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PREFACE

In modern world, energy storage devices play a crucial role due to the growing demand for
reliable and sustainable energy sources. These devices are essential for controlling the
intermittency of renewable energy sources like satat wind and allowing for the storage of
surplus energy generated during peak times for use during periods of low output. This
capability is crucial for balancing supply and demand on the grid, reducing dependency on
fossil fuels, and eventually, addresgiclimate change. Furthermore, energy storage devices
are essential for improving grid stability, allowing for the integration of electric vehicles, and
providing backup power during outages, making them necessary components of modern energy
systems. Du# these facts the energy storage systems such as battery, supercapacitor, fuel cell
etc got more importance.

Supercapacitors are essenti al in todayods en
and storage capabilities, which addressing the groaergand for higipower applications.

Unlike traditional batteries, supercapacitors can be charged and discharged quickly, making
them ideal for use in gadgets that require frequent energy usage, such as in electric vehicles,
renewable energy systems, armtpble electronics. Additionally, supercapacitors also have a
longer lifespan and higher efficiency than batteries, which makes them as an essential
component in the transition towards more sustainable and efficient energy storage solutions,
ultimately leading to a greener and more advanced society.

Chapter 1. Introduction

The first chapter provides an introduction to energy storage and its importance. The detailed
discussion of supercapacitor, how it is working and the components and its peculiarities are
descriptedThis chapter discusses the potential of electrochemical energy storage methods and
their advantages. The details of different materials, mechanism are discussed. The components

of the electrochemical capacitor and its peculiarities are atsmsied. The advantages of



using VQ,MnO- and Biomass derived carbons, CNF as electrode material is also described in
this chapter. Through this chapter, the effectiveness of sol gel method,dojdothermal and
electrospinning techniques in producingnostructures, activation during biomass carbon
preparation that can be employed for synthesizing electrode material is explained.

Chapter 2. Synthesis and Characterization Techniques

The second chapter goes into details on the theory underlying the hydrothermal, sol gel and
electrospinning processes. The detailed theory behind the different techniques used to
characterize the synthesized materials is also covered. Various techniguesedr to
investigate the structural, morphological and surface aspects of the synthesized materials. The
structural analysis was carried out using XRD, Raman spectroscopy, and XPS spectroscopy.
SEM imaging was used to determine the size and morpholdbg ef/nthesized samples. BET
surface area analyser was used to assess the porosity and surface area of synthesized metal
oxides, porous carbon and CNFs. Electrochemical methods used to determine the capacity of
material is detailed in this chapter.

Chapter 3. Temperature Tuned Phase Selective Synthesis\d0O2(B) Nanosheet and Self
Assembled Flower like Binary Hybrid

The third chapter explores the hydrothermal synthesis of mesoporau®)/@anoparticles.

The detailed analysis of synthesized samplesimtijivarious techniques is also presented. This
chapter explains how to tune the porosity and morphology e{ BYhanopatrticles by altering

the hydrothermal temperaturé¥e observed an interesting nanosheets morphologié® of

(B) during different hydsthermal temperatureThese findings lead to control nanosheet
transformation, porosity, specific surface area. which can enhance its applicability in
electrochemical storage. Further enhancement in the energy storage can be improved by
introducing reducedgrapheneoxide This develops a flower like morphology with better

storage property.



Chapter 4. Por osity and -BeOk dymorph donEntlancéd Electrical
Conductivity

This chapter explains the preparation of phase selective synthesidio©, by simple
chemical method. The synthesis carried out by adding reducing agents like citric acid and
ammonium oxalate in the manganese precurBgr.annealing samples under diffate
conditions and changing reducing agent produce various morphology, specific surface area and
point defects of selective samples is discussed. as well as their electrochemical analysis were
described in this chapter.

Chapter 5. Solvothermal Synthesis offernary Mesoporous Zincospiroffite (Zn2TesOs) -

RGO Hybrid

This chapter outlined the ZhesOg, a ternary metal oxide synthesized through a solvothermal
method. The enhancement of its electrical conductivity is achieved by making hybrid with
graphene byhe addition of graphene oxide during synthesis. Thus, produced hybrid material
improves all energy storage parameter including specific capacitance, energy density and
power density.

Chapter 6. Synthetic and Biomass Derived Porous Carbon with Redox Alitive
Electrolyte for Supercapacitor Application

In Chapter 6, it is examined how carboased material act with redox additive electrolyte as
energy storage and three carbon materials are detailed here. The first material discuss how
carbonization in teperature affects the final characteristics of CNFs. In this study, PAN
nanofibers are carba@d at temperatures of 500 °C, 700 °C and 900 °C, and the characteristics
of the resultant CNFs are compared to find the ideal carbonization temperature, which is
provided in this chapter. The second and third materials are biomass derived carbon. These are
synthesized from saw dust and palm leaf sources. Initially the precarbonized samples are

subjected to activation using ZnG@Ind followed by pyrolysis at higlemperature yield highly



porous carbon.

Chapter 7. Conclusion andScope ofFuture Work

The present research studysummarized in chapter 7, along with potential areas for future
application. The improved nanomaterials exhibit good storage property even though its storge
capacities can improvise by changing electrolyte and its ionic cent8nf its application

extended to other fields like-kon storage, batteries etc.



GNEl &

GL@E 61 RNT1TTHOntol 6ANEE o0 EIONNENSH GFQA Rhodi ljgr agf]
NFUOOGNNE3 GnNnyeé TONLE GFQ o6&t NgLT NLOG I OFL8AT

Lns NOOK E3 E. OSRM&®F 1061 S i & eb6n LE NELRAOGT GF q
Rhuo ol ljg1fn gj] bKOF ] ' OAnhYOKE3I Oz G gLT NLeG
gl YYORLY Ol NoZ L6KS oNnendOf g¢gfLol 6z0KE NOO GFQe

gt NOOS T Enp gfzolle g+ 16N ROAOf gLRAST OKE3I Oz

(@]}

I &N OK E3 E. T Ok Of WL N&E KkONseEkE o6YENOI NsKE3I O Ee

((@}]

RFooOf gzl engfj Ghnbiite 1ENbKE3ZI O T7EIOf 1T 06NONLID

nyi 6nsl T gt OGoéRLoLl filg3i 0l G 1TnOD I OFL6AT NBZ.
T e 6f,1 bt OF LIONI f NOFf 3] ET E3I1 O Ee rnlya N6 Ol engfrj
08RAGINUIE gl EN| OKE3ZI OGO NATS LOoKzs$S LNDF I f1 &30 O &8
gn  GrL @&l o1 GFQ o6&nOLSI ©Agf ] GNnyNbd~A J]JT1TOn6KO
Noll g3i O ®8 GFQ o6&t NoLT NLO®G gi YYORLt OI N&Z. G

Nl GBI TG T6NL& GFQQ oétNL oendroslrensn tolpdozF

3600l Fgzl fof | & 00ANBKS T odfE LSLSIYE Nt OOg.

g3f T LNOI LGOI 6nbf 0®3F T3600IlnaE G
gl YYORLY OI NoZ 1T6NLe gnNAGE] hl E GFQQ NOI NLNDEs o6&t NL
RNOOAEE gnF3 LNF GUORKOI BT ngf] NFLULOOGNNE3 Gnnyilifn
gt Go&REBLT filg3E LNSNOTI tolndtndf 1638 PRI Yol N
03 F13600Iln@E G RNDVITOf 1i6FY filor@® kOQidFyY filol &s
TnOAEE NIl YyE ne Ol eaG, LE NEf36] 03 OKSNE]Z GF q
08NOLSI ©6G RLOFREOG gNmhj oL @ulil & eb6n §j &«OF] GFQ

gLRAGT 6GNNnYNONnO NNGE3 Tyl gri nOfgLRAOT OKOGE gNFin

I ERABGIY NS KE3 E. T 06EF1 306001 n@& GKS L3l ndT RAKO G

[(@)]

| FI] YRNnOn GhAnGEljge gnF3 + NI AENGezS 1T cef El f 0 ELIOND EE

—

ONYt NNENSH GFQQ o6&t NLLNOOONOH ORNKE: LNONFTI TOF N

—_

NE hLLdl JF7TNenO NomaEZ& YYOTI NonO ONOI nNEe 1 o] EIf

NOT 60I NENSA TNE 6NeOTORNKS I nOKE3 E.



Chapter 1

1. Introduction

One of the most pressing issues confronting the world's population is the energy crisis. Climate
anomalies affect or have an impact on natural resourcesh W@ssens reliance on them. The
increasing cost of energy and the restriction of ongoing uses hasten the extraction of natural
resources. Over the last few decades, fossil fuels have been a popular source 8 @hesgy

fall under the category of nerenewable energy smes,their accessibility and availability

are declining these dayBrequent natural disasters that happened recently around the Globe
throws an alarming treat on the aftermath of climate change. The contribution of academics or
a researcher towards treduction of the impact of these kinds of natural disasters on humanity
values a lot. Major implication of the climate change is due to the global warming contributed
by the amplified CQ@level in the atmosphere. Efficient energy management is very much
important to handle the climate change due to global warming. This is why many research
groups focuses on the tapping of energy from renewable energy resources using efficient
materials or devices. Thousands of literatures can be seen published by tlod greegns on

the harvesting of energy from renewable resources. Analogous to this, the materials or devices
for the efficient storage of this energy is also most important. The development of a sustainable
society should place more emphasis on maximigimgrgy extraction from renewable energy
sources and implementing efficient energy storage sy$tms

One of the major goalsf maximizing the use of renewable energy on the igrits capacity

to store electricity for later use. Energy storage is simply the act of capturing energy once and
storing it for later. The main methods of storing energy in various forms, such as thermal,
kinetic, chemical, etc., and then converting it backl&xtricity when the need arose. In the
current situation, it is necessary to transform energy coming from various sources or forms into
electricity. This energy conversion primarily involves three processgsneration,
transmission, and distribution. Ati@r important factor is the ability to store energy and
deliver it as needed.

1.1 Electrochemical Energy Storage

Electrochemical energy storage systems (EES) have gained popularity in recent years. As a
result, EES systems, which includiectrochemical capacitors, batteries, and fuel cells are
more important. The EES must make a significant contribution to the implementation of
sustainable energy systems. Flow cells, fuel cells, rechargeable batteries, and supercapacitors

are attentiorseeking EES system$igure 1.1) Supercapacitors and batteries are used for both
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transportation and electrificatiBr.

Figure 1.1Major electrochemicaénergy storage systems in our economy

Energy storage has traditionally relied on rechargeable batteries all over the world. The main
focus of these studies is the lithition battery. This type of battery is commonly used for
rechaging purposes and appropriate choice for the electrical vehicle market. Despite-its high
power density, this system has a low memory effect, which prevented overcharging, reducing
its use in hybrid vehicles. In this situation, supercapacitors are thecejeatitors to use for

these applications. Supercapacitors are used in electrical circuits that allow fast charging and
dischargind*®!. Introducing supercapacitors meets the demand for large amounts of energy in
theshortest time possible for hybrid vehicles.

1.2 Supercapacitors

The @pacitors contaimainly two conductive electrodes. An insulated dielectric matésial
sandwiched between the two conducting electrodes. When voltage is applied, opposite charges
are acamulated on the surface of the electrode material. The charggparated by the
dielectric medium and an electric field is produced. That allbwstorage of energy in the

capacitor. The capacitance C is define@é@sation (1)

., U
0 o p
Where 0Q6 i s, idtheeoltagchappliegle and o6V©O
The capacitance of a conventional parallel plate capacitor is defiregiaton (2)
- -0
(@]
Where6d is the dielectric dconmssttane doifeltehcet rfirce

0 G

2
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material6 A6 i s the area of the electrode mater:i
electrodesCapacitorsare classified mainly into three; they are electrolytic,-alattrolytic

and supercapacitdfs

Supercapeitors are generally known as ultapacitors which behave extremely diffefgnt

from the existing conventional capacitors. Whreonventional capacitors are made afp

two metallic plates separated ayhick ceramic coating or plastic filnThere is 1 dielectric

region of this type in supercapacitors, instead a paper or other thin material soaked in an
electrolyte act as a separator. Also, these are storing more energy per mass release and store
more energy quickly. Supercapacitors have several aalyasbver traditional energy storage
systems. The supercapacitor consists of a thin dielectric layer with high surface area and the
porous nature enhances the storage aBilifjhese characteristics make supercapacitors highly
applicable in variety of fields such as aviation, electronics, the medical sector and

transportation antlgure 1.2 illustrates the diverse applications of supercapacitors.

-

Deep Brain
»  Neurostimulato

Cochlea
Implants

Cardlac

Nerve Pacemaker

Stimulator

Figure 12 lllustration of various applications of supercapacitor
Supercapacitors can be broadly classified into mainly three categories based on the mechanism
of charge storage. These are electrical double layer, pseudocapacitive and hybrid capacitor. In
electrical doubledyer capacitors (EDLCs), storage occurs-favadically or statically. In
pseudocapacitive systems, the energy is stored by faradic process, where redox reactions in the
system responsible for the charge storagee hybrid combines both EDLCs and
pseudocpacitive mechanisms, depending on their specific arrangements.

The electrical doubkayer mechanism belongs to the carbonacewmaterials. It is possible to

3
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achieve the goal of having an energy system that can store high energy and generate high output
power by combining advanced materials possessing multifunctional properties with smart
designsSupercapacitor turns otd beone of the neabest alternatives compared to batteries.
Supercapacitors are distinguishable from batteries duletohigh-power density,and the

ability to charge and discharge rapidly. So, this related application reghiggspower intake
supply and delivery and pulsed enétdyd. The structure of supercapacitor involvea
cathodgpositive electrode anodeg(negative electrodeseparatqgrand electrolyte mainhand
available indifferent types based on various purpose and uses shown in figuréh#.3.
separator between the electrodesised to prevenan electric short circuit. The electrolyte
inside the supercapacitor actsaasion reservoir and is mainly classified into thr&éhich
includes aqueous, organiand ionic electrolyte Applying an external bias, the electrons
migrate fromthenegative electrode tihe positive electrode. At the same tintiee cations and
anions move to positive and negative electsagspective) due to generated driving force
from the electric field betweethe two electrodes. The electrons move frthra positive

terminal through the external loadtte negative terminal.

