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                           Abstract 

Herein this present work    graphene oxide(GO) and by  its subsequent reduction  using ascorbic acid     

reduced graphene oxide(RGO) are synthesized using Hummers method.. Go and RGO pellets are 

prepared using polyvinyl alcohol and  characterized by XRD, FTIR and UV spectroscopy.The 

characterization results  revealed presence of oxygen containing functional groups such as hydroxyl, 

carbonyl, carboxylic group in GO and the removal of these functional groups after treatment with 

ascorbic acid. The dielectric and impedance  parameters  of GO pellets has been studied in the 

frequency range 1 Hz to 1MHz and in the temperature range 30
0
C to 100 

0
C.The result demonstrate   

giant  dielectric permittivity of GO   (∼10
5
) with low loss  at 1  Hz and at 30 °C, which is even very 

high compared to conventional dielectric materials such as CaCu3Ti4O12 and perosvkites. The 

dielectric constant of GO decreases to 75 at frequency of 1MHz.The  ac conductivity of our GO was 

calculated and found to be 4 × 10
−5

  ohm
-1

cm
-1

at 1Hz and 75 × 10
−5

  ohm
-1

cm
-1

 at 1 MHz .The  

variation of dielectric constant, dielectric loss, ac conductivity  of GO with varying frequency and 

varying temperature  are assessed using  dielectric spectroscopy. The   role of functional groups,   

frequency  and temperature are elucidated and discussed with regard to the high dielectric constant. 

The present findings suggest that the   GO can be used for scaling advances high performance 

electronic devices and high dielectric-based electronic and energy storage devices. 
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Introduction 

a.  Overview 

Dielectrics are the materials which have wide range of applications such as for fabricating 

microelectronic for large scale power applications and energy storage devices.1 20 Dielectric 

materials with high permittivity and low losses are used in the capacitors to store more electrical 

energy.2 For metal, relative permittivity is negative and charge placed on the surface dissipates 

faster whereas for dielectrics it is positive and charge 25 placed on the surface dissipates slowly. 

                  .lectrical insulator materials which will prevent the flow of current in an electrical 

circuit are being used since from the beginning of the science and technology of electrical 

phenomena. Dielectrics are insulating materials that exhibit the property of electrical 

polarization; thereby they modify the dielectric function of the vacuum. 

                                       The first capacitor was constructed by Cunaeus and Mussachenbroek in 

1745 which was known as Leyden jar [1]. The physical form and construction of practical 

capacitors vary widely and many capacitor types are in common use. Most capacitors contain at 

least two electrical conductors often in the form of metallic plates or surfaces separated by a 

dielectric medium.  A conductor may be a foil, thin film, sintered bead of metal, or an 

electrolyte. 

                  But there were no studies about the properties of insulating materials until 1837. 

Faraday published the first numerical measurements on these materials, which he called 

dielectrics [2]. He has found that the capacity of a condenser was dependent on the nature of the 

material separating the conducting surface. Materials commonly used as dielectrics include glass, 

Ceramic , plastic film , paper, mica and oxide layers. Unlike a resistor, an ideal capacitor does 

not dissipate energy.  

                                                                                                                                                         

This discovery encouraged further empirical studies of insulating materials aiming at 

maximizing the amount of charge that can be stored by a capacitor. Throughout most of the 19th 
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century, scientists searching for insulating materials for specific applications have become 

increasingly concerned with the detailed physical mechanism governing the behavior of these 

materials. In contrast to the insulation aspect, the dielectric phenomena have become more 

general and fundamental, as it has the origin with the dielectric polarization. 

 

 Mossotti [3, 4] and Clausius [5] have done a systematic investigation about the dielectric 

properties of materials. They attempted to correlate the specific inductive capacity, a 

macroscopic characteristic of the insulator introduced by Faraday [2] which is now popularly 

termed as dielectric constant with the microscopic structure of the material. Following Faraday in 

considering the dielectrics to be composed of conducting spheres in a non-conducting medium, 

Clausius and Mossotti succeeded in deriving a relation between the real part of the dielectric 

constant εr and the volume fraction occupied by the conducting particles in the dielectric. 

