogen cationic radicals {N(Kumar et al. 1990)of
polyaniline, respectively. The O 1s spectra (Bd.&) was deconvoluted into four
peaks of binding energies 530.39 eV, 531.53 eV, 532.74 eV, ah@8158V which
correspond to oxygen bonded to cuprous ion\@cintyre 1981) oxygen bonded to
cupric (C?*) ion (Mcintyre 1981) carbonyl oxygen (C=0) of unreduced oxygen
bearing entities, and carboxylacid groupgKrause and Oliver 1979; Bournel et al.
1996) used as dopants, respectively. The core level spectrum of copper is shown in

Fig. 3.1%. Itis observed from the spectra that the cuprous oxidegChas a 2p3/2
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peak at 932.18 eV and a 2p1/2 peak at 952.5¢Z&¥do et al. 2011 Xhe cupric oxide

has a couple of peaks, a 2p3/2 peak at 933.40 eV and a 2p1/2 peak at 953dleeV

et al. 1989)with the peak separatiai 20.49 eV (Fig3.1%). The peak binding energy

gap of 20.49 eV substantiates the divalent nature of CuO in the nanoconfipiosite

al. 2014a) The satellite peaks are used to differentiate the Cu metal, CuO a®d Cu
from each othefPoulston et al. 1996The CuO is distinguished from g and Cu by
having a couple of CuO 2p3/2 satellite peakich are flanked between the two major
peaks of itself at binding energies of 941.46 eV and 943.90 eV. Each of these two
binding energies are at an addition of 8.06 eV and 10.5 eV on the major peaks of CuO
2p3/2 at 933.40 eV, which are close to ~9 eVad#lition reported in the literature
(Ghijsen et al. 1988Yhe presence of two satellite peaks is attributed to the spin orbit
splitting of Cu(2p) and Cu (3p) line@McIntyre and Cook 1975)The satellite peaks

are considered to be the feature of materials witbodfiguration in its ground state
andthe broad nature of these peaks is attributed to the mukigiting of 2 3c°,

while CwO 2p3/2 has no satellite peé&hijsen et al. 1988Yhe presence of Auger
peaks and core level spectra of Cu 3p and Cu 3s further corroborates the presence of
copper oxides in the compositekhere are two auggreaks of CpO (Fig. 3.191)
observed at binding energies of 555.36 eV and 581.33 eV, wahgatonverted into
kinetic energies of 935 eV and 909 eV usigu&tion 3.2

KE=hs -BE (3.

whereKE is the kinetic energy of an Auger electrbngs the X-ray excitation energy,
BE is the binding energy and is the work function of 3.9 eV. The Auger parameter
( ) of CO was calculated using Egtion3.3 (Reitz and Solmon 1998)

a =KE(LMM) +BE(2 p3/2) (3.<

The values were found to be 1867.32 and 1842.80, which are in good agreement
with literature(Barreca et al. 2007Yhe expected Auger peak is at a kinetic energy of
about 919 eV, but the splitting of Auger peak into tpeaks, centering at kinetic
energies of 935 eV and 909 eV, is attributed to the existence of &uii&ierogenic
interface(Trivich et al. 1978)xand the presence of tweu 2p levelg(Schon 1972)A
pair of peaks corresponding to Cu (0) 3p822tl et al. 1980)and 3p(Robert and
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Offergeld 1972pare obtained along with a peak of CBi®Robert and Offergeld 1972)

with binding energies of 74.43 eV, 75.68 evid 77.88 eV respectively,on the
deconvolution othe peak for the coréevel of 3p3/2 (Fig3.199. The deconvolution

of thepeak of Cu 3s core level spectra (RdL9h exhibits a peak at a binding energy

of 119.28 eV, corresponding to Cu=C bor{tkawaldar et al. 2012pormed inthe
synthesized GCP composite. Another peak with the binding energy of 123.93 eV is
assigned to CuO 3slawaldar et al. 2012)

3.2.1.5. FE-SEM
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Fig. 3.20(a) and(b) The FESEM images of the GCP nanocomposites.
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The FESEM images of GCP nanocomposite are given inFRPaand3.20h
As a general observationcién be inferred that the PANI has formed a uniform porous
layer on the rGO sheets in such a way that the restacking and agglomeration of them is
effectively reduced, and there by PANI acting as a spacer. This interpretation is further
corroborated by the Raman results indicting the conversion of multi rGO layers into
few layered during the synthesis of the composite. The porous architecture, as depicted
in Fig. 3.20h enables the electrolyte to penetrate deep into the bulk of the composite
material during energy storage and increases the surface area available for the formation
of electrical double layers, enablitige channels fothe accumulation of iongand in
turn increasing the specific capacitance. The flexibility of the composite structure
effectively relieves the material from undergoing failure by any sort of strain on the
application ofhigh currents. The distribution of copper and its oxides @D r®ANI

layers ensures the integrity of the constituents and connectivity for electron transfer.
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3.2.2. Electrochemical characterizations

The GCP nanocomposites were synthesized by varying the weight percent of
each of the constituent materials so as to achieve a best weight percentage of all the
three constituents with better electrochemical properties. The nhomenclatures used for
the GCP composites of different composition and their respective percentages of the
constituents are summarized in TaBlé
Table 3.6 The nomenclature used for tB€Pcomposites of different composition and

their respective percentages of the constituents.

Weight of constituents

Component under (mg) Weight Nomenclature of
study percentage (%) composite
P C G

100 50 25 57.10 GCP57

150 50 25 66.66 GCP67

PANI series 200 50 25 72.72 GCP73
250 50 25 76.90 GCP78

300 50 25 80.00 GCP80

350 50 25 82.35 GCP82

300 100 25 23.52 GC24P

300 150 25 31.57 GC32P

Copper oxide serie 300 200 25 38.09 GC38P
300 250 25 43.47 GC43P

300 300 25 48.00 GC48P

300 350 25 51.85 GC5h1P

300 250 50 8.30 G8CP

300 250 75 12.00 Gl2CP

rGO series 300 250 100 15.38 G15CP
300 250 125 18.51 G19CP

300 250 150 21.42 G21CP

Eventuallythe nanocomposite G120Ras obtained to be the best composition
with specific capacitance, as high as 684.93 'E Jhe discussions on the

electrochemical studied are presented in the following sections.
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3.2.2.1. CV studies

The CV curvesof GCP and binary composites at a scan rate of Ssmiwith
0.4 M HbSQy as electrolytare shown in Fig..21a. It is seen from Fig..31a that the
CV curves arenot rectangular in shape, but are asymmetric with redox peaks which
indicate the involvement of both faradaic process of PANI and oxides of copper and
nonfaradic process of rGO durinigecharge storage process. The peaks are attributed
to the redox transons of PANI(Han et al. 2014and of copper oxide. Fig.3la shows
that the cyclic voltammogram @&12CP possesses more area, indicating the higher
conductivity and lower internal resistance of the compdsiéa et al. 2014)The area
created under cathodic and anodic curves of a cyclic voltammogram is proportional to
the effective charge stored, which in turn is proportional to the capacity of a composite
electrode materialThus, the higher area @12CP is ascribed to the high specific

capacitance.
; 0.10
154
104 0.05-
g 5 <
£ | =
£ t 0.00-
= 0 g — 100 mVis
5 5] 3 80 mVis
o ) —— G12CP—— GC43P -0.05- —_ 50 mVis
104 —— GCP80——CP — 10 mV/s
. ——GC——GP o
151 o0l —SmVis
00 02 04 06 08 10 12 06 02 04 06 08 1.0 12
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Fig. 321 (a) Cyclic voltammograms of G12C8C43PGCP8QCP, GC and GP at a
scan rate of 5 m\é %; (b) Cyclic voltammograms of composites G12&Rlifferent

scan rates

The oxidation peak at 0.46 V is associated with the oxidation of semiconducting
leucoemeraldine form of PANI to emeraldine and a reduction peaks at 0.35 V is due to
reduction of emeraldine to pernigraniline forAs the composite G12CP yields more
charge ®rage, the cyclic voltammograms of it at different scan rates are shown in Fig.
3.21b. It is seen from Fig..31b that there is a shift of anodic and cathodic peak

positions as the scan rate increases. This is due to the internal resistance of tiue electr
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material(Asen and Shahrokhian 2017and existence of polarizatigiMaitra et al.