-9 é\? *9
e 0, DRV S

T AIVOAS'S l

ALV'OAS'S I
4.9 0AS'S

R
ALY 0AS'S &
avorss (@
4L¥'0AS'S

Coin Type Cylindrical Types Combined Type Other Types

Figure 1.3 Supercapacitor arranged in different types based on tpiatipn and usage
1.3 Classificationof Supercapacitors
Electrochemical capacitors or supercapacitors or ultracapacitors are very attractive power
source for portable electronic systems. Supercapacaoeslso used in automotive system.
Due toits high specific power, surface area, stabjlégd long durability, it serves agpower
source by itself or in combination with other systems or device
Theenergy density of the supercapacitor is several times higher than that of the conventional
capacitorsThe energy density and power densitgrelated to the embedded charge storage
mechanism in each system. Mainly two mechanismeglectric double layer ard

pseudocapacitivavereresponsible for the storage capacity of the supercapBtiitine main
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classification based on the charge storage is shown in figure 1.4.

Electrical Double

Layer Capacitors Pseudocapacitors Hybrid capacitors

Figure 14. The main classification of supercapacitors based on the energy stugalanism

1.3.1Electric Double Layer CapacitanceM echanism

The kasic principle underlyingn this mechanism ishe adsorption of ions at the electrode
surface.Which is similar to the working mechanism of the dielectric capacitor. The basic
concept in theoretical electrochemistry like the G@hnapmarStern theory explasmthe
formation of double layers by the polarization at the electedeetrolyte interfaceThe
electrostatic potential and the decay of the ionic charge distribution odbexbye length

of 1-10 nm range. The double layer of the electrode material stores the charge by a true
capacitance effect i,ewithout any charge transfer at the eled&electrolyte interfaceThe
surface charge generation takes place by the dissociation of the surface atoms and-adsorbed
ions from the electrolyte and crystal defects of the electrode material used. Theaxcess
deficiency of charge generation leadgkectroneutrality at the electro@dectrolyte interface.

The thickness of the double layer affeced by the concentration and ionic size and is
approximately 5L0 A° for highly concentrated electrolgé.

There are ififerentdoublelayer models introduced mong these Helmholemodel of charge
storage states that two layers of opposite charges are simultaneously formed at the-electrode
electrolyte interface and their separati®aqual to atomic distance. Further modificatdone

in the Helmholtz model done by Gouy and Chapman, introgltieediffusion layer concept

that a continuous charge distribution layer is formed along the electrolyte layer. In this concept
the electric doublkayer, capacitance formed is inversgiyoportional to the separation
distances. So, there @&sprobability to get high specific capacitancetla electrodés outer
surface A further modificationwasput forward by Stern who combirtiee Helmholtz model

5
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and the Gouy-Chapman modelThe gern layer is introduced in this conce@ndthe ions
sturdily adheredo the electrode. The factor determining the EDLC is the binary layer formed
at the electrodelectrolyte interfacewhich is smaller compared to the thickness of the
separator between thedvelectrode'.
The structure of the EDLC contains twea&todes differentiated with a separator asditable
electrolyte given in Figure 1.5The separator should be an-oermeable membrane. The
principle behind the EDLC is the formation of the electrical double layer to store energy. When
voltage isapplied, charges get accumulated on the surface of the two electrodes. The ions of
the electrolyte diffuse through the membrane and reach the electrode surface. This will create
a doublelayer charge on the electrode surface. The EDLC caemdisivo capaitors, but each
electrode will be a single capacitdf.these are connected @ series fashion, the total
capacitancé€ can be calculated by using the equat@n

0 O

0 0

0)

C; andC; are the capacitance of individualpeaitors. The capacitance measuredisng
equation (4)
o -
Q
WheredCois capacitance indfad GAdis surface areaddis the Debye lengttandax0is the
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permittivity of the free space. The electrostatic attraction between the ions at the electrode and

electrolyteis responsible for energy stordg.
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Figure 15. Structure of EDLC supercapacitor
1.32 Faradic or PseudocapacitiveStorage M echanism

It is completely norelectrostatic and capacitanisecontributed by faradic reactions e
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electrodeelectrolyte interface. The charge transfer between the electrode and electrolyte leads
to higher energy density than EDLC. By applying a suitable potential, the faradic dsrrent
generated from electr@omption or redox reactions from the pseudocapacitive materials like
metal oxide or conducting polymers. Due to the occurrence of redox reactiens
pseudocapacitor Ba shorter life cycle and power densépd the schematic representation is
given infigure 1.6
The voltammetric response of active matephk currenat varying sweep rasas given by
equation (5)

Q W 0]

6i 8 the current at a fixed potential of sweep rat&), (where Q & "0020
o8yp8l & 9 ~8* 8 ¢ ®aThe aand b are adjustable parameters, if b value is 1 denote

the capacitive process whereas b vatu@.5 denotes the current is controlled by diffusion

limited process.
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Figure 1.6. Structure of pseudocapacitor
In case of pseudcapacitance, the capacitance is due to reversible faradic reduction and charge
separationAlong with the reversible redox reaction the intercalation and elsontion on
the electrode surface are responsible for the pseudo capaciténrecenergy dentges of
devices based on pseudmpacitance are greater than those ontredat doublelayer
capacitanceThe phase changes in the psegdpacitance materials limit their lifetime and
power densities due to the faradic reactlarEDLC phase chang@senot observed and have
a long lifetime.There are two electrode materials to store charge in pseudocapacitors. One is
conducting polymer and the other is a metal oxide. The common conducting polymers used are
polyaniline, polythiophene, polypyrrol@oly (3,4-ethylenedioxythiophene)PEDOT) and
ot h econjugated conducting polymers. Sometimes these materials exhibit specific

7
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capacitance greater than that of the metal oRides

Metal oxides like manganese oxide, ruthenium oxide, iron oxide, nickel oxide, etc. are used as
electrode materials. Conducting polymer shows high capacity and contyubtivilow cost
compared to carbebased electrode materials. Metal oxides are also conductive so it will
improve the performance of the capacitor. Ruthenium oxide is the most explored metal oxide
and gives a good result. In some cases, its performargreaser than that of EDLC and
conductive polymers. The performance of the supercapacitor can be increased by combining
the mechanism of the EDLC and pseudocapacitors; this will generate the third class of the
supercapacitor known as the hybrid supercapdi

1.3.3Hybrid Supercapacitors

Hybrid supercapacitors consist the mechanism dboth EDLC and pseudocapacitons is

also known as the asymmetric capacitor. It contains asymmetric electrodes, one electrode
contains EDLC and the second one will follow pseudocapacitance. Hybrid supercapacitors
exploit the faradic and ndfaradic processes. Here the faradic eletdrs responsible for
energy storage and ridiaradic or capacitive electrodes enable power stosadedepicted in

figure 1.7 According to the electrode configuration hybrid supercapac#waclassified into

threé® and these ar¢a) composite(b) asymmetricand(c) battery typs given in figure 1.8
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Figure 17 Schematic Represtation of hybrid supercapacitor
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Hybrid capacitors éi-
Supercapacitors Pseudocapacitors ‘V"&:‘-?-ﬁ-

Electrical Double
Layer Capacitors

Figure 18 Classificationof hybrid supercapacitdrased on electrode configuration
1.3.3.1CompositeElectrodes
Composite hybrid electrode contains both carbased material and metal oxide ar
conductive polymer. It incorporates both EDLC and pseudocapacitance in a single electrode
for charge storage. The carbbased material providean electrical doubldayer charge, a
nori faradic mechanism workout in this type. Alstoprovidesa high surface area, which is
an important factor in charge storagéncreass the capacitanca/Vhereas the metal oxide
component contributes the faradic mechanism of the pseuddesgacthat facilitates
enhancemerih total specificcapacitance.
1.3.3.2Asymmetric Electrodes
An assymmetric hybrid capacitor is formed by the coupling of the two types of electrodes such
as EDLC and pseudocapacitangéée coupling of the carbebasednegative electrode and
conducting polymebased positive electrodésenerally, the conducting polymebased
electrode has lower resistance than catbased electrodes. Asymmetric hybrid
supercapacit@rcan achievéigh energy and power density with cormgdae electrical doubile
layer capacitors. It shows high cyclic stability compaxgtth normal pseudocapacitors
1.3.3.3Battery Type Electrodes
The structure of battefiype supercapacitors is also similar to that of asymmetric hybrid
capacitors. Two different electrodes are couplewith each other in these types of
supercapacitorsihat isa supercapacitor electrode comhingith a batterytype electrodelt
is the combination of the higenergy batteries, high poweand cyclic stability of
supercapeitors. Carborbased materials are widely used for supercapacitor applig&tioim
the present work, the carbdrased material to be selectisdgraphene. This is derived from
graphite; it is one of the allotropes of carbon.
1.4 Designing of Supercapacitor

The mmponents of supercapacit@® similar to conventional systems it contgejcurrent
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collector, (b) active electrode materig{c) electrolyte (d) separatoyand (e) salantsas shown
in figure 1.9. The basic form of the supercapacitor consists ofd@vdical electrodes, which

are sandwiched using the electrolytes and separator.

Anode Cathode

Current collector
Porous electrod
Electrolyte >
Separator

Figure 19 Schematic representation of supercapacitor components

1.4.1Current Collectors

Il tds a transpor t i angxtenmal dourceno eledtrode materiak lhig capgableo m
to charge and discharge and withstémelheat generated inside the cell. The material should
resist chemical corrosion due to electratysnd commonly avaible current collectors are
shown in figure 1.10The active material makes better contact with the current collector and
minimizes the resistance whilexperimenting The current collectors withstand lofigrm
chargedischarge cycling tests. The commamrent collectors used are aluminum sheets, iron,
stainless steel sheets, nickel foam, nickel mesh, carbon elothTo tackle the adhesion
problem of active material, polymer binders likMafion, polytetrafluoroethylene,
polyvinylidene fluoride, carboxynethyl celluloseetc are used.

Figure 110Images of various commercially available current collectors for supercapacitor fabrication
like nickel foam, copper sheet, carbon cloth, graphitic plate, stainless steel and glassy carbon electrode

10
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1.4.2Electrolyte

Electrolytes play an inevitable role in supercapacitor applicaiorhe operating potential
window varies withthe nature ofthe electrolyte. The electrolyte is classified mainly into
agueous, organiand ionic liquid and depicted in figure11 The square nature of the voltage
window dependsnthe ionic resistivity and tsan inverse correlation. Alsehe energy density

and power density are directly proportional to voltage window and electrolyte conductivity.
The electrolyte functions asconductive medium and acts asoute for dissociation. The
factors which affect the performance of the electrolytdtaradsorption rate of the anion and
cation, formation ofa double layer, equivalent series resistaraed conductivity of the
electolyte. To perform in a better way the extent of the contact between electrode and
electrolyte is to attain maximum surface. The concentration of the electrolyte is depending
upon the degrete of dissociation 06U

The aqueous electrolyte belongs the ddfempHs like acid, neutral, and alkaline. HC}Siéu,

NaCl, NaSQs, KNOs, KCI, KOH, NaOH, etc belongs to these categofié®enhancemernh
specific capacitance probability is high in aqueous electlytee ionic conductivity is very

high compared tother types and is low cost and abundaie restriction arises due the

0 V-1.2 V of voltage window and further increment leads to the decomposition of the water

and thus collapsghe working of the cell.

Supercapacitors

e Solid state or Quasi solid state Redox active
S = Electrolytes Electrolytes
Non- Dry Solid Adueous
Aquoeus Aquoeus Polymer a
. . Organic
Acid Organic Gel polymer
B lonic lonic Liquid
ase Liquid Inorganic
Neutral Mixture Gel polymer

Figure 111. Classification oklectrolytes in supercapacitor application
The higher potential window of 0-\2.7 V suggests organic electrolyte is better than aqueous
one. A higher operating potential window enhances the specific capacitance of the cell. The
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energy density considerablifts due to the wider operating voltage window than that of an
agueous oneThe most commonly used organic electrolyte are acetonitrile and propylene
carbonate. However, the toxicity and highly flammable nature resists its use though it has lower
ionic resistivity.

In the case of ionic liquids, they are inflammable andtocit. The operating voltage window

of ionic liquids is 0 V¥ 5 V. ltis a liquid form of solvertree molten salts, the insufficient
ionic conductivity, compared to the organic andexas electrolyte, is due to the presence of
large ions in ionic liquid.

1.4.3Separator

It is an inevitable part and functisas a barrier between two electro@deslalso avoid short
circuits. The material should be naronductive, easily wettable, induce minimum ionic
resistance, less intrinsic resistance due to the chemicals arsgdesist the volume and
pressure changdhe commonly used separators are paper, glass ceramics, polymers like
polyethylene, propylene carbonate, polyamide, polyvinylidene fluoride polypropgtienand

a few of them are shown in figure 1.1the other required features are it should be low cost,
abundanthavemechanical strengtlandchemical resistanc&hesehavearole in determining

the specific capacitance.

Figure 112 Commercially available separators for the fabrication of supercapacitors
1.4.4Sealants
It is a material used to prevent the escape of a substance from inside the eell. In
supercapacitorit acts asa protective shield for the electrodes and prevents the leakage of
electrolytes. These block from the outside contaminants like water, chesvagadtc and other
factors which causes the degradation of electrolyte. The proper sealing condition isaalways
hemetic seal which prevents water and gas in the cell. There are various types of sealants can
be used. Silicone, epoxgnd polyurethael?l. The choice of sealants depends on the factors
such aghetype of electrolyte used, the operating conditions of the supercapatritbthe

desired level of protection.

12
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1.5. Active Electrode Materials

Active materials exisgh numerous numbers so it isdadly classified into three EDISCpseudo
and hybrid. The EDLC materials are generally carbased materialwith high surface area.
pseudocapacitive material belongs to metal oxide and conductingeBl. Other material
like metal nitride, sdldes,chalcogenidesandcarbides are also belonging to this clasd are
categorized in figure 1.13he hybrid materials are the combinatiortlod above two which
include carbormetal oxidecomposite, redox asymmetric and batteapacitorcombination

etc.

Electrode Materials

/ Carbon
Graphene, CNT, Porous carbon, CNF

.\ Polymers
2 Polyaniline, Polypyrrole, Polythiophene

( Metal oxides

MnOx, NiOx, VOx, FeOx, MoOx, Teranary
. Metal Oxides )

1 / Others
Metal Chalcogenides, Mxene, MOF, COF

Figure 1.13 Different types of electrode material used in supercapacitor
1.5.1Metal oxides
Metal oxides et asanalternative in supercapacitor electrode matediaé to the high specific
capacitance and specific power transitionngldering transition metal oxideRuthenium
oxide (RuQ,) exhibit high theoretical specific capacitance in the range of ~1300E#ém
though Ru@hashigh theoretical capacitance its use is reduced due to the high cost and toxicity
as well as its limited availability. Searching for lamwst, conducting material ended up with
other transition materialike FeOzs, TiO2, MNOz, CaOs, SNQ, VO2, V205, etc. Considering
these materials Mnfhas a theoretical specific capacitance close to theRund fulfilling the
conditions like low cost, conductivityand ease of availability. Other transition metal oxides
show supercapacitive propeand can be enhaed by making composites with other metal
oxide or carbonaceous materidls
1.5.11 ManganeseOxide (MnOy2)
Manganese oxide Banough natural abundance without any toxic e$fethe satisfactory
specific capacitance of Mnnade itasa promising candidate. The charge storage mechanism
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in MnO2 has mainly based on redox reactlmased pseudocapacitive nature and the charge
storage mechanism is represented in an equation (6) below.