   In the beginning of 20th century, Debye [6] realized that some molecules had permanent 

electric dipole moments associated with them, and this molecular dipole moment is responsible 

for the macroscopic dielectric properties of such materials. Debye succeeded in extending the 

Clausius -Mossotti theory to take into account the permanent moments of the molecules, which 

allowed him and others to calculate the molecular dipole moment from the measurement of 

dielectric constant. His theory was later extended by Onsager [7] and Kirkwood [8, 9] and is in 

excellent agreement with experimental results for most of the polar liquids. Debye’s other major 

contribution to the theory of dielectrics is his application of the concept of molecular permanent 

dipole moment to explain the anomalous dispersion of the dielectric constant observed by Drude 

[10]. For an alternating field, Debye deduced that the time lag between the average orientation of 

moments and the field becomes noticeable when the frequency of the field is within the same 

order of magnitude as the reciprocal relaxation time. This way the molecular relaxation process 

leads to the macroscopic phenomena of dielectric relaxation, i.e., the anomalous dispersion of the 

dielectric constant and the accompanying absorption of electromagnetic energy over certain 

range of frequencies 

                    Debye’s theory shows excellent agreement with the experiments for the polar liquids 

while the dielectric behavior for solids was found to be deviating considerably. Several 
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modifications and extensions of Debye’s theory have been proposed to correct this. There are 

two major approaches in the extension of Debye’s theory. The first approach, pioneered by Cole 

[11], Davidson [12] and William [13], interprets the non –Debye relaxation behavior of the 

material in terms of the superposition of an exponentially relaxing process, which then leads to a 

distribution of relaxation times. The second approach by Joncher [14] proposes that the 

relaxation behavior at the molecular level is intrinsically non-Debye-like due to the cooperative 

molecular motions. 

                                After more than eighty years of development, the theory of dielectrics is still 

a active area for research. Understanding the behaviour of dielectric materials with the variations 

of field, temperature and frequency is of particular importance for present day electronics. 

Modern day electronics demand dielectric materials with narrowly defined properties tailored for 

particular applications. 

Recent advances in wireless communication technologies have elevated the interest in materials 

with the unusual combination of properties like high dielectric constant, low dielectric loss and 

low values of temperature dependence of dielectric constant [15]. The constant need for 

miniaturization provides a continuing driving force for the discovery and the development of 

increasingly sophisticated materials to perform the same or improved function with decreased 

size and weight. The dielectric materials mentioned above are used as the basis for resonators 

and filterers for the microwaves carrying the desired information [16]. These materials are 

presently employed as bulk ceramics in microwave communication devices. They are not 

integrated into the microelectronics but are being used as discrete components. The need for 

better dielectrics with improved properties suitable for modern integrated manufacturing needs is 

the motivation behind the present study. 

 

  b.Motivation 

“A pencil and dream can take you anywhere”. Literally, this iswhat Geim and his dedicated 

group did in 2004, by discovering GNsheets from Graphite using a simple Scotch tape technique. 

Graphene is a wonder super carbon with enough potential to revolutionize current scientific and 
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technological world. Graphene and its derivatives stands as the centre of attraction of research 

community and if bibliometrics are to be trusted, the quantity of research papers on graphene 

will continue to increase rapidly over the next few decades.With only few years of delay with 

respect to graphene [17], the interest on graphene oxide (GO) [18] has exponentially risen, as 

documented by the yearly number of peer-reviewed works published on this topic, which have 

passed from a few units in 2007 to some thousands in 2013 (data taken from Scopus). GO is a 

two dimensional material. It is the oxidized form of graphene, with O functional groups 

decorating the sp2 C basal plane [19]. All its physical properties can be tuned from those of fully 

oxidized GO to, approximately, those of graphene by simply removing the functional groups 

from its surface. This process allows it to pass from an insulating material to a semi-metal. Due 

to the presence of the O functional groups, GO is also hydrophilic and it can be dispersed in 

water solution [20], contrary to graphene which is hydrophobic. The size of the GO flakes can be 

also tuned and varied from a few nm to mm [21]. The tunability of both its chemical composition 

and flakes size makes GO an appealing material in many fields: electronics (sensors and 

transparent conductive films), composites materials, clean energy devices, biology and medicine. 