2017) The decrease in the capacity of the electrode on increasing the scan rate is
ascribed to theeks electrolyte diffusion into the interior of the electrode material at
high scan rate(Asen and Shahrokhian 2017 the electrolyte access is confined to

the outer surface of the electroactive materiald the inner active sites are left
unaccessed by electrolyte ios. lower scan rates the electrolyte diffusion into the
electroactive sites present at the interior of the electrode materials is made effective and
hence the possible maximum redox reactions occur on the active sites yielding high

specific capacitanc@hibar and Das 2014)

3.2.2.2. GCD studies

The general observatiortd GCD studiesare as follows. All the CD curves
obtained are quasi triangular in shape, which signifies that the obtained specific
capacitance is a combined contribution of fiaradaic electdal double layer charge
storage and faradaic pseutipacitancéMondal et al. 2017 'he plateaus on the GCD
curves are attributed to the fact thihe synthesized composites exhibit reversible
pseudocapacitanceriginated from the faradic redox reactions of PANI and copper
oxide naneparticles that are dispersed over rGO lay®va et al. 2018). All the
nanocomposites showed longer time of discharge at lower current densities indicating
better capacitance and the sufficient insertion dfdd on the polymer back bone of
PANI and into the porous architecture developed in the compbate et al. 2014)
The decrease in specific capacitance with the increase in current density in akthe ca
is due to the reason that at higher current densities the IR drop increases and all the
electroactive sites present in the electrode materiat®tondergo their characteristic
redox reactions; and the available surface area in the porous architd#atanolayers
of rGO is not utilized to the fullest extent in storing the charges. On the contrary at low
current density the better diffusivity of electrolyte ions into the tdieensional
porous architecture of the ternary composite allows the presgrmaximum possible
electroactive sites in the interior of the electrode materials to undergo their respective
charge storing reactions efficiently. Also, the good diffusion of electrolyte in to
composite material brings down the internal resistancereadf by the materials,

increasing the specific capacitar(d4aitra et al. 2017; Asen and Shahrokhian 2017a)
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The larger ohmic drop in all the composites might have aroused due to the reason that
no conductivity enhancer like carbon black in acetylene are used and the lack of
compact package of electrode material over the carbon cloth and between the stainless

steel which are used as current collectors.

Table 3.7. The electrochemical parameters of differé@Pcomposites synthesized at

a current density of 0.25 ¢ 1!

Constituent . Cs E P
under study Composite (Fog § (Whkg ¥ (W kg ¥
GCP57 30.04 6.01 376.91
GCP67 46.99 9.39 466.04
PANI series GCP73 33.92 6.78 405.70
GCP78 35.11 7.02 435.84
GCP80 60.97 12.19 426.23
GCP82 15.01 3.00 505.17
GC24P 75.3 15.06 382.34
GC32P 88.65 17.73 374.57
Copper oxide GC38P 81.43 16.28 360.59
series GC43P 129.53 25.90 391.21
GC48P 78.86 15.77 342.47
GC51P 47.52 9.50 373.58
G8CP 130.89 26.17 266.96
G12CP 171.23 34.24 328.94
rGO series G15CP 98.42 19.68 354.68
G19CP 82.23 16.44 319.02
G21CP 78.12 15.62 367.64

Department of chemistry, NITK 88



Chapteri 3

As the current density increases, the ohmic drop also increases, which might be
attributed to the resistance offered by the unutilized electrode materials due to the
ineffective diffusion of electrolyte into the entire bulk of the electrode material at high
current density. As the current density decreases the ohmic drop decreases as the
unutilized electrode materials are reduced at low current density as the diffusion of
electrolyte into the electro active materials increases. The electrochemical parameters

of the GCP composites synthesized are given in Table 3.7.

PANI series
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0 50 100 150 200 0 100 200 300 400 500 600 700 0 200 400 500 800 1000
Time (s} Time (s) Time (s)

_025Ag—_ 05Ag—075Ag" ~ 700

)_1Ag 2Ag"—3Ag"—4Ag’ :600 f) GO copper oxide
3 5001

—5Ag—6Ag —TAQ—EAQ

—QAg
> 10 —10Ag’
] 0.8 400
806 171.23F 5;1" 5 300 PANI
S (0.25Ag")

o
o

445F g’

(10Ag" /\

0.04 v T T r } T T T
0 200 400 600 800 1000 0 200 400 600 800 100012001400 0 20 40 60 80 100
Time /s Time (s) Weight percentage of constituents (%)

Specific capacitan
- N
(=]
o

Fig. 3.22 GCD curves of composites (a) with different weight percentages of PANI at
a current density of 0.25 A’y (b) with different weight percentages of copper oxide
at a current density of 0.25 A'g(c) with different weight percentages of rGO at a
currentdensity of 0.25 A if; (d) GCD curves of composites G12@Rcurrent densities
ranging from 0.25 to 10 A'¢§ (e) GCD curves of G12CP, GC43P, GCP80, CP, GC
and CP at a current density of 0.25 Al;g(f) Plot of specific capacitances of
nanocomposites at a current density of 0.25Aigjweight percentages of rGO, copper
oxide and PANI.

A series of composites were synthesized by varying the weight ratio of PANI
and keeping the weight ratio of copper oxide, and reduced graphene oxidleasG

constant as 50 mg and 25 mg, respectively. The GCD curves of PANI series are shown
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in Fig. 3.22a. lts seen from Fig. 3.22a and data in Table 3.7 that, as the polymer weight
loading increases from 100 mg to 300 mg, there is an increase in spapdittance

from 30.04F g o 60.97F g land further increase in the weight of PANI decreases
the specific capacitance to 60.06 Fiat a current density of 0.25 A §

The initial increase in the specific capacitance might be due tadhease in
the redox active sites, surface area and conductivitiyeafomposite as the weight of
PANI increases. The later trend of diminishing of electrochemical properties is
attributed to the nonuniform densification of PANI over rGO and aroun®/QCuwO,
tending to form agglomerates in a random manner which limits the access of electrolyte
into the entire bulk of the composite, and its fullest utilizafién et al. 2010)Since
the composite with 300 mg of PANI showed the better electrochemical properties, the
weight percentages of the constituents in thaiqudair composite was calculated and
it was found to be rGO 6.6%: &D/CuO 13.4%: PANI 80% and named to be GCP80.