DED W0 WO w WQP HEUVLDO [0)
MnQO:is regarded as a viable candidate for electrode material in electrochemical capacitors due
to its low cost, noftoxicity, abundance, straightforwaashd simplesynthesis, environmental
friendlinessand strong theoretical specific capacitanebetween 1100 F/g to 1300 F¥g*el
Goodenough and LE& did extensive research on this and published the first report on the
MnO; pseulocapacitor behavior in 1999. They assess Mn@seudecapacitive behavior in a
2M KCI aqueous electrolyte solution. Ma@nicro-powders and micrometahick films
exhibit 150 F/g in neutral agueous electrolyte solutions with a voltage window of 1V, taking
into account its energy storage properties. In comparison with other metal oxides*>RuO
exhibits higher theoretical specific capacitartbeenthough crystalline Mn@exists in various
crystal structures i k e ,dJn ddepicted in figure 1.14ased on their preparation methods
(16171 Depending on the method of preparation,ati#ht phase formations lead to variations in
specific capacitanceS.he specific capacitance of the electrode material is determined by

factors such as specific surface area, morphology, thickness, mass of the electrodeacdating,

oooo;

'0'0'

% ooooo
} 90s0e

a-Mno, B-MnoO, y-MnO, 5-MnoO,

type and nature dhe electrolyte.

Figure 114 Different crystalline phases of Manganese dioxide
Consideringa few results of MnQ@ in an aqueous neutral electrolyte solutigiMnO2 shows
specific capacitance ranging from 265 F/g to 320 #g When compared to the other
crystalline phases of Mn® i k ea rbd'), (b t-Mn©: hés higher capacitive nature due to
its layered structure, which is similar to grapH&heOne of the most important elements in
determining the specific capacitance of a syntleesinaterial is its morphology. For MpO
different morphologies, such as nanosheets, nanoflowers, nanowires, nanobelts, nanoneedles,
nanowhiskersand nanospheréd are possible. Its unique surface area, whicretsvben 20
m?/g and 150 rfig, also influencethe performance. The large specific surface area of MnO

shortens the transport or diffusion path lendth&! for bothions and electrons, resulting in
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faster kinetics and thus higher chadjscharge capacities. As a result, nanowires on smaller
diameter electrodes have a higher specific capacitance (350 F/g) than nanorods (843 F/g)
To improve and promote electrical conductivities, create a carbon composite or dope it with
another suitablenaterial or create some anionic and cationic vacancies. When it comes to
carbon composites with MnDpure MnQ in composites with activated carbon, graphene,
CNTs and other materials provides better results. With the aqueous neutral electrolyte, MnO
composites with CNTgives 700 F/g inatotal potential window of 1\?2l, Similarly, doping
sometransition metal oxides such as Ni,,@ad Fe makes them better. For instance, the Co
doped MnQ exhibits a specific capacitance of 377 Ffjl. Making some vacancies in the
action, such as oxygen or metal ion vacancies, is another method of enhancing the performance
of MnO». The presence of vacancies or defects improves the activity of oxide systems. Chen
et al. note this improvee nt -Mn@,, wHich after chemical preparation has a high
capacitance of 736.60 F/g and a specific surface area of 119¢%8m Yang et al. chemically
prepared doped MngQwith various cations, such as €£uCc*, and Nf*ions®l. The induced

defect in the crystalline systems causes the doping with metal ions to alter the intrinsic
conducting properties. When compared to the other two metal cationsi?ttaoped MnQ
measured with a high specifi c-MOapepaedtyance ¢
electrostatic selassembly, Gao et al. introduce surface Frenkel defects involving metal ion
vacancy, which result in nanosheets with porous morphologgetfic surface areas of 150

m?/g with specific capacitances of 306 F/g at 0.2 By The defecinduced MnQ materials

are used for optical and catat studies in addition to supercapacitor research. Reenu et al.
investigated the optical properties-MmwOb copr e
that contained Mn vacancies. The effect of surface defects on the systemstidieli using
phaoluminescence spectroscoB§l. In another case, MnQwith a surface oxygen vacancy

that is active toward the catalytic combustion activity ofytene was created by Wu at

using a wet chemical meth&d.

1.51.2 Vanadium Oxide (VOx)

Vanadium exists as a partially filled 3d orbital in electronic configuration, which keads
different oxides such as VO 285, V203, VO3, V407, V6013 etc. These variety of vanadium
oxides are classifieds into different series like Magneli41) andWadsley (\nOsn.2). It is

a wellstudied system because of its fisstler reversible phase transition from the
semiconductor tthe metallic state at its critical points 68 °C. This transformation alters the
electronic structure as well as the optigadperties of vanadium oxide.

VO: exists in a rutile hexagonal structure above the transition temperature and below its
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transition temperature exist as the monoclinic systdinis is where the metdb-
semiconductor conversion is taking place and isninnaertible transition state. Vanadium
dioxide is a significant binary compound, it exists in five crystalline phases, the most stable of
which arerutile type VOQ(R), as well as monoclinic VM), metastable VgB), tetragonal
VO2(A) and VO&(C) and few of them are shown in figure 1.15

VO,(A) VO,(B) VO,(M) VO,(R)

Figure 115 Crystalline structures of different polymorphic phases of vanadium dioxides
From the previous literature it is known that, the YR and VQ(M) exhibit fully reversible
metatsemiconductor phase transitions (MST) at the critical temperature °af. 88eantime,
there is a clear transformation in the electrical resistivity and optical transmittance of magnitude
around 16-10°. Among previously mentioned phases, X&) is a metastable phase and
possess a thre#imensional network of V®octahedronThe VO(B) is a metallic phase
consising of distorted octahedrenwhich shae corners and edges. ¥@®) is one of the
promising cathode materials in-ldn batteriesas well asupercapaciterdue to its reversible
structural switch between crystalline and amorphous ghasser highpressur&8. Among
other metal oxides vanadium oxides shows theoretical capacitance of 102000 d-/g. The
few literature reports of vanadium oxides as supercapacitor application are given. Chen et al
studied VOQ@CC give 78.&t 10 A/g at 1.65V in aqueous electrolyte system. Lv et al prepared
VO2 nanobelt/reduced graphene oxide composite for flexible supercapacitor gives 353 F/g at
1A/g. Zhang et al prepared (B) hollow spheres and solid spheres provide specific
capacitanceof 336 F/g and 272 F/g at 2 mA/émespectively. Ren et al prepared ¥O
nanoparticle on edgeriented graphene foam. The areal capacitance of 119 rhBhtained
for VO2/EOGF (edgeoriented graphene foam) in supercapacitor application and 144 tAhg
at 20A/g for Li-ion battery studies.
Numerous synthesis methods, including Pulsed Laser Ablation, Magnetron Sputtering,
Chemical Vapour Deposition, S@el synthesis, Wet Chemical methods, Thermolysis, and

Hydrothermal synthesis, are used to produce(BD Hydrothermal synthesis is one of the
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better options because of its lower temperature, green reaction conditions, simplicity of
operation, and low cost. Furthermore, morphology and porosity tuning can be accomplished
by varying surfactants, templates, and eotg®®!.

The monoclinic V@B) was first explored for the Liintercalation in the reversible
electrochemical reaction. The ¥@B) of various nanostructures, such as 0D, 1D nanobelts,
nanorods, nanotubes and nanobelts, 2D nanosheets, nanowirebelts, and 3D nanoflowers,

is achievable with different synthesidesgion and reaction circumstanés°l

1.52 Ternary Metal Oxide

Recently, there has been extensive exploration of advanced functional materials to meet the
urgent need for faster and more efficient energy storage systems. Among the various electrode
materials, ternary metal oxides haverrgaed significant attention due to their low cost,
environmental benignity, multiple oxidation states, and high theoretical specific capacitance.
Ternary metal oxides exist in different forms such as@BABO234, and AB20s, with a
generaformula of AByO-. The ternary or metal oxide systemsB{Ox) are generated by the
addition of an extra metal ion to the binary metal oxide system. The combination of these
metals enhances the conductivity of all systems. In a ternary metal oxide, bakleler@ents

have lower and higher oxidation states. One of the cations in the binary metal oxide was
replaced/ doped/substituted/ exchanged to form ternary systems. For example, combinations of
metal ions like Zn, Ni, Cu, Co, Mn, Fe etc. Ternary metaldesi can exhibit various
morphologies, including 0D, 1D, 2D and 3D nanostructures. These materials can be
synthesized using a variety of methods, such as chemical precipitation, sol gel synthesis,
electrodeposition, molten salt, hot injection, electrospignhydrothermal and solvothermal
techniques. The properties like surface area, ionic conductivity, electronic conductivity,
mechanical conductivity and chemical stability make ternary oxide as a good candidate for
energy storage application.

Ternary metabxide-based supercapacitor studies are seen in the literature, Perera et al reported
Cos Mnyx O4 material, exhibit 173.6 F/g. Wang et al reported a simpla@sorptiorannealing
method for porous ZnGO4 shows exhibit remarkable specific capacitanceetlal reported
multi-shelled hollow microspheres Ni¢Zox shows high specific capacitance of 1884 F/g at 3
A/g with excellent rate capability. Ishaq et al studied the MGFRGO with polypyrrole

shows specific capacitance of 232 F/g. These studies deaten#itat the ternary metal
composites exhibiting superior energy storage properties.

1.5.3 CarbonBased Materials

Carbonbased materials are the most commonly used electrode material for electric double
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layer capacitors (EDLCs) due to their electricaldwetivity, chemical stability, high specific
surface area. Theseaterialsareexisted inavariety of shapes and sizdhe commonly used
carbon electrodes include carbon nanofifercarbon spher&dl, carbon nanniond?,

carbon hydrogé&®l, carbon nanotub8¢, graphené*, activated carbokS!, graphite and
highly porous carbon, details given in figure 1.16. This thesis foomsestudying the
electrochemical activity of porous carbon (or activated carbon derived from biomass sources),

graphene and carbon nanofiber in a supercapacitor structure.

T ES AU
B
— b

e ——
s e e et
_\% Fullerene

S—=—== Carbon Nanofiber

\i—"— CARBON BASED
MATERIALS

Carbon Dots
Graphene

Figure 116 Variouscarbonbased material® energy storagapplications
Porouscarbon has properties such as high specific surface area, conductivity, tunable porosity,
chemical stability, and long shelf lifmyaking it amattractve choice to be aelectrode material
in supercapacitors and other energy storage systems. Therarianes sources from which
activated carbon can be produced using a variety of techRfjtfésPorous carbon can be
synthesized from agricultural waste materials like different parts of the plants like, leaf, root,
stem, flower, husk, bark, peel, shell, etc and suaohéd carbon is known as biomass derived
carbon. These biowastes include or are composed of compounds like starch, protein, sugar,
hydrocarbons, cellulose, hemicellulose, water, lipids, lignin, and several other functional
groups. The advantages of biomdssived carbon are depicted in figure 1.17. The porous
carbon preparation from biomass mainly carried out through activation and pyrolysis step,

where the activation method includes chemical as well as physical methods.
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Industrially Cheap High Electrochemical Activity

Biomass Derived Carbon

Figure 117 Advantages of bionssderived carbon in energy storage
In the physical activation method, the activating gas causdsrthation ofpores The gases
used are team, carbon dioxide,hydrogen, nitrogen, air, or a wmbination of thes®. In
chemicalactivation,the raw material impregnated with activating a strong oxidizing agent or
strong dehydrating agent undaminert atmosphergenerated porous nature to the material.
Theseactivating componentare also known as porosignhancing agents (PEAyhich fall
into the categories of acid, base, and neutral. The classification of the perdsiycing
activating agents is listed in Table 1This allows the raw material to be penetrated, subjected
to additional thermal processing, and produce higitifip surface area. The porosity will aid

in the rapid passage of electrolyte ions into the pores.

Reagents Examples

Acidic H3PO4, H.SO,

Basic KOH, NaOH, KCO;, N&CO;
Metal salt ZnChk, AICIs

Table 1.1 Porosity enhancing activating agents exgimples
Graphene is twalimensional material ad single layer of carbon hexagons consisting &f sp
hybridized carbon bonds includingbonding or electron clouds. They have interesting
physical and chemical properties with promising applicatidhe ungue properties like high
mechanical strength, fast electron transport, good biocompatdmiitfigh surface aremake
graphene more applicatiariented.It consists of honeycomb lattice and it possesses van der
Waals interactions, which may lead to wrinkling and restacking. The importance of graphene
in supercapacitors to have optimum porosity and pore size distribution that give access to
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the electrofte more easilfl. Various methods esi for the synthesis of graphene like, thermal
exfoliation, Hummer 6s met hod, green synthesi
properties are varied.

The carbon nanofiber is a promising electrode matariglpercapacitor application due to

their unigque properties. It exhibits high electrical conductivity, mechanical stability, surface
area and chemical stability. The carbon nanofibers are easily formed by electrospinning
technique. Based on the precursors used, experimental conditionsityjsggsied voltage

etc, the carbon nanofibers show various properties and morphologies. Also, its high aspect
ratio, interconnected network structure, better ion transport and high specific surface area make
it a better candidate for energy storage.ddition to that, controlled synthesis process with
tunable porosities and surface functionalities enhances its electrochemical properties. The
carbonbased materials mentioned above exhibit exciting conducting properties, making them
a suitablecandidate dr energy storage applications.