With focus on such different research fields, several reviews have been reported in the literature 

[22–32]. In the present study  we give an account of the fundamental characterization of GO and 

few  proposed applications, which we believe are among the most promising ones. 

 

c. Research objectives   

The main objective of our research is to  synthesize graphene oxide(GO) and reduced 

graphene oxide (RGO) in cost effective method. This work subsequently demonstrated the  

effectiveness of GO as a gigantic dielectric material. The objective of the research includes: 

1.   Synthesis of GO from graphite using Hummers method. 
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2.   Reduction of GO by ascorbic acid to form reduced graphene oxide(RGO) 

3.  Characterization of GO  and RGO by XRD, FTIR and UV spectroscopy. 

4. Investigate the  dielectric behavior of GO by varying frequency and temperature. 

      

 

   d. Thesis outline 

 

The thesis is composed of five chapters.   

The chapter 1 depicts about 3D graphite, how graphene is produced from graphite, history of 

graphene,different properties like chemical and electronic properties of graphene .Different 

forms of graphene like monolayer, bilayer etc are also discussed. Finally different applications of 

graphene are elaborated in this chapter.Chapter 1 also  depicts about graphene oxide (GO)and 

how graphene oxide is derived from graphene.Various functional groups present in the  GO are 

discussed.The detail chemical structure, properties and applications of graphene oxide are 

elaborated.Then reduction of  GO to reduced graphne oxide(RGO) using different reducing 

agents are explained.  

A theoretical discourse of dielectric constant, its complex behavior, dielectric loss, different 

types of polarization in general is given.Finally the theoretical study of dielectric behavior of 

graphene oxide in particular is elaborated in chapter 2. 

Chapter 3 discusses about detail experimental procedures in synthesis of GO and RGO.Differenr 

characterization techniques like XRD, FTIR , UV spectroscopy, dielectric measurements are 

discussed in details. 

The chapter 4 is devoted for the characterization of prepared GO pellets by various analytical 

techniques such as UV-Visible spectroscopy, powder X-ray diffraction(XRD), fourier transform 

infrared spectroscopy(FT-IR) and the obtained results are discussed in details. This chapter also 

enumerates about dielectric studies of  GO, variation of dielectric constant, dielectric losses, ac 

conductivity with variation in frequency and temperature  are discussed with proper reasoning.  

  

             The final and the 5
th

 Chapter summarize the thesis and recommends for future work. 

 



 

 

  
Page 12 

 

  

 

  



 

 

  
Page 13 

 

  

CHAPTER 1 

  Literature review 

It’stalwaystriskyttotmaketbroadtassertionstaboutthistory,tbuttonetoftthetfewtthingst
thattseemsttotholdttruetistthatttechnologicaltadvancestdrivetthetcoursetoftcivilization.t
Bronzetandtirontweretsotcrucialttotthetspreadtoftancienttsocietiestthatttheythavet
entiretepochstnamedtaftertthem.tWithtthetrisetoftthetAmericantsteeltindustry,t
railroadttrackstspreadtfromtAtlanticttotPacific,tmetaltveinstthattcarriedtthetbloodtoft
atnation.tSilicontsemiconductorstenabledtthet
growthtoftcomputerstandtthetgreatesttsurgetint
informationttechnologytsincetthetprintingt
press.tThesetmaterialstshapedtthet
developmenttoftsociety,tandthelpedtdeterminet
whichtcountriestdominatedtinternationalt
relations.Today,tatnewtmaterialthastthet
potentialttotaltertthetfuture.tDubbedtat
“supermaterial,”tgraphenethastresearcherstthet
worldtovertscramblingttotbettertunderstandtit.t
Thetmaterial’stlongtlisttoftsuperlativettraitst
maketittseemtalmosttmagical,tbuttittcouldt
havetverytrealtandtdrastictimplicationstfortthet
futuretoftphysicstandtengineering.Thetsimplesttwayttotdescribetgraphenetistthattitt
istatsingle,tthintlayertoftgraphitet—tthetsoft,tflakytmaterialtusedtintpenciltlead.t
Graphitetistantallotropetoftthetelementtcarbon,tmeaningtittpossessestthetsamet
atomstbuttthey’retarrangedtintatdifferenttway,tgivingtthetmaterialtdifferentt
properties.tFortexample,tbothtdiamondtandtgraphitetaretformstoftcarbon,tyetttheyt
havetwildlytdifferenttnatures.tDiamondstaretincrediblytstrong,twhiletgraphitetist
brittle.tGraphene’statomstaretarrangedtintathexagonaltarrangement.Graphenethast
attheoreticaltspecifictsurfacetareat(SSA)toft2630tm2/g.tThististmuchtlargertthantthatt
reportedttotdatetfortcarbontblackt(typicallytsmallertthant900tm2/g)tortfortcarbont
nanotubest(CNTs),tfromt≈100ttot1000tm2/gtandtistsimilarttotactivatedtcarbon.t