Copper oxide series

In this series, the weight of copper oxide was varied keeping the weight of
PANI at 300 mg, which corresponds to the imaxn capacitance in the previous series
and also keeping the weight of rGO constdiite GCD curves of the copper oxide
series are shown in Fi§.22. It is observed from Fig3.22 and Table3.7 that the
specific capacitance increases when the weighbpper oxide increases from 50 mg
to 250 mg to give maximum capacitancel@®.53F g and decreases #8.86F g 1
at a current density of 0.25d\ on further increase in the weigfthe initial increase
in capacitance may be due to therease in the extenf redox reactions of oxides of
copper as the weight of copper oxide nanoparticles increases. The distribution of
CwO/CuO nanoparticles on and-lietween the PANI covered rGO layers provide a
charge carrier network. The decreasedpacitance at higher quantities of copper oxide
could be accounted to the formation of misiped particles due to agglomeration when
a large amount of particles are incorporated in PANI coated rGO layers and to the
internal resistance created by themsuch micresized particles of copper oxide, due
to their bigger sizethe redox reaction takes place only on the superficial surface and

not in the core of the particles. The weight percentage of nanocomposite with copper
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oxide weight of 250 mg was deteined to be rGO 4.3%: GO/CuO 43.4%: PANI
52.3% and named to be GC43P.
rGO series
A series of composites was prepared by fixing the weight ratio of PANI and

CwO/CuO as 300 mg and 250 mg, respectively, and the weight of rGO was varied. The
GCD curves of rGO series are shown in H@2Z. When the rGO weight increases
from 25 mg to 75 mg, the specific capacitance increfases130.89F g 0 171.23F
g ‘and on further increasing the weight of rGO, the supercapacitance decr&ss42 to
Fg lata current density of 0.25¢\ ! The initial increase in specific capacitance till
75 mg may be attributed to the fact that increasing the rGO content wadRANI
and copper oxide to disperse without agglomeration. Such a distribution would open up
more redox active sites of PANI and copper oxide and create more porosities for charge
accumulation by EDL capacitance. The decrease in specific capacitangghat hi
guantities of rGO is attributed to the spreading up of available PANI and copper oxide
nanoparticles on rGO layers resulting in disconnection of 4tlireensional charge
carrying network and disturbing the continuous flow of charges. The weight {zgeen
of composite with rGO weight of 75 mg was determined to be rGO 12%/CuO
40%: PANI 48% and named to be G12CP. The specific capacity Yof G12CP
calculated using Heation 2.5(Brousse et al. 2015) he specific capacity of G12CP at
a current density of 0.25 A/g is found to2@5.47C g 1

The Fig.3.22 shows theCD curvesof G12CP at different current densities
ranging from 0.25 Ay o 10 Ag !t is seen from Fig3.22, that the standardized
composite (G12CP) has exhibited a maximum capacitance at a lower current density of
0.25 Ag Idue to the betteglectrolyte diffusion into the interior nasahannels of the
composite as discussed above. To establish the fact that the standardized composites
supersedes binary composites, the binary combinations of-difmessed three
constituents with the same whigatios as that of G12CP were synthesized and named
as copper oxide/polyaniline (CP), reduced graphene oxide/copper oxide (GC), reduced
graphene oxide/polyaniline (GP) binary composites. The GCD curves of GCP and
corresponding binary composites at a eotrdensity of 0.25 A !are shown in Fig.
3.22%. The specific capacitance, energy densities and power densities, calculated at a
current density of 0.25 4 lare listed in Table.8.
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Table 3.8 The electrochemical parametersnahocomposites G12CP, CP, GC and GP
at a current density of 0.25¢\ *

E P
Composite  Cs(Fg § Whkg § Wk J
G12CP 171.23 34.24 328.94
CP 133.69 26.73 355.71
GC 11.84 2.36 519.92
GP 34.48 6.89 443.35

It is seen from Fig3.22 that the ternary composites are ranking better than the
binary composites. The plots of variation of specific capacitance with weight percent
of PANI, copper oxide and rGO are shown in BZ. The binary composite CP
shows a good electrochemical merhance; and even better power density than G12CP.
This is due to the fact that the pseudocapacitive materials, copper oxide and PANI, store
large amount of charges by their reversible redox reactions which is more than that of
energy stored by EDLC mecham (Wang et al. 2012aHowever, the composite has
a limitation of lower cyclic stability. The limitation is due to the fact that the PANI
undergoes volumetric expansion and contraction during charge and discharge process
which causes structural breakdown leading to popacity retentior{Pan et al. 2016)

On the other hand, copper oxide undergoes considerable strain during charge/discharge
process causing crack in charge flogvnetworks and decreasitige cyclic stability

(zZhi et al. 2013) The standardized composite G12GR&s high discharge time
signifying better capacitive ability than all other composites. This may be attributed to
the positive effect obtained by integrating the constituent materials in a right proportion.

The IR drop in binary composites are high compared to thaenmary
composites and among ternary composites the composite G12CP exhibits the least IR
drop of 0.58 V. The observed IR drops for GC43P, GCP80, CP, GC and GP are 0.74
V, 0.77 V, 0.74V, 0.83 V and 0.66 V, respectively. The equivalent series resistance

(ESR in Y) of nanocomposites were uatiad cul at ed
24. TheESRvalues of G12CR5sC43Pand GCP80 are found to be 1
and 1.54 Y, respectivel y. The composite G1;

conductance, which iattributed to the low contact resistance between the active
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electrode materials and current collector, low intrinsic resistance between electrode

materials and the low ionic resistance of the electrolyte solySahoo and Shim
2017)
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Fig. 3.23 (a) Plots of specific capacitance versus current densities of composites
G12CP, GC43P, GCP80, CP, GC and GP (with the inset of same plot of G12CP till
current density of 10 A'd); (b) Ragone plots of composites G12CP, GC43P,GCP80,
CP,GC and GP from cumedensity from 0.25 to 3 A'§(with the inset of same plot

of G12CPat current densities from 0.25 to 10 Ag (c) Plots of retention of
capacitance versus number of cycles of composites G12CP, GC43P, GCP80; (d)
Nyquist plots before and after 5000 @&(with the inset of a table of resistance values)

(e and f) The agabricated supercapacitors energizing red and yellow light emitting
diodes.

The plots of specific capacitance versus current density are shown Fig. 3.23a. It
is seen from Fig. 3.23a thttie composite G12CP shows the higher specific capacitance
values than GC43P, GCP80, CP, GC and GP composites. The maximum specific
capacitance shown at 0.25 A¥s 171.23F g ‘and retains a valugf 44.5F g ‘even

when the current density iiscreased to 10 A ¢ indicating a good rate performance.
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The better performance of the composite suggests that thedihrensional
architecture present in the composite provides more surface area for electrolytic ions to
access, even at higher currelensitiesPendashteh et al. 2013he Ragone plots of
the composites atifferent current densitiesre shown in Fig3.23. The composite
G12CP exhibits high energy density amgh power density 084.24W h kg and
328.94W kg lrespectively, at 0.25 § *These values are higher than those exhibited
by other composites. G12CP maintains an energy density and power deB98§\Wf
hkg 1and80.89kW kg lrespectively, even at a high current density of 1 AThis
high energy behavior of the composite is due to the good interfacial contact between
t he PANI nanoparticles -andntreG@csubatr ateenabl
increased utilization of PANI and reducing the diffusion and migration paths for
electolyte ions during rapid redox reactiof&hen et al. 2013)

"o 160 thium ion b )
: 1401 (Lithium ion batteries)

(This work)

Energy densit
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o
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Fig. 3.24 Comparison of energy density and power density of G12CP with

energy densities of lithium ion batteries.