1.6 Objective and Scope of the Work

This research focuses on various electrode materials fosesipercapacitor applications,
specifically investigating surfagened binary and ternary metal oxides, as well as carbon
nanostrgtures, which exhibit pseudocapacitive and electric delalyler mechanisms
respectively Binary metal oxide like Vanadium oxidéO2(B) andManganese oxideéi-MnO>

will be used because they are readily available and exhibit excellent electrochemical
characteristics. A novdernary metal oxideZinc tellurium oxide-Zn,TesOg, as electrode
material will be checked for the performance efficiency. The carbon nanosgésitike carbon
nanofibers and highly porous carbon derived from natural sources also will be investigated.
Chemical approaches like sgp¢l and hydrothermal methods adopting for thesynthess of

binary (VO( B) -MmOd) and ternary metal oxide (Zhes0g). Optimization ofmorphology

of VO2(B) will be controlledhydrothermally at different temperatuasdby adding graphene
oxide during synthesists gaphene hybridsan bepreparedto increasehe electrochemical
activity. Morphological variationssurface area, porosity, and electrochemical characteristics
will alsobe investigatedVacancy tailoring can be achieveditMnOz by sotgel method to
improve electrochemical characteristics. Two reducing agents like citric acid and ammonium
oxalatearechosen to tailor the defect densityitMnO.. Properties like surface argaorosity

and conductivitycan be further controlled by changing the heatingronment and annealing

rate. The solvothermal approasfil be used to synthesize ternary metal oxideT&0s and

its reducedgrapheneoxide hybrids. Three different hybridprepared by altering the volume
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of graphene oxidavill be used as electrodeaterial for super capacitor application. The

changes in surface area, porosity, and electrochemical characteristiosreleagted

This work proposes to prepare various carbased materials by adopting different synthetic
approaches. Carbon nanofibeencbe prepared by electrospinning of Poly Acrylo Nitrile
(PAN). Carbon nanofibers with different diameters are planned to be prepared by altering the
annealing temperature to 500 °C, 700 °C, and 900 °C. In addition, highly porous carbon
materials can be ppared readily from available biomass sources (SawAllastthusTriphysa

and leafPalmyra Paln followed by ZnC} activation and carbonization. Physical property
tuning of the carbon nanostructures can be achieved by changing carbonmas€katio as

1:0, 1:2, 1:4, and 1:6.

The physicochemical properties of the prepared electrode materials are planned to be studied
using various methods. -kay Diffraction (XRD), Raman spectroscopy, and-ray
photoelectron spectroscopy (XPS) will be used to charactth&estructure and chemical
composition. Fourier Transform Infrared spectrometer (FTIR) will be used analyse Chemical
structure and functional groups. Morphology can be obtained from field emission scanning
electron microscopy (FSEM) analysis. BET (Brungeer Emmet Teller) analysis is used to
determine surface are@adporosity. Wettability analysis will be carried out by contact angle
measurement. Electrochemical analysis, such as cyclic voltammetry (CV), galvanostatic
chargedischarge analysis (GCD), etemchemical impedance analysis (EIS), and cyclic
stability tests, are used to investigate supercapacitor applicgbpmsnetric and asymmetric
supercapacitors will be prepared with synthesized materials with an aqueous neutral electrolyte
(Sodium Sluphat®dlaeSQw). The carbon materials are also examined with a redox additive

electrolyte, which is made by adding potassium iodide (KI) into the sodium sulphate.

*kkkk
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Chapter2

2. Synthesis and Characterization Techniques

2.1 Synthesis Methods

The particle dimension goes smaller and smaller and reaches the nanometer scale, its properties
changed drasticall and will influence both physical and chemical properties. In
nanotechnology, synthesis methods of materials got much attention due to the dependence on
various properties like morphology, crystallinity, electronic states, shape, phase, structure, etc.
The mode of synthesis and its reaction condition affect the properties of the nanomaterial.
Several techniques are available for the synthesis and a few of them-@e€ bgtrothermal,
solvothermal, electrochemical, sonochemical, physical vapour depositébchemical vapor
depositiof-2,
The synthesis of the nanomaterials depends on the mode and its reaction parameters such as
molarity, dilution, the ratio of the reactants, temperature, pressure, etc. gl swthod is
one of the easy and simple alov-cost experimental methods from which the morphology
and properties of the nanomaterial could be easily tuned by maintaining a proper reaction
atmosphere. Likewise, solvothermal or hydrothermal methods offer a simple and green method
that needs a veryoWwer crystallization temperature, sometimes with no need for further
calcination or sintering step. In addition to that -odenensional nanofibers can easily be
prepared by electrospinning technique. It is the simplest method of fabricating nanofiber with
the assistance of polymer matrix.
2.1.1 Solgel Synthesis
Solgel synthesis is a simple, lewost experiment at a mild or low temperatutes possible
to generate different structures of nanomaterials with the same precursor by varying the
experimentalconditions. Another advantage of this method is repeatability, simplicity, and
reliability during the liquid phase synthesis. The properties of the nanomaterial can be easily
changed by doping, where precise control can be done over this method. Th®foahte
sol is caused by the metal oxide present in the system by hydrolysis and condénpsation
represented by following equations?d.
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These chemical transformations make some gel formation. The evaporation rate and
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evaporation methods make xerogel, aerogel, etc (figure dbgel is a technique that
dissolves a compound in liquid and resolidifies it in a controlled mafiier compouds of
multi-components can easily be prepared with controlled stoichiometry by mixing the sols of
different compounds. Also, it prevents the inhomogeneity, that generates in coprecipitation
reaction. In addition to that it enables atosl@ieel mixing, whid results in small particles
which are easily sinterable. This technique is used to prepare a variety of materials with various
shapes including thin fibers, porous structures, and dense p&videfsnong different
methods, the sajel method got much attention due to the aforementioned reasons.

Xerogel
Hydrolysis & / \
Condensation .
— ep- | Drying Final product
Process
\ /

Precursor solution Sol solution

Figure 2.1 Representation of ggl technique
2.1.2 Hydrothermal or Solvothermal Technique
The hydobthermal technique is an established niche in nanomaterial synthesis. This technique
is one of the lowetemperature synthesis methods also used to generate highly homogeneous
and monodispersed nanomaterials. The heterogeneous chemical reaction i©uamete
presence of an aqueous or raueous medium by maintaining the temperature above ambient
condition and pressure > 1 atm in a closed system. The reactions are carried out in a particular
experimental setup called an autoclave (figure 2.2). lawald be taken that the aqueous or

nonraqueous solvents are maintained near supercritical or supercritical conditions.

© °
e® o
°
o L —
0?0 @ ey
e e® ©
e,
L)
Ammonium Metavanadate Hydrothermal reaction Nucleation VO, (B) Nanosheets
+ oxalic acid 200°C.18hr
M
- s * :
S a
4 (
Graphene Oxide Hydrothermal reaction
200°C.18hr Autoclave-200°C.18hr VO, (B) -Graphene Binary Hybrid

Figure 2.2 (a) A photograph of stainledsel autoclave with teflotiner used for the hydro/

solvothermal process and (b) representation of metal oxide synthesis using hydrothermal method
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Based on the solvents used, it can be represented as hydrothermal (water), alcothermal
(alcohol), glycothermal (glycol), ammonotherm@mmonia), etc. The precursor used is
commonly metal salts (inorganic materials) with suitable solvents. The other changing
parameters that affect the property of the product are temperature, pressure, volume, the
concentration of the reactants, reactiome, et&l. These conditions affect the crystal structure,
size, shape, composition of the samples, etc. The advantages chrihesseffectiveness,
environmentally safe closed system conditions, expects higher purity products, metastable
products are formation etc.

2.1.3 Electrospinning Technique

Electrospinning is a versatile method used for making ultrafine fibers with rsimging from
nanometers to micrometers. In this process high voltage is applied to a polymer solution or
melt, causing a charged jet to be ejected from a spinr@nee the electrostatic repulsion
overcomes the surface tension of the polymeric soluitors, ejected from the tip of the
need|®!. Electrostatic repulsion causes the jet to whip, resulting in quick evaporation of the
solvent or cooling othe polymer melt®'”l. The fibers are solidifying and meantime it gets
deposited over the grounded metallic collector. The grounded collector is kept at a particular
distance from the metallic capillaneedI&!. The final product will be a very thin, uniform,

and mechanically stable fiber mat. The basic electrospinning technique scheme is given in

Figure 2.3

Syringe

Needle

High Voltage
Power Supply

Collector

Figure 2.3 Representation of basic electrospinning setup
This technique is widely used for the preparation of nanofibers for applications such as tissue

engineering, filtration, and energy storage because of its ability to produce high suetace a
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fibers with precise morphology and composition. Modification of the parameters like polymer
concentration, applied voltage, spinneret to collector distance to adjust the properties of
electrospun fibers for specific applications.
2.2 Characterization Techniques
The structure, morphology, optical, electrical, and thermal properties of the synthesized
material are investigated with different characterization techniques. For the current gtedies,
following characterization techniques are used.
V X-Ray diffraction analysis
Raman spectroscopy
Field emission scanning electron microscopy
Fourier transform infrared spectroscopy
X-ray photoelectron spectroscopy
Brunauer Emmet Teller analysis
Contact angle measurements
Cyclic voltammetry

Galvanostatic cirgedischarge

<K < K K KKK K KL<

Electrochemical Impedance spectroscopy

2.2.1 Structural and Phase Analysis

2.2.1.1 XRay Diffraction (XRD)

X-ray diffraction analysis is used for the structural aspects of a material such as crystal structure
and atomic spacing. The-pay beam with a wavelength range from 0.7 to 2 ilscident on the
sample, and it gets diffracted. The electromagnetic waves interacting with an object produce

constructive interf er enmedfffagionshawniindidguse.4.g Br ag

Incident beam Diffracted beam

Incldent angié Diffracted angle

L 4 L L 2 L L 4 @ Atomic plane

L4 L4 ® ® ® ®

Figure 2.4 Schematic representation efay scattering in atomic planes
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These diffracted rays are responsible for the intense peaks obtained during analysis. This is

used for the identification of the crystal structure, and to measure the average tistaren

t he

pl anes, | attice par amet

diffraction®*%, According to this law (4),

Wh e

and

1l ¢cAQEIT T

ers and gaometry

ré@ son he order, 020 irsadtimd iway e loedmdgtihs afnt

6ddé is the incident angl

XRD analysis is done by using a Rigaku Miniplex@a@ y d i

(I = 0.1544nm). The data acquired from XRD analysis are;

A

> > > >

A

Determination of crystal structure

Phasaletermination like amorphous or crystalline
Crystallite size measurement and degree of crystallinity
Orientation of single crystals

Measures residual stress

Quantitative analysis of phases

2.2.1.2 Raman Spectroscopy

Raman spectroscopy is an effectivent@que used for investigating vibrational, rotational, and

e.

ffractometer

Wi

other lowfrequency modes in a system. It is based on the inelastic scattering of monochromatic

light. Usually a laser source is used, where photons interact with the molecular vibrations or

phonors in the sample. The scattered light is then collected and analyzed to provide valuable

information about the molecular structure, crystallinity, and chemical bonding within the

material. The fundamental principle underlying Raman spectroscopy is baseatklastic

collisions. When light interacts with a sample, the majority of photons undergo elastic

scattering, known as Rayleigh scattering, while a small fraction undergoes inelastic scattering,

known as Raman scattering. In Raman scattering, the freqoétioy scattered light will be

smaller than that of incident photon. The Raman shift is represented by equation (5).

This discrepancy arises from changes in the vibrational, rothtiemd electronic energy levels

Y& dEQQOYy ’

V)

of the molecules in the sample. The frequency of the incident radiation exceeds that of the

scattered radiation, results the formation of the Stokes line in the Raman spectrum. When the

frequency of the incident radiatios iower than the frequency of the scattered radiation, the
scattered light appears as aBtokes lines in the Raman spectra, as shown in figure 2.5. As a

result, the Stokes bands in the Raman spectrum typically appear more intense {8tokeasti
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bandsThis phenomenon occurs because the population of molecules in the higher energy state
(related with antiStokes scattering) is generally lower than in the lower energy state (related

with Stokes scattering), leading to weaker -&ttkes signals compared the Stokes

signal$t,
1 Virtual states Q
N ¥
K[ 7 G B e ettty I P
=
ED } A 5catler< A\aser
S [ ' Anti-Stokes
! Raman Scattering
Vibrational
W states
As;catter= Alaser
)\ v Rayleigh Scattering
. . ?\Iaser
Stokes Rayleigh Anti- Stokes
A >\

scatter laser

Stokes Raman Scattering

Figure 2.5 Generation of Ramaacattering during analysis
The intensity of scattered light in Raman spectroscopy is compared with the incident light's
energy or frequency, resulting a unique "fingerprint” for each molecule. Analyzing the obtained
bands and their intensity enables thenidfication of specific molecules. Changes in band
frequency, peak intensity, and peak broadening can reveal the amount of stress in the material
and its crystallinit{?l. By collecting data from several sample areas, the sample's homogeneity
can be asessed. Raman spectra provide information on the material's composition,
crystallinity, surface bond vibrations, as well as the detection of IR inactive molecular
vibrations and impurity detecti8#.
2.2.1.3 XRay Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a powerful tool used to determine the elemental compositiongathem
states, and electronic states of materdisay photoelectron spectroscopy (XPS), also known
as electron spectroscopy for chemical analysis (ESCA), operates based on the photoelectric
effect. When the sample surface is irradiated withays, the Xrays interact with the core
electrons of the atoms in the material. These core electrons can be excited to higher energy
levels and then relax back to their original energy levels, emitting characteristig X
photoelectron peaks. By analyzing the bindemgrgies and intensities of these peaks able to
understand the elemental composition and its chemical environftentlepth of penetration
of X-rays is in the range of micrometers, normally gives the signal from a depth of X®8m.

is performed underlwa-high vacuum conditions to prevent interference from air and ensure
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accurate measurements. The excited photoelectrons lose some energy as they travel through
the material, and only those that escape without being scattered are detected. This tischnique
valuable for studying surfaces, thin films, and interfaces in various fields, including materials
science, surface science, and nanotechnBftidy The photoedctric effect is represented in
equation (6).

O D % O (6)
Exe is the kinetic energy of the ejected electron, hv is the energy of phéigsshe work
function and Eis the binding energy.
The XPS instrumentation includes a monochromatica)X source that generatesrys
directed to the sample being analyzed. The emitted photoelectrons are then accelerated towards
a hemispherical analyzer, where their kinetic energies are analyzed. Byrimgp#sel kinetic
energies of the photoelectrons, the binding energies of core electrons from which they were
emitted can be determined. This information provides valuable insights into the chemical
environment and electronic structure of the sample. Thectbe in the analyzer records the
intensity of the emitted photoelectrons as a function of their kinetic energy and generating a
spectrum. The entire system operates underhigia vacuum conditions, typically aroutf
%torr, to minimize electron sdating and ensure accurate measurements. The signal generation
and instrumentation setup shown in figure Zlée analysis provides the information for
identifying the elements based on their peak binding energy, quantifying elements based on the
peak arear intensity, spirorbit splitting, kinetic energy effects, and chemical composition

except for H and H&161

hv
Emitted

Photoelectron - o .
X-Ray / \Monochromator

N\ @‘Iyzer

Anode /
\ Phatoelectron J

Detector

o200

Figure 2.6 Schematics of signal generation and XPS instrumentation setup

Sample Surface

2.2.1.4 Fourier Transform- Infrared ( FT-IR) spectroscopy

Fourier Transform Infrared Spectroscopic analysis is an important tool which gives sufficient
information about the chemicalrgcture of a compound. The absorption of infrared causes
various bonds in a molecule that tend to stretch or bend. When the photon's energy and the

molecule's vibrational energy level coincide, the photon's energy is absorbed. The molecule is
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excited fromthe lower vibrational level to the higher vibrational level when the IR radiation
couples with the sample's molecular vibration. Figure 2.7 (a and b) shows infrared region on

electromagnetic spectrum and the instrumentation setup.