Graphenetistatcrystallinetallotropetoftcarbontwitht2-dimensionaltproperties.tItst
carbontatomstaretdenselytpackedtintatregulartatomic-scaletchickentwiret(hexagonal)t
pattern.t

Fig1.1 
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.achtatomthastfourtbonds,tonetσtbondtwithteachtoftitstthreetneighbourstandtonet̟-
bondtthattistorientedtouttoftplane.tThetatomstaretaboutt1.42tÅtapart.t

Graphene'sthexagonaltlatticetcantbetregardedtasttwotinterleavingttriangulartlattices.t
Thistperspectivetwastsuccessfullytusedttotcalculatetthetbandtstructuretfortatsinglet
graphitetlayertusingtattight-bindingtapproximation.t

t

t

tFig 1.2  Layered structure of graphene showing sp2 hybridisationt

t

Graphene'ststabilitytistduettotitsttightlytpackedtcarbontatomstandtatsp2torbitalt
hybridization–tatcombinationtoftorbitalsts,tpxtandtpytthattconstitutetthetσ-bond.tThet
finaltpztelectrontmakestuptthet̟-bond.tThet̟-bondsthybridizettogetherttotformtthet̟-
bandtandt̟-bands.tThesetbandstaretresponsibletfortmosttoftgraphene'stnotablet
electronictproperties,tviatthethalf-filledtbandtthattpermitstfree-movingtelectrons.t

Interestingly,twhentgraphenetistisolatedtfromtgraphitetitttakestontsometmiraculoust
properties.tIttistatmeretone-atomtthick,tthetfirstttwo-dimensionaltmaterialtevert
discovered.tDespitetthis,tgraphenetistalsotonetoftthetstrongesttmaterialstintthet
knowntuniverse.tWithtattensiletstrengthtoft130tGPat(gigapascals),tittistmoretthant
100ttimeststrongertthantsteel.t

Graphene’stincredibletstrengthtdespitetbeingtsotthintistalreadytenoughttotmaketitt
amazing,thowever,titstuniquetpropertiestdotnottendtthere.tIttistalsotflexible,t
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transparent,thighlytconductive,tandtseeminglytimpermeablettotmosttgasestandt
liquids.tIttalmosttseemstastthoughttheretistnotareatintwhichtgraphenetdoestnottexcel.t

Today'stgraphenetistnormallytproducedtusingtmechanicaltortthermaltexfoliation,t
chemicaltvapourtdepositiont(CVD),tandtepitaxialtgrowth.tOnetoftthetmostteffectivet
waytoftsynthesisedgraphenetontatlargetscaletcouldtbetbytthetchemicaltreductiontoft
graphenetoxide.tSincetthetfirsttreporttontmechanicaltexfoliationtoftmonolayert
graphenetint2004,tinteresttintgraphitetoxidet(whichtistproducedtbytoxidationtoft
graphite)thastincreasedtdramaticallytastpeopletsearchtfortatcheaper,tsimpler,tmoret
efficienttandtbettertyieldingtmethodtoftproducingtgraphene,tthattcantbetscaledtupt
massivelytcomparedttotcurrenttmethods,tandtbetfinanciallytsuitabletfortindustrialtort
commercialtapplications.t