The comparison of energy densities of G12CP at different current
densities with the energy densities of lithium ion batteries is shown ir8 Rigy.
andit can be observed from Fig.24that G12CRexhibitsenergy densiéslower
than those of lithium ion batterie¢Dunn et al. 2011)ut higher than EDL
supercapacitors (~10 W h Ky The cyclic stability of the composite G12CP was
measured by reversible cyclic voltammetry at a high scan rate of 700! my
to 5000 cycles and the plots of percentage capacitance retention versus number

of cycles are shown in Fi§.23.
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The G12CP exhibited a retention of about 84.3% of its initial capacitance
up to 5000 cycles. The deterioration of cydiability of G12CP is attributed to
the development of internal resistance like solution resistdRged charge
transfer resistancd{;), due to the constant evaporation of electrolyte during the
cyclic process. The same is reflected in Bi@3d ard in table given at the inset
of Fig. 3.23. GCP80 and GC43P show relatively poor cyclic stability, which is
attributed to the structural degradation of PANI due to the swelling and shrinkage
on charge and dischargasen and Shahrokhian 2017&) order to explore the
realistic application of the composite material it was coated on four pairs of
carbon clothes of dimension 2 cm x 3 cm following the aforementioned
fabrication method and were connected in sefliéss set up was ample enough
to light up red and yellow light emitting diodes of 1.7 V (the photographic images
of the same are depicted in F§§23e and3.23%), when charged with 9 V battery
(EW high power 6F22) for 1 min. On removing the battery after minute the
LED continued to glow for the next 45 s, taking energy from the fabricated
device which shows the good energy density of the device and the ability to act
as a secondary power source.
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0al—30mY s'"_50mvs’ c‘
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Fig. 3.25(a) Cyclic voltammograms of bare carbon cloths at scan rates of 100, 80, 50,
30, 10, 5 mV ¢ (b) GCD curves of carbon cloths at applied currents of 0.5 mA, 1 mA,

2 mA, and 3 mA.

To evaluate the electrochemical properties contributed by the carbon
cloth, CV and GCD studies were carried out on a pair of carbon cloths without

coating with electroactive materials. The obtained CV and GCD curves are
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shown in Fig. 3.25a and 3.25b, respectively. It is observed from the figures that
the charge stored by bare aambcloths is insignificantly small and hence the
specific capacitance measured after coating with electroactive materials was only
of the electrode material under study.

3.2.2.3. EISstudies
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Fig. 3.26 (a) Nyquist plots of G12CP, GC43P, GCP80, CP, GC and GP; (b) Nyquist
plot of a nanocomposite CP with Arc 1 and Arc 2; (c¢) Equivalent circuit fitment of
G12CP with the equivalent circuit (EC) at the inset; (d) Bode plots of GIZC#3P,
GCP8(QCP, GC and>P with the table of,fa n dvallles; (e) Bode magnitude plots of
G12CP, GC43P, GCP80, CP, GC and GP; (f) Plots of capacitance versus log frequency
of G12CP, GC43P, GCP80, CP, GC and GP.

The Nyquist plots of G12CREC43P GCP8QCP, GC and GP are shown
in Fig. 3.26a. The impedance spectra possess two semicircles in series one at the
high frequency region and the other at the -fnredjuency region. These two
semicircles indicate the presence of two electreldetrolyte interfaces produced
by faradaic mategils and norfaradaic material. The magnified images of the

high frequency regions of the Nyquist plot is shown in Big&. The arc 1 at
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high frequency is due to the interface produced byOBDUO and PANI with the
electrolyte and the following arc 2dsieto the interface between electrolyte and
rGO. The diameters of both the arcs decrease from binary composites to ternary
composites and they are lowest in the case of G12CP, indicating the amplified
charge transfer kinetics and fast redox reaction diiPa&nd CuO/CuO (Asen
and Shahrokhian 2017a)The increased charge transfer across the
electrode/electrolyte interfaces results from the lowering of charge transfer
resistanceRcy) from binary toternary composites. To determine the values of
various electrical components involved, the impedance data were used for
equivalent circuit (EC) fitting using the software Zsimpwin of version 3.21.

The equivalent circuit fitment curve and the Basarapu et al. 2009; Li
and Wei 2012pre shown in Fig3.26c; which is same as the oeeplained in
section 3.1.2.3.The decrease in slope of the Warburg straight line from binary
to G12CP compositmdicate the rapid diffusion of the ions from electrolyte on
to the electrode surfacéAsen and Shahrokhian 2017ajyhe impedance
parameters are summarized in Tah@
Table 3.9Equivalent circuit fitment parameters of nanocomposites G12CP, GC43P,
GCP80andbinary composites CP, GC and GP.

Composite Rs( Y) Ra( Y 1 n. W( q
G12CP 0.33 0.21 0.63 0.88 0.26
GC43P 0.29 327 096 040 1.01
GCP80 0.35 11.69 0.77 0.41 8.23

CP 0.37 11.82 0.99 0.73 0.19
GC 0.37 153 055 0.65 8.37
GP 0.38 0.58 0.76 0.93 0.06

It is seen from Table.9 that G12CP exhibits low value of Warburg
resi stance (0. ZaSteletyolyticdiffusibn iota tha etegtrode h e
material. The roughness exponentsdf the composite G12CP corresponds to
CPE 1 and CPE 2 are 0.63 and 0.88, respectively, sbothi@ moderate

capacitivebehaviourof the materialThe low solution resistancd&d and low
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charge transfer resistanc®4 of G12CP suggest the consistent interfacial
contact among the threammponents facilitating continues electron transfer and
bette electrolyte accessibilityon and into the electrode material surfaces,
enabled by the thredgimensional architecture formed by the integration of the
constituent materials. Also, the rGO provides a platform for PANI and oxides of
copper, which results ithe quick redox reactions helping to achieve high rate
capability(Pendashteh et al. 2015; Miao et al. 20T6g knee frequencies tife
composites G12CR5C43P GCP8QCP, GC and GP are 2683.0 H42.8Hz,
0.193 Hz, 0.139 Hz, 26.83 Hz, and 193.10 Hz, respectively. The composite
G12CPshows the highest knee frequency demonstrating the faster energy storing
ability (Miao et al. 2016)

Fig. 3.26d, depicts the phase angle Bode plots of the composites. At high
frequency, the impedance is predominantly coanted by resistance and at low
frequency it is predominantly contributed by capacitaffigang et al. 2006;
Miller et al. 2010; Pan et al. 2014)t phase angle af45° the transition from
resistance to capacitance occurs and at phase i@M@fléhe device completely
acts as a capacitor. So, the frequency corresponds to impedance phaseiangle of
45° is a critical frequency to be considered to make the dispadritg.
consideration ofi 45° is further substantiated by the fact thati 46° the
magniude of resistance and the reactance of the capacitor aréShemg et al.
2012a; Pan et al. 2014)is seen from the Table shown as the inset inFR&d
that G12CP has frequendy)(of 80.20 Hz, which is clearly high in comparison
with other composites, showing the enhanced and fast response of the
supercapacitor. The relaxation time const&$)twas calculated using Egtion
2.9. The value of3is 12.4 ms for G12CP, is the least among all the composites,
indicating the rapid discharg&heng et al. @12a) The Bode magnitude plot
(Fig. 3.26= ) shows t hat t he G12CP has an
frequency, which is the lowest among all other ternary and binary composites
synthesized, signifying in the high conductivity and high electrolyticigién in
to G12CP(Senthilkumar et al. 2012)The variation of capacitance with the
applied frequency is shown in Fig§.2&. The capacitance was calculated using
Equation 2.1QWu et al. 2015h)The increase of capacitance with decrease in
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frequency indicates that the higher capacitancebisined at low frequency
rather than at high frequen¢8enthilkumar et al. 2012Yhe GL2CP shows the
highest capacitance of 1.136 F, which is the highest of all the ternary and binary
composites synthesized. The capacitance values are in well agreement with the
results obtained from galvanostatic charge/discharge method.