(a) (b) ‘Fixed Mirror
0.4 um 0.5 um 0.6 um 0.7 um )
Visible Light
107pm  10° pm 00Tpm § Tum  100pm 10*um  10°um 10°um
A A—}A A A A A 1
Gamma X-Rays uv Infrared Radio Waves \ P T\ -

Rays - Detector
Scanning

Mirror

Short
Wave IR

Long Wave IR

; 3
0.78um  1.5um 3um 10" um

IR Source

Figure 2.7 (a) Infrad region on the electromagnetic spectamd (b) instrumental setup of FTIR
interferometer unit

The absorbed energy serves to raise the amplitude of the vibrational motion of a bond in a
molecule. Not all bonds in the IR spectrum can absodnktgy. Bonds with a shift in dipole
moment are capable of absorbing infrared radiation. To confirm functional groups, greater IR
absorption (4000 c1400 cm?) is used. The fingerprint region corresponds to the distinctive

IR absorption at the lower risg (1400 cm-600 cmt). When a sample is exposed to infrared
radiation, it can absorb some radiation and transmit the rest. Some radiations get reflected back
to the source itself. Basically, the IR spectra are a plot of transmitted frequencies Vs the
intensity of the transmission. The samples are analyzed using PerkinElmer FTIR spectrometer
spectrum twaanalyzer From FTIR, following details are obtained (i) inorganic and organic
nature of the samples, (ii) the presence of impurities (iii) quantitatiedysis by evaluating

the area under the spectrum and (iv) molecular structure.

2.2.2 Morphology Analysis

2.2.2.1 Field Emission Scanning Electron Microscopy (FSEM)

FE-SEM is a widely using imaging technique in material science and nanotechnolisgy. |
non-destructive method with high spatial resolution and high magnification. When electrons
from the highenergy electron beam strike on the sample and interact in different ways. The
electron penetrated into the sample and emits back in the foptmotdns or electrons. The
emitted signals are generated a-4tmension image of the surface of the sampté. The

representation of electron beam generationiasttiumental setup is shown in figure 2.8.
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Figure 2.8 (a) Representation of electron beam generation and instrumental setup, (b) and (c) FESEM
images of nanowire and nanosheets

The instrumentation contains an electron gun, lenses, a high vabanmber, a sample holder,

and a detector. The electron beam of high energy range 0.5 KeV to 40 KeV is used with a
condenser lens that can focus a spot of diameter range 0.40 nm to 5 nm. Then allows to raster
scan in the x and y direction on the sample aveectangular area. FEEM operates by
generating an electron beam using a field emission source, typically a tungsten filament or a
field emission gun. The electron beam is accelerated towards the sample surface using an
electromagnetic lens with a fipgobe size (typically less than 1 nm in diameter). The sample
should be kept in a vacuum chamber to prevent electron scattering. When a focused electron
beam interacts with the sample, various signals are generated, including auger electrons,
secondary eldrons, fluorescence, backscattered electrorrayX etc. The image formation in

SEM is based mainly on backscattering electrons, secondary electrons,-rayd or
elemental mapping). These signals are collected by detectors, and convert them into high
resolution images. FSEM provides information about morphology and microstructure
additionally it gives information about the chemical composition and distribution of the system
and the amount of dopifd.
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2.2.3 Surface Area and Porosity Analysis

2.23.1 Brunauer Emmet Teller (BET) Analysis

BET is a standard method used to determine the surface area and porosity of materials based
on N adsorptiondesorption. It relies on the assumption of multilayer adsorption of gas on a
flat surface. However, thiassumption becomes invalid when monolayers overlap. Materials
are classified based on their pore size into microporous, mesoporous, and macroporous
categories. Pores with diameters up to 2 nm are considered microporous, those between 2 nm
and 50 nm are gsoporous, and those larger than 50 nm are macroporous. In theory, the
monolayer adsorption of gas molecules on a solid surface occurs up to a certain gas pressure
above the solid surface atiadd temperatuf&’! and represented by equation (7).

| 0
p | 0

Where6 dsithe fractional of the sample surfadelisia constant, andl Pi$the gas pressure.

The amount of gas adsorbed depends on the exposed surface areassanptbesurface was
cooled by using liquid Nto get the adsorption. There is no more adsorption occurs after
attaining a saturated pressure. After forming the adsorption layers sample was subjected to
heating for releasing the adsorbed nitrogen and qiethtifhe obtained data is known as the
BET isotherm and is the plot of total adsorbed gas Vs relative pré&stir@he adsorption
isotherm varies with the porous nature of the material and the typical graph shown in figure
2.9.

o .
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p/p,

Figure 2.9 Representation of a &tlsorption and desorption isotherms plot during BET analysis

32



Chapter2

2.2.4 Wettability Characteristics

2.2.4.1 Contact Angle Measurement

This technique is one of the usefathniques to know the interaction between the surface of
the electrode with the electrolyte as well as the chemical nature of the surface by means of
gualitatively and quantitatively. The surface wettability measurement is used as the primary
evaluation échnique for the solitiquid interface. The surface science of the prepared material

is important for its storage application and its efficiéffky

This is one of the easiest and most dependable methods to correlate surface wettability and
hydrophilic or hydrophobic nature. The advantages of this with respect to other techniques are
environmentally friendly, minimum time, reducethemical cost, and less labour for the
measurement. Here measures the shape of the liquid droplets formed due to the pressure
difference created between air and the liquid intelfdcét is one of the handy techniques
which reduces the use, money, and time of other sophisticated instruments related to
measurementsl. The behavior of the soliiquid interface at various surfaces is shown in
figure 2.10.

Hydrophobic
Hydrophilic
0
(8>
| ——— T
Surface

Figure 2.10 Contact angle measuring hydrophobic and hydrophilic surface
2.2.5.Supercapacitor Application
2.2.5. 1 Cyclic voltammetry (CV)
It is a widely used technique for knowing qualitative information about an electrochemical
reaction like the redox process, adsorption process, heterogeneous electron transfer reactions,
etc. It dfers information regarding rapid locations of the redox potential of a particular
electroactive species. It consists of linear scanning of the potential with respect to a stationary
working electrode by a triangular potential waveform. The potentiost@asures the current
generated from the electrochemical reaction consecutive to the applied potential and a straight
analog ramp is required for the performance. The applied ramp consists of a series of small
potential steps which approximate the desiregHimamp. In short, the potential of the working

electrode was scanned linearly and measured the current generated from oxidoreduction
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reaction¥?. The representation of the electnemical setup and parameters are shown in
figure 2.11.

The CV is obtained by measuring the current between a working electrode and a counter
electrode, which directly measures as the function of potential. The potential is applied across
the reference elémde and working electrode. The current flow inside the system is from the
working electrode to the counter electrode or vice versa. The potential of the working electrode
is controlled with respect to the reference electrode and it does not pass amy. Che

specific capacitance of each electrode is calculated by the edtigfiBs),

e~ QU
., 0 GOgy
8 = =0 g
Q dzZw
Where 0616 is the average current, o6dv/dtdé i s
6V6 is the potential window. The energy dens:s

the following egation$?®24 (9), and (10).

®Q 6 Yo

D0 @ ®
. Qo O
v 00 o oD p Tt

Mass transfer variables
* Adsorption
« Diffusion

* Surface concentration .
Electrode variables

* Area
* Mass
* Material
* Geometry
* Surface condition
CE Electrical variables
¢ Current
* Potential

* Amount of electricity
External variables
* Temperature

* Pressure
. * Time
. ‘ Solution variables
* Solvent
* Bulk concentration
~ - Additives

Figure 2.11 Representation of thh@lectrode setup and depending variables
2.2.5.2 Galvanostatic Chargé Discharge (GCD)

Characterization via thgalvanostatic chargéischarge (GCD) is one of the major tools for
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supercapacitors to measure their charging and discharging criterion. It is a reliable analysis to
determine the energy density, power density, and other parameters like equivalent series
resistance and cyclic stability of the supercapdéitey.

The GCD measurement of metal oxide system is shawigure 2.12. In this method, the
experiment is run by applying a constant current, and the potential is measured as a function of
time. Various modes were available for the measurements, Ro@Atiodynamic cycling

with galvanostatic acceleratigiedrode cycling under potentiodynamic mode. GEPL
galvanostatic cycling with potential limitation, cycling under galvanostatic mode with an
imposed current. APGQGlternate pulse galvano cycling, perform fast galvano steps between

two values. GCPL method ised for the supercapacitor analysis.

1.0
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E 0.6 —1A/g
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g ——0.25A/g
]
E 0.4 —0.125A/g
——0.06A/g
0.2 4
0.0 v T Y T Y T v T v T Y T
0 500 1000 1500 2000 2500 3000
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Figure 2.12 A representative GCD graph of metal oxide

2.2.5.3 Electrochemical Impedance Spectroscopy (EIS)
EIS is a powerful computational technique for analyzing physical as well as chemical processes
in a solution and solids. In terms of electrochemistry, a sinusoidal signal is employed for
measuring the rate constant of a fast electron transfer reactioeiin short time interval with
an electrochemical cell. Also acquiring information related to complicated reactions involving
electrodeelectrolyte interface or surface and solution reactions.
This technique has been used in the valuation of battergey,csypacitors, solar cells, fuel cell
development, corrosion, sensors, etc. Classified into different based on the applied input; PEIS
potentiostatic impedance, performs in a potentiostatic mode by applying sinusoidal impulse
around a fixed potential of & relative to the cell equilibrium potential. GEGalvanostatic
impedance, current is controlled in this situation. In SGE#&rcase galvano electrochemical

i mpedance, applying sinus around a-st@roaser ent
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potentio electrochemical impedance, measured by applying staircase potentiallsisesmp.
excellent technique used for the characterization of electrochemical systems. Impedance is a
measure of the ability of the circuit to resist the flow of electeoalent. Simply the principle

behind the EIS is applying a small amplitude sinusoidal signal and measuring the response,

representative EIS graph is shown in figure 2.13.
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Figure 2.13 A representative EIS graph of different curretéctors
Oh mo s-bdseal mathematical approach is used for the analysis of the impedance®pectra.

According to this | aw, impedance Z(¥Y) is rep
W] — ppP

Where E (7¥) ddepentlehifeo tf @ retqiuaeln,c yi -fependemt surrenth e f r e

The Nyquist plot is a typical diagram used for analyzing electrochemical terms like electrolyte

solution resistance @R electrode polarization resistancg)Rlouble layer capacitance«;

etc by wsing a corresponding equivalent circuit (figure 2.14). In the equivalent cirgustilie

series resistance 2R the resistance at the interf88e Where C is the capacitor and ig\the

Warburg diffusion resistanc8y pl otting Z6 (Y) Vs Z66(Y) get

Analyzing the Nyquist plot for getting different parameters described earlier.
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Figure 2.14 Ranekclearadesetug r cuit for a two
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2.2.6Quantifying Capacitive Properties
2.2.6.1 Current Response Vs Sweep Rate
The rate of insertiomxtraction of the cations and anions in an electrolyte depends upon the
redox reaction. The high specific capacitance was observed at the slowest scan mathadue t
slow chargingdischarging process. That is the solvated anions and cations diffused very slowly
and access all possible pores in it. Wi th t
enough time to access the pores or active sites resitiogy specific capacitan&él.
The totalcharge stored in a particular material is represented by the area under the curve. Which
is the combination of the faradic and A@mnadic process. The faradic process arises from the
redox reaction whereas the nfamadic process originates from the efiectdoublelayer
formation.The capacitive effect was characterized by analyzing the CV data at various scan or
sweep ratesgf. The measured current and scan rate are related and is expressed by a power
law, I=ag®, where 06106 is the current, 6adé and Ob
calculated from the slope of the log | vs lpglot and give the quantitative information about
reaction kinetics. b=0 . 5 whi ch sati sf i &% arf exhibits anlideabs e qu
diffusion-controlled process. If b=1 the process is capacitive (surface controlled) and the
parameter b is lie between 0.5 and 1, the process is the combination of both diffusion controlled
and capacitive proce&d..
2.2.6.2 Trassati 6s Method of Analysi s
To determine capacitive effects, Trassati 6s
infinite diffusion condition in which ions are unrestrictedly diffuséi®interface of electrode
electrolyte with respect to the bulk electrolyte. There exists a linear correlation between the
reciprocal of the areal capacitance{"! (calculated from CV data) and the square root of
t he s c #nEvalumtioe of total specific capacitancer)€alculatedusing equation (12)
given below,
6 T 6 PG

Wh er e C, tdemnaqte the arelal c&pacitance, scan rate, and total or maximum capacitance.
Cr corresponds to the-ptercept of the linear plot @f  vsu 7 . The total capacitance is the
combination of electrical double layer and pseudo capacitance. The areal capacitance (C)
plotting against the inverse of the square root of the scanuate)(and yintercept of the
linear plot gives the maximum electric double layer capacitangg X Given in equation (13).

6 ™ T 6 (13)

Where Cy, and Gp. are the calculated maximum areal capacitance, scagraratenaximum
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electrical double layer respectively. The maximum pseudocapacitapgeigQlerived by
subtracting €o from Cr[?52829 The contribution of each type of mechanism is analyzed by
the given equatias (14) and (15).

6O b — pmh pT

0O b — prh p UL

The percentage of electric double layer and pse@agacitandé is denoted by €% and

Cr0.

2.2.7 Electrode Preparation for Supercapacitor

In general, supercapacitelectrodes are prepared from a mixture containing an active material,
polymeric binder, and a suitable solvent. In addition to that some conducting additives are
added into it for compensating the loss during preparation. The active material or sample,
addtive, and polymeric binder were taken in the ratio (75:10:15 for metal oxides or 80:10:10
for carbon), then mixed with a suitable solvent such amdthyl pyrrolidone (NMP). The
prepared paste or slurry is coated over thewwighed substrafél. The coating is carried out

by several methods like blade coating, spray coating, spin coating, drop casting, etc. The
electrode preparation is schematically represented irefigdss.