Whiletgraphitetistat3tdimensionaltcarbontbasedtmaterialtmadetuptoftmillionstoft
layerstoftgraphene,tgraphitetoxidetistatlittletdifferent.tBytthetoxidationtoftgraphitet
usingtstrongtoxidizingtagents,toxygenatedtfunctionalitiestaretintroducedtintthet
graphitetstructuretwhichtnottonlytexpandtthetlayertseparation,tbuttalsotmakestthet
materialthydrophilict(meaningtthatttheytcantbetdispersedtintwater).tThistpropertyt
enablestthetgraphitetoxidettotbetexfoliatedtintwatertusingtsonication,tultimatelyt
producingtsingletortfewtlayertgraphene,tknowntastgraphenetoxidet(GO).tThetmaint
differencetbetweentgraphitetoxidetandtgraphenetoxidetis,tthus,tthetnumbertoftlayers.t
Whiletgraphitetoxidetistatmultilayertsystemtintatgraphenetoxidetdispersiontatfewt
layerstflakestandtmonolayertflakestcantbetfound.t

GOtistattwotdimensionaltmaterial.tIttistthetoxidizedtformtoftgraphene,twithtOt
functionaltgroupstdecoratingtthetsp2tCtbasaltplane.tAlltitstphysicaltpropertiestcant
bettunedtfromtthosetoftfullytoxidizedtGOtto,tapproximately,tthosetoftgraphenetbyt
simplytremovingtthetfunctionaltgroupstfromtitstsurface.tThistprocesstallowstitttot
passtfromtantinsulatingtmaterialttotatsemi-metal.tDuettotthetpresencetoftthetOt
functionaltgroups,tGOtistalsothydrophilictandtittcantbetdispersedtintwatertsolution,t
contraryttotgraphenetwhichtistthydrophobic.tThetsizetoftthetGOtflakestcantbetalsot
tunedtandtvariedtfromtatfewtnmttotmm.tThettunabilitytoftbothtitstchemicalt
compositiontandtflakestsizetmakestGOtantappealingtmaterialtintmanytfieldsPt
electronicst(sensorstandttransparenttconductivetfilms),tcompositestmaterials,tcleant
energytdevices,tbiologytandtmedicine.t



 

 

  

 

1.1. Synthesis and deposition

 

GOtwastfirstlytsynthesizedtint1859tbytSirt2ndt
oxidationtoftbulktgraphitetwithtpotassiumtchloratetandtnitrictacid,tbuttitstchemicalt
andtstructuraltnaturethastbeentstudiedtonlytaftertmoretthantatcenturytbytLerftandt
Klinowskytthroughtatcarefultanalysistoftsolid
(NMR)tspectra.tInttheirtpioneeringtwork,tLerftandtKlinowskytproposetthattGOtist
builttoftnontoxidizedtaromatictpatchestoftvariabletsize,twhichtaretseparatedtfromt
eachtothertbytaliphatict6-memberedtringstcontainingthydroxiltgro
groups,tandtdoubletbondst(figuret1
bothtabovetandtbelowtthetbasaltplane,tgivingtrisettotthetpolartnaturet
hydrophilictbehaviortoftGO.t

Becausetoftitsthydrophilicity,tgraphitetoxidetisteasilyt
breakstuptintotmacroscopictatomicallytthintflakes,tleadingttot
solutions/suspensionstoftsingletlayertGO.tAttypicaltGOtsolutiont
hastatbrownishtappearance,twhosettransparencytandt‘strength’tist
tunedtbytvaryingtthetsolutetconcentra