The results of thepresent work are compared with some of the recent
research works on ternary nanocomposites and it is satisfactory to note that the
present work is on par with or even better than the some of the reported works,
listed in Table3.10 Thepresent workvas carried outising two electrode system
whereas the data present in the comparison table are of electrochemical
performances of similar systems obtained in both two electrode and three
electrode system3he performanceobtained with three electrodestgms are
four times higher than the actual performaeehibited by super capacitor cll

(two electrode systenfNystrom et al. 2015)

Table 3.10 Comparison of obtained resudsGCP-300 andG12CPwith

reported similar systems.

ita Electrolyte E (V) « i Cyclic Ref
Composite y Fgh %Vlf; (Wkg 1) stability '
Two electrode systems
53.30at 97.6% up to
GCP-300 8V 473 136.44 -
NazSOs 0.25 A g? 5000 cycles
114.2
CuC/PANI/ 1 L, 0344at11268a 97.4% up to (Zhu et al
(GO hydrogel N&SQ: — Agt 1ag® A'TA 10000 cycles 2016)
g'l'l
438.8 att 76.5% up to (Hong et
rGO/PANI 1 MHSO: 0.8 - - -
mV st 2000 cycles al. 2017)
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1M (Mousavi
409 at 1 A 87% up to
rGO/PANI H:SQi/cate 1.2 ) 81.0 et al.
g'l 5000 cycles
chol 2017)
84%
0.4 M 171.23 at retention up
G12CP . 34.24 328.75
H2SO4 0.25Ag* to 5000 cycle
at 700 mv ¢!
Three electrode systems
) (Mousavi
1 M H.SQf 1967 F ¢! 89.7% up to
rGO/PANI .. 393 et al.
catechol at1Ag?t 5000 cycles
017)
(Purusho
05M 326 at 0.t 100% up to
rGO/CuO 1.2 ) 65.7 302 haman e
K2SOy Ag't 1500
al. 2014)
rGO/CuO/Cu 173.4 at 1 98.2% up to (Wang et
6 MKOH 0.8 ) - - .
Ag'l 100000 cycle al. 2015a
340 at 0.t 80% up to 50 (Li et al.
CuO/NrGO 6MKOH 1.4 ) - -
Ag't cycles 2014b)
(Majumde
0.1 M 227 atl 86% up to
rGO/CuO 1.1 - - retal.
NaeSQy Alg 1000cycles
017)
(Gholivan
1M 185at5 72% up to
CuO/PANI 1.1 ) - - detal.
NaxSOy mV s'? 2000 cycles
2015)
0.5M 286.35 at 81.82% up tc (Ates et
CuO/PANI 0.8 ) - -
H2SQy 20 mv ¢! 500 cycles al. 2015)
Department of chemistry, NITK 100



Chapteri 3

0.1M
rGO/CuO H2SQy:HsP
04(9:1)
CuOl/carbon
M KOH
nano fibers
1M
CuO/ rGO
NaSOy

rGO/CyO/Cu 1 M KOH

rGO/PANI 1M HSOy

CwO/ rGO
NaSOy

PANI/f-rGO 2 M H.SOy

PANI/rGO -

PANI/IGO 1 M HxSOy

0.9

1.0

1.0

1.2

224

398.0 at 1
A g'l'l

80.0 at 1(
mvs?

985atl/
g'l'l
250.0 at 1
mV st

195.0 at 2
A g'l'l

590.0 at
0.1Ag?

367 at 0.<
A g'l'l

3295at*t
mA s?

(Sudhaka
- et al.
2017)

92% up to (Moosavif

10000 2000cycles a ard et al.

2Ag! 2014)

(Bu and
- Huang
2017)
(Dong et
al. 2014)
(Kumar et
al. 2012)
92% up to
(Park anc
1000 cycles ¢
) Han 2014
6 A g| 1
91% up to
(Wang et
1000 cycles ¢
) al. 2013)
2 A gl 1
Zhan
82% up to ( J
and Zhac
1000 cycles
2012)
(Gao et al
2012)
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3.3. REDUCED GRAPHENE OXIDE, VANADIUM PENTOXIDE AND
POLYANILINE TERNARY NANOCOMPOSITES

The vanadium pentoxid€V20s) is a semiconductorfacile to synthesis, low
cost, and a layerstructured faradaic metal oxide, which is capable of exhibiting
multiple oxidation states of +2, +4, +5 and +6 during electrochemical redox reactions.
These multiple oxidation states makgOg¢ unique in its redox capacitive behavior by
storing more thawne electron per unit formula antdpossess a theoretic capacitance
of ~ 400 mA h g ! The layered structure of@s allows electrolytic ions to intercalate
in betweerthelayers and thereby enhandhs electrolyte diffusion. Along with these
merits \bOs possesses its own limitations. The bulk orthorhombic form@E\s less
capacitive in nature, storemne electron per unit formula, exhibit®w electrical
conductivity of 1027 10 3S cm ! and hence nesdo be embedded with a good
conducting materialAlso, it has limitations of slower electrolytic diffusion, and its
possible dissolution in the presence of acid electrolytes. All these limitations fetch poor
capacitance and lower cyclic stabiliyerera et al. 2013; Augustyn et al. 20I@e
theoretical specific capacitance of(% for a potential windovwof 1 V is~2120 F g !

(Zhi et al. 2013)These limitations are expected todwercomevhen \L0Osis integrated
with other classes of capacitive maés like carbonaceous material and conducting
polymers.Theternary nanocompositeontaining rGO/¥Os/PANI (GVP) is expected
to yield a better electrochemical performancenerefore, a series of GVP
nana@omposite were synthesized by varying the weigbtgentages of each of the
constituens by following thesynthetic route described in secti®2.4.The structural

and electrochemical characterizations are presemtieé following sections

3.3.1. Structural characterizations
3.3.1.1. X-ray diffraction studies

The X-ray diffraction patternof GVP are depicted in Fi§.26a. The GVP
exhibits a broad peak at 24.9° indicating the formation of f{@@ng et al. 2016a) he
broad nature of the peak signifies the lose packing of rGO layers which is brought about
by the intercalation of PANI in between the honeycomb lattices. The presence of PANI
in GVP is confirmed byhe peaks at 19.41(110), 23.07° (200), 25.66° (003), 28.77°
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(202), 31.67° (031), 38.79° (213) and 46.80° (115) (JCPDS file-5®1717, 53
1891).

2000 GVP
1800]  ViO, (JCPDS file No. - 09-0387) GVP b)
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Fig. 3.27(a) X-ray diffraction pattern of GVP (b) FIR spectum of GVP (c) Raman
spectum of GVP.

The presence of XDsin GVP is confirmed byhepeaks at 33.62° (111), 34.37°
(310), 41.80° (002), 45.80° (411), 47.51° (600), 51.36° (020), 52.36° (402), 59.26°
(412) and 62.96° (710) (JCPDS file N09-0387). The crystalline size of PANI and
V20s, calculated from the most intense peaks of PANI ag@¥re 17.23 nm and 31.60

nm, respectively, which are proving the nano dimendiotise GVP composite.