PVDF+ NMP+ Acetylene
Black+ Sample
Filter paper

Blade coating

Electrode

Slurry

4

¥

q \ / '
|1 m/————
Electrochemical Analysis =t [/

Device formation

Figure 2.15 Schematic representation of electrode preparation for the supercapacitor analysis
The coated electrode dried to evaporate the solvent. Then dried electrodes are weighed to know

the amount coated over a specific area (1*%,ctb * 1.5 cnf, etc). In this work, all the
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electrodes are prepared by the doctor blade method by mixing active material with carbon black
as conducting additive and polyvinylidene fluoride (PVDF) in (NMP) as the solvent on the
stainlesssteelsubstrate. The electrode material weight was kept in the rang2 wiglcnt all

over the studies.

The synthesized materials are characterized by different instruments. Field emission scanning
electron microscopy (ZEISSEMINISEM 300) was used to examirfetsurface topography,
morphology, and microstructure development over the adsorbents. The crystal structure and
crystalline nature were assessed using a PANalytipalt3 powder XRay diffractometer. A

532 nm DPSS laser, the Alpha 300RA from WiTec inn@ary instrumentation was used to
conduct the Raman analysis. The crystal Fourier transform infrared spectroscopy (FTIR) was
recorded with Perkin Elmer spectrum two FTIR spectrophotometer using the KBr pellet
method. The XPS analysis were carried loptThemo Scientific ESCALAB Xi+and xay
photoelectron spectroscopy (XPS) from 0 eV to 1300Aster degassing at 200C for 18

hours, the specific surface area (SSA) was measisiad N, and the BrunneEmmetTeller

(BET) model was used to analyze the agB8on-desorption isotherm. Using the Barrett
JoynerHalenda (BJH) and-plot methods, the porosity was assessed. Thermogravimetric
analysis TGA) is carried out with Perkilmer STA 8000 instrumeniThe Kyowa drop
master DMs 401 was used to test the aelity characteristics. Biologic SP50 and SF300

were used for the electrochemical response measurements.

*kkkk
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Abstract

Vanadium oxides are highly regarded for their versatility, readily transitioning between
multiple oxidation states and adopting various polymorphic ph@sés synthesis involves a
templatefree, onestep hydrothermal synthesis to produce mesmpomonoclinic VQ(B)
nanosheets and its sa@lfésembled Ve&IB)-RGO nanoflower binary hybrid. This strategic
incorporation of graphene oxide during synthesis significantly enhanced the electrochemical
properties of the nanosheets, elevating their poteiaiadupercapacitor applications. When
tested as a symmetric supercapacitor device with a neutral aqueous electrolyte of 0.1 M
NaSQs, the monoclinic VQB) nanosheets exhibited an impressive specific capacitance of
232.56 F/g at a scan rate of 5 mV/s, within a potential window of 1V. Likewise the binary
hybrid nanoflowers, with the same potential window and electrolytic conditions, demonstrated
a remarkale specific capacitance of 469.38 F/g at 5 mV/s, along with energy density of 1.57
Wh/kg and a formidable power density of 12.94 W/kg. The elegant design of the hybrid
nanoflowers exhibits exceptional stability of 50000 cycles as well. The same binaiy hybr
tested for asymmetric supercapacitor and ended up with a specific capacitance of 68.88 F/g at
5mV/s with a potential limit of 1.5 V. This provided an enhanced energy density of 1.96 Wh/kg
and power density of 26.04 W/kg. The implications of this researe profound, as the
improved electrochemical properties of the X&)-RGOnanoflowers hold immense promise

for future applications in advanced energy storage systems and beyond.

Key Words: Monoclinic VQ@(B) polymorph, Nanosheets, HydrothermReducedGraphene
Oxidebinary hybrid, Energy storage

Graphene + VO, (B)-Graphene

Graphene oxide +
VO, Nanosheets Binary Hybrid

VO, nucleus

§ Graphene oxide sheets

P VO, Nucleus
L

a VO, Nanosheets
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3. Temperature Tuned Phase Selective Synthesis of VO
(B) Nanosheet and Its SelfAssembled Flower like Binary
Hybrid

Introduction

Vanadium exists as a patrtially filled 3d orbital in electronic configuration, which keads
different oxides such as VO s, V203, VO2, V407, V013 etdll. These variety of vanadium
oxides are classifieds into different series like Magneli@y1) and Wadsley (% Osn2)2.

The system is well studied due to fisst-order reversible phase transition between the
semiconductor and metallic states at its critical temperature of B&f€Ctransformatiomlters

the electronic structure as well as the optical properties of vanadium oxideeXi€ds in a

rutile hexagnal structure above the transition temperature and below its transition temperature
exist as the monoclinic systeithisis where the metato-semiconductor conversion is taking
place and is in an invertible transition stteVanadium dioxidé!, a significant binary
compound, exists in five crystalline phases, rutile type(RJ) monoclinic VQ(M), tetragonal
VO3(A), VO2(B) and VQ(C)El. In the view of previous literatures, the Y®) and VQ(M)

exhibit fully reversible metasemiconductor phase transitions (MST) at the critical temperature
of 68 °CPl by showing aclear transformation in the electrical resigy and optical
transmittance of magnitude around™10®!. VO,(A) is a metastable phase that possess a
threedimensional network of V@octahedron. The V&B) is a metallic phase consists of
distorted octahedron which sharing corners and ettgéayered structure, excellent nanoscale
properties, and ability to switch between crystalline and amorphossghader high pressure
make vanadium oxide an attractive cathode material fosiorLi batterie¥! and
supercapacitols®. Numerous synthesis methods, including Pulsed Laser Abfation
Magnetron Sputteridg, Chemical Vapour Depositi€h SotGel? synthesis, Wet Chemical
method8!, Thermolysi8®, and Hydrothermal syntheBf8, are used to produc¥Oz(B)
polymorph. Hydrothermal synthesis is one of the better options because of its lower
temperature, green reaction conditions, simplicity of operation, and low cost. Furthermore,
morphdogy and porosity tuning can be accomplished by varying surfactants, templates, and
solvents. The V@B) of various nanostructures, such as'®p1D™*% nanorods®, nanotubes

and nanobelts, 2f#'°hanosheets and 38 nanoflowers, is achievable with different

synthesis selection and reaction circumstances.
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In this study, a onstep hydrothermianethodis employed for the synthesis of 2D nanosheets
of the VO(B) phaseAs a result, the V&B) monoclinic polymorph was the only polymorph
present without any interference from other polymorpi® further enhance its
electrochemicaproperties, the Ve&IB) nanosheets are ingeniously converted into a binary
hybrid by incorporating graphenaxide (GO) This novel hybridization of V&JB) with
graphenéolds great promise for improving its electrogtieal performance. A binary hybrid

is formed by altering the concentratioigraphene precursor. Supercapacitors use these hybrid
compounds as electrode materials with aqueous electrdlytesnorphology tuned vanadium
oxide and graphene incorporated hgbexhibits excellent performance as a supercapacitor

electrode.

3.1 Experimental

3.1.1 Materials Used

Ammonium metavanadate (NWO3) and Oxalic acid (HC20O4) were used for synthesis of
VO2(B). Graphite, Conc. Sulphuric acid{50), Potassiunpermanganate (KMn{)and 30%
Hydrogen peroxide (¥02) were used in Modified Hummers method for the synthesis of
graphene oxide. All chemical reagents used for the synthesis are AR grade without further
purification.

3.1.2 Synthesis

3.1.2.1Synthess of Monoclinic VO2 (B) Nanosheets

This approach is intended to be a simple, easy, and conveniestepngynthesis of V4B)
nanosheets. In 50 mL of deionized water, combine oxalic acid and vanadium precursor in a
1:0.75 molar ratio. The reaction mixture was then moved to a 100 mL Teflon liner in a stainless
steel autoclave, followed by an-b8 hydrothermal reaction 460°C. The final product was
washed with water copiously and then extracted with ethanol to yield-eblbdic& precipitate.

The acquired precipitate was dried for a few hours &5t obtain the final V@powder,
labelled as V160The procedurewereperformedfor the temperatussof 180 °C, 200 °C and
samples were labelled as V180 and V.200

3.1.2.2Synthesis of VQ (B)-RGO Binary Hybrid

To enhance the electrochemical performance of the(B)Onanosheets, graphene oxide
synthesized by modifietd u mmer 6 s met hod ionsThegdaphend oxidestotkh e r e
solution was prepared 0 mg/mL.Subsequently, 1 mL and 2 mL of the graphene oxide were
added to the reaction mixture to create binary hybrid denoted as VR1 and VR2, respectively.

Figure3.1 represents the process of generating(BDnanosheets and binary hybrid through
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hydrothermal method.

Ammonium Metavanadate Hydrothermal reaction Nucleation VO, (B) Nanosheets

+ oxalic acid 200°C.18hr
= AN
»
B | w A‘: . ‘ \ l‘
4 <

Graphene Oxide Hydrothermal reaction :
200°C.18hr Autoclave-200°C,18hr VO, (B) -Graphene Binary Hybrid

Figure 3.1 Ongot hydrothermal synthesis procedure of Vanadium oxide polymorph; monoclinic
VO2(B) nanosheets and its graphene binary hybrid nawefi

3.1.3Characterizations

Analyses were conducted on W®) nanosheets and their binary hybrids prepared by
hydrothermal method?ANalyticalXpert3 powderX-ray diffractometer (XRD) was used to
study the crystal structure and other information. Raman analysis was performed with a 532
nm DPSS laser (Alpha 300RA, WiTec, GermaBBESEM (ZEISSGEMINI SEM 300) was

used for morphology and microstructure analy®§isBELSORR max BET surface area
analyzer was used to determine the poraaityt surface areaf the samples. The wettability
characteristics were measured using a Kyowa drop master DMs 401 equipped with the FAMAS
interface measurement and analysis syst@m. electrochemical studies like CV, GCD, EIS

and cyclic stability were tested by Biologic-3B0 and SFB00 electrochemical workstation.
3.1.4Formation Mechanism

A threestep process was described for the formation of(BPwith ammonium metavanadate

and oxalic acidlIn the first steshown in equation (1), tremmonium metavanadatembines

with oxalic acidto form an intermediate produahdthen converted into VO£ in second
stagein equation (2) On final stage, itvasconverted into maiproduct which isVanadium

(IV) oxide alongwith by-products CQand COas shown in equation (3) and{4)

¢0 0w 1600V © 00O wlL 060 ¢60 100 P
00 w0 60 O cwb@® ¢0™O 60 60 'O0 G
wOod °© wd 60 60 o

Or simply we can represent via

44



Chapter3

00wl ¢O Q °© wd W0 U0 T
In hydrothermal synthesis both the time and temperature play a signibam determining
the morphology of final product. The formation of ¥(® a staged process in which initially
V>* reduced to ¥, and next stage the growth of Y®egins. Within the reaction medium,
NHsVO3s decomposes into NF and VG ions resulting in the formation of (Nl [(VO)2
(C204)3). Further reactions lead to the formation of VAOE eventually yielding/O,. Pham et
al examined the microstructure and luminescent properties efBYOrhey identified 80°C
as the onset of the higher temperature range where 2D nanosheets formation t88k plece
development of the nanoparticles accelerates as the hydrothermal temperature approaches 200
°C. Due to a larger nucleation density in the reaction medium at this temperature, the production
of 2D nanosheets is more pronounced. Compared to lomgetatures, higher hydrothermal
temperatures result in highly crystallineusture. Microstructure of nasbeets or plates with

a smooth surface generated under these conditions, without the use of any surfactants.

Graphene + VO, (B)-Graphene

Graphene oxide +
VO, Nanosheets Binary Hybrid

VO, nucleus

! Graphene oxide sheets

) VO, Nucleus
=

VO, Nanosheets

Figure 3.2 The schematics for the formation of a nanoflower monodli@igB)-graphenebinary
hybrid through hydrothermal method

The VO,(B)-RGO binary hybrichanoflower is generated through thesitu growth of VQ(B)
nanosheets over the graphene oxddgace. The graphene oxide undergashiction under
hydrothermal condition of 20%C. Initially, the VQ nucleus is attracted to the defect sites or
flaws on the graphene oxide sheets. The N@leus begins to expd when its radius reaches
a critical threshold, and VOnuclei or VQ' ions start to combining, promoting core

extensioft®l. This process represents a unique-asémbly method foVO2(B)-RGO binary
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synthesis, where the nanoflowers are formed from nanosheets in the presence of graphene
oxide sheets, shown in figure 3.2. This leads to the formatioviOgfB)-graphenebinary
flower-like hybrids, along with the ksitu formation of graphen&he mechani® offers an
effective electron pathway, improved electrical contacts, enhanced pseudocapacitive activity,
high porosity, and high surface area and is rarely reported.

3.2 Results and Discussions

3.2.1 Structure and Phase Analysis

3.2.1.1 XRay Diffraction

The mesoporous monoclinic\é(B) nanosheets and \(B)-RGObinary hybridis synthesized
by single step hydrothermal method. Figure 3.3 illustrates XRD pattern of a typical pinase

VO2(B) monoclinic, as validated using the JCPDS card numb&382.

— . p— — — - - - P P
—l e ] - e O — o — (o] — - &
S2E 8§28 & SE 5 8 8F
—
Ele,s vlvvv 2 e ¢ L NI VR2
- A A'.- A AA A ~ A~

A,\. A A A . V200
M PR S X -

JCPDS no 81-2392

2l0 4l0 6l0
20 (degree)

Intensity (a.u.)

Figure 3.3 XRD pattern of the temperature tuned monoclin{®)polymorph (V160, V180, 200)

and its binary hybrid of V&B)-graphene (VR1, VR2)

It is possible to generate monoclinic ¥B) polymorphs at various reaction temperatures
under the given reaction conditionEhere are no additional peaks corresponding to other
chemical or polymorps are observed, and there are no impugtsted peaks present in the
data. All peaks strictly fall inside the boundaries of2Y&) monoclinic of JCPDS card number
81-2392'8. The structure belongs to monoclinic crystal system with space group of C2/m,
lattice constana =12.093 &, b = 3.702 & andc = 6.433 RandU= o= 9¢° andb = 107.0.

The well crystalline nature of the samples demonstrated by the existence of shatfwag
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peak&®. The peak corresponding to the plane of (001) is sharp and indicate the perfect
crystallinity. The broad peaks present at diffraction angle &f2IB represents the reduced
graphene oxide formation, are completely resolved by the prolonged reaction time. These peaks
are corresponded to the (002) and (100) reflections of graphitieglavhich demonstrate
graphene integration and complete reduction of graphene oxide during synthesis.