3.3.1.2. FT-IR pectum

Fig.3.27bshows the FAIR spectum of GVP. The peak at 699 crfis the
stretching vibrations of doubly bonded oxygen (V=@houdhury et al. 2015eaks
at 621.62 cm¥(Zhang et al. 2016band 836.63 cmY{Asen and Shahrokhian 2017b)
are pertaining to the symmetric and asymmetric vibrations©fWbond. The peaks
at 1580. 87 cm’and 1498.18 cmare assigned to C=C stretching vibrations of quinoid
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and benzenoid ringPan et al. 2016)Peaks at 13371 cm tand 1222.11 cm!
correspond to the s t(Pareeta. BOlBmg CxN{Jb anddia ons of
2015) bonds.The peaks at 1163 cm‘and 1045 cmlare pertaining to the bending

vi brati ons (Haétal.Q008 Famgeat &015; Pan et al. 2016)

3.3.1.3. Raman spectim

The Raman speatm of GVP is shown in Fig3.2%&. The b/lgratio of GVP
(0.96) is higher than that of graphene oxide (GO) (0.95), due to the reduction of GO to
rGO and increase of defects in GVP. The/lt ratio d GVP is 0.6, signifying the
presence of few layers of rGO in GVP. The presence of PANI is confirmed by the peaks
at 751.26 cm?783.11 cm11217.80 cm?! and 1488.46 cm! which are pertaining to
the bending of quinoid ring, deformation of quinoid rigrchova et al. 2014 N
stretching vibrations of polaronic segments and C=N stretching vibrational modes of
quinoid ring(Jin and Jia 2015)espectively. The peaks at 413.54 dn®25.64 cm !
630.21 cm ‘and 1159.87 cmfarecorresponding to V=0 bending vibrationgIN) O
stretching vibrationsV ( | | lbéndin@ vibrations(Foo et al. 2014)and V*°=0
stretching vibrationgLee et al. 2003yespectively.

3.3.1.4. FE-SEM analyses

The FESEM images of GVP are presented in Bg@8a Fig.3.28b, Fig.3.28c,
Fig.3.28d,Fig.3.28eand Fig.3.24. It is seen from the images that all the three
constituents are uniformly integrated and thgd¥/is present as nanoparticles and
dispersed on PANI nanofibrils and rGO sheets. Th&SERI images with the labels of
rGO layers, PANI anofibers and the nanochannels are clearly shown in3R28d
Fig. 3.28eand Fig. 328f. As itis seen from Fi.28eand Fig.3.28f, the diameters of
V205 nanoparticles coated PANI nanofibers are in the range of ~20 nm to ~35 nm; and
the diameterof the nanochannels are in the range of ~39 nm to ~111 nm, which
facilitate the diffusion of electrolyte into the interior parts of the GVP electrode

materials.
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45T nm

4
24.87 nm

Fig. 3.28(a-c) FE-SEM images of GVP nanocompositasd (ef) with distinct labels
of PANI, rGO, \LOs nanoparticles, nanochannels and their marked dimensions.

3.3.1.5. XPS analysis

The survey speatm of GVP is shown in Fig3.2a. The presence of peaks
pertaining to C, N, O and V confirm their presence in the composite 3.28p shows
the core level spectra of C 1s. The C 1s peak deconvolutes into four peaks at 284.77
eV, 285.07 eV, 286.95 eV and 289.34 eV. These peakaesponding to C=C bond
present in r GO, C MNaé&alRdl2bfyr ©samid Cr OPANNJ
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oxygen containing functional groups that are left unreduced on the surface ¢En&GO,

et al. 2016yespectively. The deconvoluted N 1s spectra are depicted.iB.Bg. The

N 1s peak is resolved into three peaks at 398.10 eV, 399.72 eV and 401.86 eV
correspondingnd opr=eNsentmiinre gowi noi d ring
benzenoid ring and Nadical present in PANI saltXia et al. 2012bjespectively.
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Fig. 3.2 (a) The XPS survey speatn of GVP, core level spectra of (b) C 1s (c) N 1s
(d) O 1sandV 2p.

The core level spectra of O 1s and V 2p are shown irBE8d. Peaks at 531.74

eV and 535.93 eV are corr e®pmudrCdObogdoft o V O b«

unreduced carboxylic group present on the surface of rGO, respectively. Peaks at
518.06 eV and 522.75 eV are corresponding t®sV2p3/2 and VYOs 2pl/2,
respectively. These peaks further fion the +5 oxidation state of vanadium present
(Choudhury et al. 2016; Wang et al. 20Zheng et al. 2017)The Auger L3M23V

peak of \bOsis observes at a binding energy of 1072.62 eV (kinetic energy of 410.08
eV), (Kasperkiewicz et al. 1983ronfirming the presence of 2@s in GVP
nanocomposite.
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3.3.2. Electrochemical characterizations

Three series of GVP composites were synthesized by varying the weight ratios
of each of the constituents to optimize a weight ratio with higher electrochemical
performance. Later the weight ratios were converted into weight percentages. A
composite with a weight percentage of constituents, rGO5.88%: V11.76%: P82.36%
(GVP82) exhibitedthe maximum electrochemical performance with a specific
capacitances) of 1092 F g ‘at a current density of 1 A ¢ The entire processes are
discussed in wccessive sections. The weight ratios and corresponding weight
percentages of constituents and the nomenclatures of composites are summarized in
Table.3.11.

Table 3.11. The weight percentages of GVP composites and their nomenclature.

Weight of constituents

Component under Weight

study (mg) percentage (%) Composite
P \ G
100 50 25 57.10 GVP57
150 50 25 66.66 GVP67
PANI series 200 50 25 72.72 GVP73
250 50 25 76.90 GVP78
300 50 25 80.00 GVP80
350 50 25 82.35 GVP82
400 50 25 84.21 GVP84
450 50 25 85.71 GVP86
350 100 25 21.06 GV21P
350 150 25 28.57 GV29P
V,0s series 350 200 25 34.78 GV35P
350 250 25 40.00 GV40P
350 300 25 44.44 GVv44pP
350 350 25 48.27 GVv48P
(GO series 350 50 50 11.11 G1l1VP
350 50 75 15.79 G16VP
350 50 100 20.00 G20VP

Department of chemistry, NITK 107



Chapteri 3

3.3.2.1. CV studies
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Fig. 3.30(a) CV curves of composites GVP82, GV44P and G16VP at a scan rate of 5
mV s (b) CV curves of GVP82 at different scan rates (c) CD curves of composites
GVP82, GV44P and G16VP at a current density of 1 Aad) CD curves of composite
GVP82 at different arrent densities.

The CV curves of GVP composites are depicted in B@aBand Fig. 30b.
The curves are not rectangular in shape but are with redox peaks indicating capacitive
property of GVP and the combined role of faradaic andfamadaic process @nergy
storage(Han et al. 2014)The CV curves of composites GVP82, GV44P and G16VP
at a scan ratefdd mV s lare depicted in Fig. 30a, theses three composites are
considered for comparison due to their high performance from each of their series
synthesized The area under the redox peaks is proportional to the quantity of charge
stored by the elecide material. The maximum area is exhibited by GVP82 signifying
its high charge storing abilitgs compared tthose of other composit€slan et al.
2014) The redox peaks atbe manifestation of redox transformation of PANI and
V20s. The CV curves of the composite GVP82 at different scan rates are shown in Fig.

3.30b. The GVP82 exhibits the capacitivehavior everup tohigh scan rate of 500
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mV s ! signifying its high rate capability. The shift of redox peaks on increasing the
scan rate is attributed to the presence of polarity in the sy®fiaitra et al. 2017)
caused by presence of polarons and bipolarons of RPANBENd Lin 2002; Wu et al.
2012)

3.3.2.2. GCD studies

The CD curves of GVP composites are shown in&RPc and Fig3.30d. The
curves are not triangular but are quasi triangular indicating the presence of pseudo
capacitance in combination wiglectrical double layer capacitan¢@/u et al. 2015a)
The composite GVP82 takes longer discharge time than GV44P and G16VP indicating
its superior energy storage capa¢ian et al. 2014than other composites (Fi§30c).
On varying the weight percentage of PANI by keeping the weight peresatagOs
and rGO constants, increaseGgwas observed up to 82%ndbeyond which thé&s
decrease The increase iCs is attributed to the increase of redox reaction with the
increase in PANI content. The decreaseCinabove 82% of PANI is due to the
formation of aggregates of PANI, randomly, limiting the access of electrolyte into the
entire electrode materia(Xu et al. 2010)In the subsequent series the weight
percentages of PANI and rGO were kept constants and the weight percenta@e of V
was increasedlhe variation does not lead to an increase in the val@, ohther a
decrease s is olserved. This is due to the increase in the weight percentag®ef V
nanoparticles producing a carpet effezzdpsing limited surface to interact with the
electrolyte, which is an extrinsic capacitive behavior g®3/(Augustyn et al. 2014)
The similar decrease i@s is observed on increasing the weight percentage of rGO
beyond 6%, which corresponds to GVP80rhis is due to the formation of 2@s
nanoparticles on rGO and PANI, acting as a carpet and blocking the nano channels,
thereby reducing the active surface area, redox sites and access of electrolyte into the
interior of the electrode material (considerithe synthetic route adopted). The
obtained electrochemical parametatsa current density of 1 A dare tabulated in
Table.3.12

The ESR values of GVP82, GV44P and G16VPoare2 98 q, 0. 340 q
q, respectivelyand the corresponding IR drops &&97 V, 0.680 V and 0.554 V,
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respectivelyThe low ESR of GVP82 is indicating its low intrinsic resistance and low

loss (IR drop) of potential during energy storage.

Table 3.12. The electrochemical parameters GVP composites.

Composite Cs(Fg } EWhkg } P (kWkg } d (%)
GVP57 87.03 17.4 1.91 95.34
GVP67 106.49 21.39 1.91 93.45
GVP73 154.80 30.95 1.92 84.79
GVP77 156.98 31.39 1.77 91.64
GVP80 144.50 28.90 1.71 88.88
GVvP82 273.22 54.64 1.63 73.20
GVP84 135.50 27.10 1.82 86.40
GVP86 191.20 38.24 1.29 81.19
GV21P 143.47 28.69 1.71 82.92
GVv28P 200.40 40.08 1.80 86.76
GV35P 101.62 20.32 1.87 91.98
GV40P 206.18 41.23 1.66 88.29
GVv44P 206.61 41.32 1.57 65.87
Gv48P 148.80 29.76 1.68 91.64
G11VP 120.91 24.18 1.70 95.86
G1l6VP 160.25 32.05 1.59 94.25
G20VP 147.49 29.49 1.70 94.24

The time constant is an imperative parameter of supercapacitors that gives
the information of responsiveness and energy storbd.higher value of time constant
(Q signifies the higher acceskitamount of energy storg¥assine et al. 2017Yime
constants of composites GVP82, GV44P and G16VPL&@ s, 1.05 s and 0.93 s,
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respectively. The higher time constakt ¢f GVP82 signifiesthe higher accessible
energy stored in ithan those of5V44P and G16VP. The CD curves of GVP82 at
different current densities asdownin Fig. 3.30d. The specific capacitanvalues(Cs
inF g } of GVP composites are listed in Tal#e12.

It is observed from Fig3.30dthat GVP82 exhibits &sof 273.22F g ‘at a low
current density of 1 A g! Even at a current density of 19 A exhibits theCs of
180.95F g lwhich is only 33.72% less than tlhibitedat 1 A g * This factsignifies
its remarkable rate capability, which is ascribed to the adequate diffusion of electrolytic
ions (H and S@?) even at high current densities as it is at low current densities
(Pendashteh et al. 2013)he specific capaigi (Q in C g ¥ of GVP82is328.5C g !

The plots of specific capacitance versus current densities are shav@i3Eag which
pictorially illustrate the high rate capability of GVP82. The energy dersiiy YW h
kg ¥ and power densityP(in W kg } valuesof GVP composites are given in Table
3.12.

The Ragone plots of GVP composites gmesentedin Fig. 3.3lb. The
composite, GVP82 exhibits a highof 54.64W h kg ‘and aP of 1.63kW kg ‘at 1 A
g ‘and maintains to exhibit a highof 36.19W h kg ‘and aP of 217.14kW kg ‘at a
high current density of 19 A ¢ Such an exceller andP originate from the process
of ° °~ contact of r GO andOpPnandparticlea ondhemh h e
providing an intimate close contamt each constituents and reducing the path length
for the ions and increasing the diffusion rates of electrolytic (8hen et al. 2013)
The V-Os contributes tdhe high E by its faradaic reaction, which is considered to be
10 -100 times more than that & exhibited by electrical double layer capacitance
(EDLC) materials. The comparison of energy density and power densities of GVP82
with those of Liion batteries ardepicted in Fig. 3.B. The energy densities of GVP82
arelower thanthe energy densities of dion batteries reported in the literatf@unn
et al. 2011)but higher than the energy densities of EDL supercapacitors (~10 W h kg
1. The columbic efficiencyd) of GVP composites were calculated using Equation 2.8
and listed in Table3.12. The high value o at high current densitiesf GVP82
indicates the similar times taken for charging and discharging.
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Fig. 3.3L (a) Plots of specific capacitance versus current density (b) Raggqiet®f
composites GVP82, GV44P and G16VPComparison of energy densities of GVP82
with Li-ion batterieqd) Plots of percentage retention of specific capacitance versus
number of cycles of composite GVP82 (CV curves obtained after 4500, 9000 and 1300
cycles at 400 mV s'at the inset)d) Nyquist plots of GVP82 before and after 13000

cycles.

The cyclic stability sidy on GVP82 was carried out using CV technique at a
scan rate of 400 mV $(Fig.3.31d). The GVP82 exhibits a small increase in its
performance after 4000 cycles, which is attributed to the opening of redox nano

channels due tohe continuous diffusionof electrolyte into the electrode material
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(Pendashteh et al. 201B8eyond 4000 cycles, the performance decreases steadily and

at the end of the 130Qcycles GVP82 retains 61% of its initial capacitance, thereby
exhibiting a good cylng stability. The Nyquist plots obtained pre and post cyclic
stability studies are presented in F&j3le with the values of electrical parameters
deduced by fitting the Nyquist plots for an equivalent circuit, at the inset. The slight
increase in theapacitance after 4000 cycles is due to the decrease in Warburg diffusion
resistance from 6.00 q to 3.03 q. The de
following changes that occurred in the system. The increasié® rharge transfer
resistancefm 0. 28 q to 0.48 q and | eakage resi
theincrease inheintrinsic resistance of the device. The decrease in roughness exponent

ny from 0.99 to 0.82 indicates the increase in the surface roughness of the electrode.
Also, there is a decreasetimneelectrical double layer capacitané&j from 13.57 F to

3.97 F. These factors rationalize the 61 % retentid®s af the end of 13000 cycles.

Fig. 3.2 (ad) GVP82 super capacitor device energizing green, blue, red color LEDs
and a DC motor.