3.2.1.2 Raman Analysis

Figure 3.4 shows the Raman spectr&/0h(B)-RGO binary hybridwvith five primary peaks

and some subsidiary peakBeaks wer@bserved at 145 cf 196 cmt, 286 cmt, 410 cn,

695 cm', 878 cmt, and 996 cm. Vibration modes associated with monoclinic structure of
VO2(B) are represented by these peaks. 145and 196 crt are two peaks evident in the low
wavenumber region aund 200 cri. It is clear from these peaks that hydrothermally
synthesized V@B) has a layering structure. Observed peaks at 286amd 410 crit are
caused by V=0 bending vibrations. A peak at 695 amdicates the presence of®-V

N
P, W

VR1

I,

“ V160
SN

L) L) L)
200 40 600 800 1000 1200
Raman Shift (cm™)

Intensity (a.u.)

Figure3.4Raman spectra of the temperature tuned monoclin¢®Xpolymorph (V160, V180, V200)
and its binary hybrid of V&B)-graphene (VR1, VR2)

bending vibrations, while 996 chindicates the presence of terminal oxygen stretching
vibrations. Raman spectoé Graphene reveal the presence of@heand at 1345 crhand the
G band at 1580 cit523]
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3.2.2 Morphology Analysis
3.2.2.1 FESEM Analysis

Figure 3.5 FESEM images of the V¢IB) at different temperature and kgary hybrid at higher and
lower magnification (a) and (b) V160, (c) and (d) V 180, (e) and (f) V200, (g) and (h) VR1 and (i) and
() VR2

Figure3.5a and 3.5b show how nanoshdeate ona sticky and clumsy morphology during
hydrothermal synthesit 160°C. Figure 3.5€3.5f shows rarphology changes at 180°C and

200 °C resulting in smoother, better nanosheets. Therefore, a reaction temperature of 200 °C
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was chosen for further reactions. -BEM images (figure 3.5a, 3.5¢ and 3.5e) of the
morphology demonstrate the tunability of nan@ttiermation across three temperature ranges
(160 °C, 180 °C, and 200 °C). Increasing the temperature from lower to higher speeds up the
decomposition of oxalic acid. The reduction reaction is facilitated by this, resulting in the
formation of nanosheet¥he addition of graphene oxide to the reaction leads to the formation
of nanoflowers. According to figure 3.5@.5j, the nanosheets grew and developed in a-petal
like arrangement, clustering together to form nanoflelker structures.

3.2.3 Surface areand Porosity Analysis

3.2.3.1BET Analysis

N2 adsorptiordesorption isotherms shown in figure 3.6a demonstrate the distinct porous
properties of nanosheets made of(B) and binary hybrid nanoflowers made of ¥®8) and
graphene The VO2(B) nanosheets in figure 3.6a exhibit weak capillary condemsat
manifested as a gradual and gentle increase ausbrption as pressure increases. Conversely,
the binary hybrid nanoflowdrased system exhibits a rapid and efficient uptake of N
molecules due to a sharp capillary condensation process at highergegssure. In both
nanosheets and binary hybrids, &dlsorptiordesorption isotherms exhibit hysteresis of Type
[l and IV. According to the Type Il H3 hysteresis, the material exhibits a weak interaction
and is composed of natgid aggregates with ptelike particles or slishaped pores. The type

IV H1 hysteresis is characterized by network of ink bottle shaped Féte®verall, the
presented data in figure 3.6a provide a comprehensive understanding of bothx(B¢ VO

nanosheet and its binary mdis porous nature and capillary condensation behaviour.

The BET specific surface area of the nanosheets varies with hydrothermal reaction temperature.
At lower temperatures, the specific surface area is smaller. For instance, V160 shows a surface
area 0@.58 nt/g, indicating the absence of ideal nanosheets. However, at higher hydrothermal
temperatures, the specific surface area increases significantly. The surface area of the V180
and V200 is 11.75 fg and 22.95 Rig, respectively. V@B) nanosheets eifit a higher

specific surface area than previously reported vanadium oxide systems with specific surface
areas between-B2 nt/g. A binary hybrid, on the other hand, has relatively less surface area
due to its morphological differences. Specifically, V&1d VR2 yield specific surface areas

of 7.87 nt/g and 4.19 rfig, respectively.
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Figure 3.6 (a) Nadsorptiondesorption isotherm and (b) BJH pore size distribution curves e{B)O
nanosheets and its binary hybrid ¥B)-graphene hybrid

Based on the BJH analysis shown in figure 3.6b, the nanosheets have an average pore size of
4.21 to 7.57 nm, indative of mesopores. On the other hand, the binary hybrids exhibit larger
pore sizes, ranging from 25.50 nm to 50.96 nm. The total pore volume falls within the range of
0.01 cni/g to 0.05 crifg as tabulated in Table 3.1, providing ample space for ion st@wnad)
migration. The high mesoporosity of the nanosheets and the unique flowerlike morphology of
the binary hybrids make them promising candidate for energy storage. This study demonstrates
the correlation between hydrothermal reaction temperature, spaaiface area, and porosity

during the synthesis of \\(B) nanosheets and binary hybrids. It is highly promising for a wide
range of applications that these findings provide valuable insights for the design of

nanomaterials with improved properties.

Sampe | SSA%eT (m?gm) | TPVP (cmP/g) | Mean Pore Diamet&(nm)
V160 9.58 0.01 4.21

V180 11.75 0.01 4.40

V200 22.95 0.04 7.57

VR1 7.87 0.05 25.50

VR2 4.19 0.05 50.96

Table 3.1 The total specific surface area, total pore volume and meandiponeter of the
hydrothermally synthesized \6@B)-at different temperature and binary hybrids

[SSA-specific surface area obtained from BET (BrunaEemetTeller) method?TPV-total pore volume and
®Mean pore diameteaverage pore size diameter fromHBBarretJoynerHalenda) methdd
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3.2.4 Wettability Characteristics

3.2.4.1 Contact Angle Measurement

The hydrothermal temperature var Plandicaing i nf | u
fluctuations in hydrophilic properties as shown in figure 87&. Higher temperatures lead

to smooth nanosheets due to the complete reduction of oxalic acid. Consequently, the
wettability increases, as seen by the reduced contact angle. V200 nanosheets exhibit the highest
wettability of 12.3 compared to V160 at 25.8nd V180 at 13% The binary hybrids like VR1

and VR2 have contact angles of Pmanid 32.7, respectivelysurpassing those of nanosheets.

The addition of graphenexide not only alters the surface wettability but also enhancing pore
diameter due to morphology change and make it more advantageous for energy storage.

(a) l 7 (b) | ) | ) I (e I

Figure 3.7 Contact angle measurement of\tfe(B) Nanosheets (a) V160, (b) V180, (c) V200 and
VO2(B)-Graphene nanoflowers (d) VR1 and (e) VR2

3.2.5 Electrochemical Property Analysis Supercapacitor Applications

3.2.5.1 Electrode Preparation

The working electrode is made by mixing 75% M@th 15% carbon black as a conducting
additive and 10% polyvinylidene fluoride as a binder. A homogeneous slurry was made with
N-methyl pyrrolidone, and the substrate was coated with doctor blade technique @x1 cm
The electrode material was then dregdd0 °C for a few hours. We calculated the weight of
the active material by comparing the weight of the current collector before and after coating.
With a twoelectrode system, cyclic voltammetry is performed using sodium sulphat&@)a

as an electrobg. Whatman filter paper, soaked in the electrolyte for 10 hours is used as the
separator. The symmetric cell is fabricated by sandwiching two coated electrodes with

electrolyte.
3.2.5.2 Electrochemical AnalysisSymmetric Supercapacitor Formation

The eletrochemical performance of \AB) nanosheets and their binary hybrid was initially

evaluated with cyclic voltammograms (CVs), galvanostatic charge discharge (GCD) and
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electrochemical impedance spectroscopy (ElBgse measurements were performed in a two
electrode symmetric configuration, utilizing 0.1 MJAS&; aqueous electrolyte. The CV curves
depicted in figure 3.8 a is obtained at a scan rateno¥f covering a potential range of 0 V

to 1 V. The presence of redox peaks within the CV cuswgsifies the existence of redox
couples, suggesting that energy storage is accomplished through redox reactions. Similarly,
comparison of the GCD profiles at current density of 0.25 A/g is seen in figure 3.8b.The
coexistence of ¥ and \P* ions on the sdiace of the VQ@(B) nanosheets??! facilitates the

redox reactions as described in equation 5. The deexs of these oxidation states promotes

the occurrence of redox reactions, there by contributing to the excellent electrochemical

performance of the material.
Wl WO wQP 0wl v

In various studies, symmetric supercapacitoeyajing within a voltage range of 0 Vto 1.0 V
were investigated with scan rates ranging from 5 mV/s to 100 mYésfigure 3.8c displays

the CV of VR1 at different scan rate and figure 3.8d is the GCD profile at various current
densities.The symmetric @gpercapacitor's curve shape remained consistent with increasing
scan rates, indicating enhanced rate capability specific capacitance calculated from the
CV are 106.28 F/g, 74 Flg, 232.56 F/g, 469.38 F/g and 152.76 F/g for V160, V180, V200, VR1
and VR2at 5mV/s. The VR1 gives the energy density of 1.57 Wh/kg and power density of
12.94 W/kg at current density of 0.25 A/g. A Comparison of EIS spectra of both V200 and
VR1 is given in figure 3.8e. This shows that the increased specific capacitance of VR1
attributed to its lower charge transfer resistance as indicated by the smaller semicircle.
Exceptional cyclic stability of 50000 cycles is exhibited by this system as shown in figure 3.8f.
Among nanosheets, V200 has the highest surface area, as well hgyhhbst specific
capacitance. The development of binary hybrids, which increased porosity and surface area,

further boosted its electrochemical activity.
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Figure 3.8 Electrochemical performance of materials (a) comparison of &3a¢/s, (b) comparison
of GCD at 0.25A/g of V160, V180, V200, VR1 and VR2, (c) CV of VR1 at different scan rate, (d) GCD

of VR1 at different current densities, (e) EIS spectra of V200 and VR1 and (f) cyclic stability test of
VR1

3.2.5.3Quantification of Specific Capacitance

Trassati's method was employed to quantify the contribution of storage mechanisms based on
the obtained data. In this analysis, a setfinite diffusion condition was assumed, where ions
freely diffuse to the electrodalectrolyte interface &m the bulk electrolyt& 23 The addition

of thegraphene can contribute more capacitive property in VR1 than that of Fi2@de 3.9

shows the formation of a binary hybrid (VR1) exhibiting higher EDLC characteristics than
V200 via its higher specific capacitance. A higher proportion of pseudocapaativee is

found in V200 (95.05%) than in VR1 (90.33%), which indicates that VR1 contributes more
EDLC than V200.

Bl Psuedo
Bl £DLC

V200 VRI1

Figure 3.9 Quantification of the specific capacitance of(BPand its binary hybrid
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Our newly developed hybrid material, which combines (BY with graphene, exhibits
outstanding electrochemical properties. In 0.1 M@ aqueous electrolyte media at 5 mV/s

scan rate, it exhibits excellent electrochemical properties by showcasing a specific capacitance
of 469.38 F/g. This remarkable perfante can be attributed to the high conductivity of
graphene, which significantly enhances electron transport and improves the electrochemical
properties of the composite. Comparatively, the results surpass those achieved by previously
studied nanocomposiie such as Ru®-RGO nanocompositéd, FeOs-carbon
nanocomposité®!,  a-@uV.@-TiO2-RGO nanocomposité!, all of which show incrased

activity. Zhang et al synthesized Y(@) polymorph with the carbon material to make the
composite/hybrid?. The prepared VE(B) carbon core shell composite exhibit 203 F/g in 1

M Na.SQs aqueous electrolyte media at 0.2 A/g of current density with excellent energy density
and power density. Similarly, Ren et al prepared ealgented graphene form as carbon source
with VO2 nanoparticles to form VEEOGF. The electrochemical properties obtained for this
combination is 119 mF/chat the scan rate of 2 mV/s and observed-twd increase over

EOGF along!.

3.2.5.4 Electrochemical AnalysisAsymmetric Supercapacitor (ASC) Formation

An asymmetric supercapacitor (ASC) was fabricated using activated carbon (AC) as the
positive electrode and a \{@)-graphene binary hybrid as the negative electfdde
Interestingly, the combination of these materigd to an extended potential window by
achieving an increase of 1.5 V, as shown in figure 3.10a. The CV and GCD profiles of
VR1//AC ASC shown in figure 3.10b and 3.10c provide specific capacitance of 68.88 F/g at 5
mV/s and 62.96 F/g at 0.125 A/g. The A88livers an energy density of 1.96 Wh/kg with a
power density of 26.04 W/kg at 0.125 A/g. Impedance curves are obtained by fitting the
appropriate equivalent circuit to the frequency range from 10 kHz to 50 Figlzre 3.10d
displays the impedance curveA$C. The improved chargeansfer is facilitated by a lower

solution resistance, leading to faster electron transport.

The VR1//AC ASC provides continuous chargischarge cycles, indicating its ability for
long-term cyclic capacity. It can endure 300¢ckes of charging and discharging with a
retention of 97%, as shown in figure 3.1Rés clear from this retention that the supercapacitor

is capable of operating in the designated potential window with stable performance. In
conjunction withactivated carbon, the \\raphene binary hybrid offers enhanced specific

surface area. This expanded surface area facilitates more efficient ion adsorption and
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desorption during charge and discharge cycles. By enhancing electrolytic ion penetration into
the binary hybrid structure, the asymmetric supercapacitor maintains excellent electrical

conductivity.
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Figure 3.10 Electrochemical studies of AC// VR1 ASC (a) optimization of the voltage window limits,
(b) performance of CV at various scan rates, (c) GBRlies at different current densities, (d) EIS
analysis and (e) Cyclic stability measurement during 3000 chdigharge cycles

3.3Conclusion

In this study, monoclinic V&IB) nanosheets were successfully synthesized in a single stage
hydrothermabpproachA symmetric supercapacitor constructed With(B) andan aqueous
neutral electrolytef 0.1 M NaSQs, operated at a working potential of 1.0 V, extshispecific
capadtance 0f232.56F/g at5 mV/s. To enhance the capacitance activity, a binary hybrid was
createdby incorporating graphene oxide into W8). During the synthesis, graphene oxide
was converted isitu to graphene, leading to the formatiorveftically aligned nanoflowers

that exhibited superior performance compared te(BPnanosheetsThis VOx(B)-graphene
binary hybrid demonstrated a remarkable specific capacitance of 469.38 F/g at 5 mV/s, along
with an energy density of 1.57 Wh/kg and avpo density of 12.94 W/kg at a current density

of 0.25 A/g. In addition to exhibiting impressive cyclic stability over 50,000 cycles of charging
and discharging, this binary nanoflower hybrid demonstrated significant improvements in
electrochemical storageapacity and electrical conductivity. Furthermore, an asymmetric
supercapacitor AC//V&)B)-graphene hybrid was developed, with a stable potential window

of 1.5 V and a specific capacitance of 68.88 F/g at 5 mV/s. At a current density of 0.125 A/g,
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this aymmetric supercapacitor demonstrated an energy density of 1.96 Wh/kg and a power
density of 26.04 W/kg. Due to the close contact betwees(B)eyraphene hybrid and highly
porous AC, the asymmetric supercapacitor was able to withstand 3,000 disatgrgeycles

without losing performance. The results of this study demonstrate the successful development
of a binary nanoflower hybrid with enhanced electrochemicaperties with outstanding
stability and performance. These findings present exciting pagsgfbr the development of

future highperformance energy storage systems.