The realistic application of GVP82 was explored by connecting four devices in
series. The deviszould successfullgnergizeLED of green, blue and red colors and
a DC motor (Fig3.3a-d). To demonstrate the energy density of the device, it was
charged using a Nippo 9 V battery for 2 min with a red color LED connected with it,
and on cutting short the power from batte¢he LED continued to glow fothenext 40
s taking energy from the device. The same demonstration was carried out with a DC

motor,in whichthe device was charged for 1 min and on disconnecting the power from
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the battery the motor continued to run for anotlemin. These observations confirm
the high energy density of GVP82.

3.3.2.2.1.Application of GVP82 in DEC switch capacitor convertor (SCC)

DC-DC switch capacitor converters are used mafalypotential stepup and
stepdown purposes and is an inevitable compodnie voltage regulators, battery
chargers, power management signal processors and in very large scale integrated
(VLSI) circuits. The important function of SCC is to give different output potentials for
a single input potential. In these capacitors, ees&f capacitors acts as energy storing
elements and deliver the energy required for-sfgpnd steglown processs(Subburaj
et al. 2016)In such a DEDC SCC, GCP82 supercagtr wasincluded as one of the
capacitorand checked for its practical applicatidie DGDC SCC circuit is shown
in Fig.3.33.

P “ .
S, S, S,
4 * S\ ,
:4- —=C| S: ==Cj IS ==C3 ’
/S. / /S, c
\S.: — R“
P P P
S, S, A
N

Fig. 3.33 The circuit of DGDC SCC.

In the circuit, the capacitors1CC;, C3 andCo are primarily made up of
electrolytic capacitors. The capacitors C; and G act adlying capacitors to store the
energy on simultaneous switch on awdtchoff mechanism that is programmed in the
circuit. The capacitor €is the filter capacitor that gives the output potential. The
Fibonacci series serves as the base for the various fractions with which each of the
capacitorarecharged and dischargé8ubburaj et al. 2016)
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Fig. 3.3 (a) The real time DEDC SCC with GVP82 incorporated in the circuifi (B
The digitaloscilloscope reading of GVP82 on applying 2 V.

The fractions acrossi1CCo, and G are 1/4, 2/4 and 3/4. The fractions that were
used for stepdown and stepup acrosar€ 3/4 and 4/3, respectively. The applied input
potential across all the capacitor2¥. Therefore, on applying 2 V to1CC; and G,
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the output potential supposed to be produced across them are 0.5V, 1V and 1.5V,
respectively (output potential = fraction x input potential). The output potential
supposed to be generated acrosfo€stepdown (3/4) and stepup (4/3) are 1.5 V and

2.6 V, respectivelyEach of these capacitors namely, G, Cz and G are individually
replaced with GVP82 device one after the other and their potential step down and step

up applications were experimented.

It was made sure that at a time only one of these four electrolyte capacitors is
replaced with GVP82 supercapacitardathe other three capacitors are left to be
electrolytic capacitors. The potential produced by the GVP82 for different fractions
were measured using digital oscilloscope (Bramdgiliet). On applying a potential of
2 V, GVP82 produced output potentials0.5 V, 0.85 and 1.43 V across C1, C2 and
C3, respectively. The loss of potential of 0.15 V ini€due to the possible loss of
potential in the circuit. The potential produced acrossuding stepdown and step up
are 1.53 V and 2.66 V, respectivelythe obtained potentials match well with the
theoretical values demonstrating the successful practical application of the device
fabricated with GVP82. The Fi§.34a depicts the real time DDC SCC, with GVP82
incorporated in the circuit. Fig.34b, 3.34c, 3.34d, 3.34e and3.34f show the digital
oscilloscope readings of GVP82 on applying a potential of 2 V.

3.3.2.3. EIS studies

The Nyquist plots ofhe composites GVP82, GV44P and G16VP are shown
Fig. 3.36a. The Nyquist plots possess a semicircle at high frequegan and a linear
Warburg diffusion portion at low frequency region indicating the capacitive nature of
the GVP composites. It is seen from RBg3ba, that GVP82 possesses least resistance
among the three composites as evidenced from the diametees adpacitive loops.
The Nyquist plot of GVP82 is fitted with an equivalent circuit (mean error <1.23%) to
obtain the magnitudeof the electrical elements involved in the system (R3dgbb).
The electrical elements involvéathe equivalent circuit is deribed in sectioB.1.23.
the obtained resistance valuesie 0 . 5,&:id . 2,Read 0. 1, 2V7T§. 0,0 q
Cai 13.57 F Q11 0.38 uF,Q27 0.06 F n11 0.99 andh:i 0 .52.
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Fig. 3.3 (a) Nyquist plots of composites GVP82, GV44P and G16VP (b) Equivalent
circuit fitment for the Nyquist plot of GVP82 (c) Bode phase angle plots (d) Bode
magnitude plots (e) Plots of capacitance versus log frequency of composites GVP82,
GV44P and G16VP.

The use of constant phase elemépit €ndQ.) in place of the ideal capacitors
CrandC:is substantiated by the relation given Equation 3.1 and the description is given
in section 3.1.2.3The knee frequency is the frequency below which the complete

capacitive behavior of a device is obtain@dharg et al. 2010T he high knee frequency
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offers a high energy to accg$s and Wei 2012)The knee frequency values are 13.90
Hz, 3.72 Hz and 5.17 Hz for composites GVP82, GV44P and G16VP, respectively. The
higher knee frequency of GVP82 apprises the early onset of capacitive bedsvior
compaed to those abther composites. The relaxation timeg ¢f GVP82 and G16VP
calculated from Bode phase angle plots (Bigbc) are 81.28 s and 14.12 s, indicating
the slow discharge process amidherenergy storage of GVP82 than those of other
composites. As the Bode phas®Bvapewasnoof GV44P
calculated. From the Bode magnitude plots (Fi§}35d), it is seen that the GVP82
exhibits a | ow i thelevdraguene regidn, irtlicaing a lgv a t
intrinsic resistance and highconductivity of GVP82 than those of other composites.
The low impedance is positively reflected in the plot of specific capacitance versus log
frequency of GVP82 (Fig.35e), where iexhibits a maximum capacitand@) (of 9.45
F, which is higher than those thfe composites GV44P and G16VP.

The results of GVP82 are compared with some of the similar works reported

and found to be better than those of reporiéd comparison in given ifiable 3.B.

Table 313 Comparison electrochemical results of GVP82 with similar work.

E P
_ Cs Cyclic
Composite Electrolyte E (V) Wh (W . Ref.
Fg} stability
kg } kg }
Two electrode systems
rGO/V20s, 94% retentior _
_ 635 at (H. NagarajL
asymmetric 1 MKCI 1.6V 79.5 900 up to 3000
_ 1Ag!? et al. 2014)
capacitor cycles
5M 92% retentior (Bai et al.
_ 443 at 0.t
PANI/V20s LIiCI/PVA 1.6V 69.2 720  upto 5000 2014)
mA cm 2
gel cycles
_ 96% retentior (Pardit et al.
LiClO 4/ 160 at
V205/MWCNT 1.8V 72 2300 upto 4000 2017)
PVA Gel 1Ag !

cycles
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