*kkkk
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Abstract

This work involves the synthesis of highly conducting, difia, mesoporous manganese
dioxide, nanotubes and nanowires, using agsbitechnique. This is a templ&tee method

for preparing mesoporous (3.3 to 5.4 nm) nanotubeshandwires of 15 nm radius with
surface area (221.19%g-102.09 nd/g). In the MnQ lattice, oxygen and cationic vacancies
are tailored by changing the reducing agent for improved energy steragg photoelectron
spectroscopic studies arenducted to quantify the oxygen and cationic vacancies. The tailored
oned i me n s iMo(» & lusedias an electrode material for symmetric and asymmetric
supercapacitor designs. A ntwxic, less volatile agueous neutral electrolyte is used for the
superapacitive measurement, giving a specific capacitance of 460.75 F/g at 2 mV/s with
symmetric mode at 1V. With activated carbon, this material can also produce asymmetric
supercapacitors with a specific capacitance of 107.38 F/g at 10 mV/s at 1.7 V.

Key Words: Co n d u c-MnOa; gnesdporous metal oxides, ulttan onedimensional

nanostructure, energy storage

E/actra/yte,/ony‘ ) L Charged state ! o
® 8 2

Current collector
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4. Porosity and Defect Tunedy-MnO , Polymorph with
Enhanced Electrochemical Activity

Introduction

Metal oxides are important materials due tieeir semiconducting nature, different
optoelectronic properties, and morphologies. In addition to its low cost and environmental
friendliness, manganese oxide (M)@inable physical and chemical propertttMnOzis an
interconnected Mngoctahedron with the Mn atom placed at the centre and the oxygen atoms
at the vertices. In Mng) layered, tunnelled and other forms with a monoclinic crystal system
are possible due to the varying structures and stoichiometries of RIN@nO; is one of the

most promising #&nsition metal oxide materials due to its straightforward, mild preparation
processes using easily accessible and reasonably priced materials.

MnQO:is regarded as a viable candidate for electrode material in electrochemical capacitors due
to its low costnontoxicity, abundance, easy synthesis, environmental friendliness and strong
theoretical specific capacitance (1100 F/g to 1300 Bf)The crystalline Mn@exists in a
variety of crystal structures (b,gandd) based on their preparation methods and its specific
capacitance varies somewhat based on the phase in which it is f8fm8y considering a

few results of MN@i n an aqueous neut rvaO: sheWwsespetificol yt e
capacitance ranging from 265 F/g to 3201F/g T-MeO; hias also a higher capacitive nature

due to its layered structure, which is similar to grapff&n@ne of the most important elements

in determining the specific capacitance of a synthesized material is its morphology. For MnO
different mophologies, such as nanoshé&snanoflowerd'®, nanowired!, nanobeltd!?,
nanoneedleB®, nanorods'*! and nanospheré8 are possible. Itsnique surface area, which

is between 20 &g and 150 rfig, also influences the performance. The large specific surface
area increases the active sites and hence the specific capacitance iriptévednother
method to increase Mnerformance is to make some vacancies. Oxide systems are more
active when there are vacancies or defects in ti&anet al note this improvement ib+

MnO,, which after chemical preparation shows a high capacitance of 736.60 F/g and a specific
surface area of 119.50%fg ['71. Yanget al chemically prepared doped Ma@iith various
cations, such as &y C&?* and NF* ions 8. Doping with metal ions alters the iimsic
conductivity of crystalline systems due to the induced deliectomparison to the other two
metal cations, Ni doped MnQ measured with a high specific capacitance of 234 F/g at 8 A/g.

| n-MnO, prepared via electrostatic sa@l§sembly, Gao et ahtroduce surface Frenkel defects
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that result in porous nanosheets with specific surface area of’igg@md specific capacitances

of 306 F/g at 0.2 A/§°. The defecinduced MnQ materials are used for optical and catalytic
studies?®?Y patteried®?2 and ion exchang&®24 systems in addition to supercapactst
resarch.

A simple and easy procedure is described here for creating mesoporous and ultrathin one
di mensi onal nanowire/ nanotubes wiMn@.comesy g en
under the category of the point defects, resulting in high conductnatggecific capacitance

This type of layered structure is also known as birnessiteMih@ontains mixtures of Mn
(I/Mn (1V) or Mn (I)/Mn (IV) redox couples. It takes long periods of time and many steps

to synthesize birnessite phases through @&elsalected approach. The high conductivity of
MnO: in this study results in a higher supercapacitive activity. By using symmetric capacitor
design and an operating potential window of about 1.0 V, 460.75 F/g of specific capacitance
can be achieved at 2 &/ Further, an asymmetric capacitor made of Mafd activated
carbon was able to achieve a wider potential window of 1.7 V with a specific capacitance of
107.38 F/g at 10 mV/sThe purpose of this study is to determine these electrochemical
parametersfaMinOz by using a simple template free method at a low cost.

4.1 Experiment

4.1.1Materials Used

All chemicals used were of analytical quality and were utilized exactly as obtained, with no
additional purification. DI water is utilized as theaction media throughout the studies. For

the synthesis and electrode preparation the following chemicals were used: potassium
permanganate (KMn£), citric acid (GHsO7;-Sigma Aldrich) and ammonium oxalate
((NH4)2C204), carbon black, poly vinylidene fluale (PVDFAIfa Aesar), Nmethyl
pyrrolidone (NMRSigma Aldrich) and sodium sulphate @S&y - Sigma Aldrich).

4.1.2 Synthesis

41.21Synt hesi s of t he o XW@:bynsotyehciaratenncethodt ai | or e d

For the synthesis of oxygetcancyt a i | -MnGe, @.1 M KMnQ is dissolved in DI water

and then 0.05 M citric acid prepared in DI water is added in equal aliquots. The entire reaction
mixture is kept under constant stirring for an hour i@After standing at room temperature

for about 20 hours, the dark blackisfown solgel was centrifuged. After being washed
several times with DI water and once in methanol, the precipitate was thoroughly crushed and
further calcined at 300 °C under different rate of heating and ambiencbtdino sample MnA,

and MnB the powder samples were heated at a rate°@/ain and 2C/min respectively for
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1 hour. The sample MnC was obtained by heating at 300 °C und&winside a tubular
furnace at a heating rate of@/min for 1 hour. The deined samples are powdered thoroughly

and stored at room temperature in an airtight container for further anglgsise 4.1 ashown

bel ow expl ai ns -MnG:by agostefiedive aolgel ctrate mdthodi

4.1.22T h eMnD tailored with the cationic vacancy by oxalate reduction method

This method involves addition of another reducing agent, such as ammonium oxalate, to the
0.1 M KMnQq4. The Mn precursor is dissolved in DI water and added to an Erlenmeyer flask.
50 mL of 0.1 M ammonium oxalate is then slowly added while being stirred continuously. The
entire reaction setup was kept at a temperature &€ 90 a water bath for 10 hour3he final
product was centrifuged, washed several times with DI water, then with methanol, dried at 100
°C for further research and given the name as MriQure 4.1bshows oxalate reduction
method using ammonium oxalate as a reducing agent for kMmRe reaction is also
conducted by taking lower concentration (0.5 M) of ammonium oxalate (sample code: MnD
05). Then further annealing of both MnD and MnD 05 at 3D@ives MnD05S and MnDS.
Theses samples are not performing well in electrochemical studies. So further studies are
focussed on sample MnD. The characterisation details of samples MnD05, MnDO5S and

MnDS are given in Appendix |, see figure S1 and S2)

(a) Sol —gel citrate method 10°C
) — = nA
— — Air
1hr (60°C .
hr { b) " 4 2°¢
+ ) — | Sa) === MnB
Hydrolysis Heating Sintering Air
N / — 200
KMnO, Citric Acid MnO,Sol N_> MnC
2
(b}_ _ Oxalate reduction method
A ﬁ_:_: _—
IDhr(ED"C] > Ve \ 10005

4

KMnO, Ammonium Oxalate MnOSol 5-Mn0, (MnD)

Figure 41 Schematic showing an easy, eeffective and template free synthesis of-ditaensional
1-MnO; via two different approaches (a) Sl citrate method and (b) Oxalate reduction method

4.1.3 Characterizations

The MnQ powders prepared via sgel citrate and oxalate reduction approaches were
subjected to a series of analyses. FESEM (ZEREMINI SEM 300) was used for
morphology and microstructure analysis. PANalytXpkert3 powder xay diffractometer
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(XRD) was used tstudy the crystal structuyrplanes, crystallinity, phase purity elRaman
analysis was performed with a 532 nm DPSS laser (Alpha 300RA, WiTec, Germany). The
PerkinElmer Spectrum Two was used for FTIR analysis. The vacancies and defects were
investigatedusing Thermo Scientific ESCALAB Xi+ and-ray photoelectron spectroscopy
(XPS) from 0 eV to 1300 eV. A BELSORhax BET surface area analyzer was used to
determine the porosity of the samples. The wettability characteristics were measured using a
Kyowa diop master DMs 401 equipped with the FAMAS interface measurement and analysis
system.

4.2 Results and Discussions

4.2.1Structure and Phase Analysis

4.2.1.1 XRay Diffraction

The structur al -Mn@deatacin ar and niteogen at diffe@r#ating rates

are analyzed using-Kay diffraction. Many broad diffraction peaks can be seen in the XRD
pattern given irFigure4.2 The diffraction peaks at 12.6°, 36.0° and 65.0° can be attributed to

t y pi-MreDp (JCPDS 180802)1¢l, The weak crystalline properties of thepps e p ar ed U

MnO- are shown by the low intensity diffraction peaks.

MnD

MnC|

Intensity (a.u.)
{Z
=
=

JCPDS-18-0802

= (301)
s (119)

s J
3
S
=2

40 20 (dggree) 60 70 80 90

Figure4 . 2 X RD p aiMh@® preparedfat diffeneat haating conditions

The diffraction peaks due to (002), (001), (006), (301) and (119) plane are well match with the
reported literatur&?2928l The lattice parameters a=5.82, A=5.82 & and c=14.62 Awith

the basal spacing of 0.25 nm, are in accordance withekagonatrystal phase. Absence of

any impurity or additional peaks reveals the phase pure nature of the synthesized J&raples.
crystallinity of material depends upon different parameters like reaction condition,
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concentration, temperature dttowever, low crystalline and amorphous nanomaterial exhibits
better electrochemical property than crystalline material due to its disostaretlire. Which

is also beneficial to rapid ion diffusion and that facilitates fast charge transfer kinetics in a super
capacitor structufé’. The obtained results confirm a complete reduction of KMnoboth

citric acid and ammonium oxalate.

4.2.1.2 Raman Analysis

T h eMn®2 has low Raman activity, it will be difficult to determine the stretching and bending
vibrations by Raman analysiBhe presence of MAin the Mn sites of the octahedral structure

is explained by the Raman mode of vibration close to 63dinrfigure4.3. This peak is the
stretching mode of vibration that corresponds to theQ/bonds present in the MO
octahedral layer§°3l, The presence of this bands indicates that the prepared material is
completely converted into layered manganese oxide m-phaseThe peak shift in Raman
analysis is due to the vacancies and defects present in the synthesized material. The structural

modification to the lattice may causes the shift in the peak. The different heat treatments and

MnD
=
i MnC
>
=
w
=
3
=
= | MnB
MnA
T T T T T T — "
200 400 600 800 1000

Raman shift (cm™)

Figure4.3 Ramanspectrao f  tMm@; pré@pared at different heating conditions

reducing agents can create vacancies, lattice defects or disorder rcisi@l, leading to the

shift in Raman spectrd® 34, The broad peak appearance in this analysis also supports the
formation of less crystalline materiaf®39%7, Again, the Raman results and XRD
characteristics cohere wit-MnGe.he formation of
4.2.1.3 XPS Analysis

The XPS analysis has been conducted to quantify the preserazmaoties and oxidation state

of the Mn ion in MnQ, The XPS survey spectrum (Figur8 $ Appendix ) ensures the

presence of manganese and oxygen imhe deconvoluted XPS profile of O 1s is shown in
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Figure4.4 (the corresponding oxygen peaks are givehable S1and that of Mn 2p is shown

in Figure 45. Thespins pl i tting separation (@E) obtained
respectively 11.66 eV, 11.70 eV, 11.61 eV, and 11.61 eV and this information is used to
determine the oxidation state of Mrhd introduction of oxygen vacancies is indicated by the
high values of adsorbed oxygen to the lattice oxygend(@) ratio as detailed in Tabkel

and the values are 0.33, 0.24, 0.67 and 0.12 for MnA, MnB, MnC, and MnD respectively.
Among the four saiples MnC possess high oxygen vacancies.

The O 1s peaks observed at 529.65 eV for MnA and 529.53 eV for MnC correspond to the
lattice oxygen content @) in the MnQ systent3®4%. The peaks at 531.18/ and 529.8%V
indicate the presence of oxygen defects or other oxygen species like hydroxidgsn(OH
manganese oxide. These oxygen defects cause a reductiorcendastgen (@) content and

an increase in oxygen deficiency.

From Figured.4, it is evident that the lattice oxygen content decreased from 72.43 % to 47.32
% when transitioning from MnA to MnC. Simultaneously, the atomic concentration of
adsorbed oxygemcreased from 24.07 % in MnA to 32.06 % in MnC. This decrease in lattice
oxygen and increase in adsorbed oxygen confirm the successful conversion of the oxygen

deficient MnC after the heat treatment.

Figure 4.4 XPS deconvoluted Ol1s spectra of citrate synthesized samples MnA, MnB and MnC at
different heating rates and oxalate reduced MnD
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