Today,tthetmosttacknowledgedtmethodttotsynthesizetGOtistthet
modifiedtHummerstmethod,twhichtmainlytconsiststofttreatingt
graphitetwithtatmixturetoftsodiumtnitrate,tpotassiumt
permanganate,tandtsulfurictacid.t.vent
commonlytdispersedtintwater,tittcantbetalsotintorganictsolvents,t

wheretthetGOtsheetstaretnegativelytchargedttotbecometatcolloidalt
suspensiontstabilizedtbytelectrostatictinteractions.
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GOtwastfirstlytsynthesizedtint1859tbytSirt2ndtBaronettBenjamintCollinstBrodie,tviat
oxidationtoftbulktgraphitetwithtpotassiumtchloratetandtnitrictacid,tbuttitstchemicalt
andtstructuraltnaturethastbeentstudiedtonlytaftertmoretthantatcenturytbytLerftandt
Klinowskytthroughtatcarefultanalysistoftsolid-statetC13tnucleartmagnetictresonancet
(NMR)tspectra.tInttheirtpioneeringtwork,tLerftandtKlinowskytproposetthattGOtist
builttoftnontoxidizedtaromatictpatchestoftvariabletsize,twhichtaretseparatedtfromt

memberedtringstcontainingthydroxiltgroups,tepoxidet
groups,tandtdoubletbondst(figuret1.3).tIntthistmodel,tthetOtfunctionaltgroupstliet
bothtabovetandtbelowtthetbasaltplane,tgivingtrisettotthetpolartnaturetandt

t

Becausetoftitsthydrophilicity,tgraphitetoxidetisteasilytdispersedtintwater,twheretitt
breakstuptintotmacroscopictatomicallytthintflakes,tleadingttot
solutions/suspensionstoftsingletlayertGO.tAttypicaltGOtsolutiont
hastatbrownishtappearance,twhosettransparencytandt‘strength’tist

etsolutetconcentrationt(figuret1.3).tt

Today,tthetmosttacknowledgedtmethodttotsynthesizetGOtistthet
modifiedtHummerstmethod,twhichtmainlytconsiststofttreatingt
graphitetwithtatmixturetoftsodiumtnitrate,tpotassiumt
permanganate,tandtsulfurictacid.t.ventthoughtGOtistmostt
commonlytdispersedtintwater,tittcantbetalsotintorganictsolvents,t

wheretthetGOtsheetstaretnegativelytchargedttotbecometatcolloidalt
suspensiontstabilizedtbytelectrostatictinteractions.t

Fig 1.3 STRUCTURE OF GRAPHENE OXIDE 

Fig 1.4

BaronettBenjamintCollinstBrodie,tviat
oxidationtoftbulktgraphitetwithtpotassiumtchloratetandtnitrictacid,tbuttitstchemicalt
andtstructuraltnaturethastbeentstudiedtonlytaftertmoretthantatcenturytbytLerftandt

C13tnucleartmagnetictresonancet
(NMR)tspectra.tInttheirtpioneeringtwork,tLerftandtKlinowskytproposetthattGOtist
builttoftnontoxidizedtaromatictpatchestoftvariabletsize,twhichtaretseparatedtfromt

ups,tepoxidet
).tIntthistmodel,tthetOtfunctionaltgroupstliet

andt

dispersedtintwater,twheretitt

Fig 1.4 GO SOLUTION 



 

 

  

 

SynthesizedtGOtcantbetdepositedtbytdroptcasting,tdiptco
coating,tLangmuir–Blodgettt(LB)ttechnique,tandtvacuumtfiltration.tUniformtlarget
areatdepositionstcantbetachievedtbytspintcoatingtortwithtthetLBttechnique,twhicht

lateraltsizetoftthetdepositedtflakestistsmallertt
1.5(b)).GOtmembranes,tmuchtthickertthantthetfilmstpreparedtbytspintcoatingtort
withtthetLBttechnique,tcantbetobtainedtbytvacuumtfiltration.tIntfigu
imagetofttwotoftthesetmembranestistreported.

Fig 1.6:Photo of 5�� (a) and 25��(b) thick GO membEane

Fig 1.5:AFM images of 30 nm thick films of Eeduced GO 

deposited by spin coating (a)Nonsonicated GO(laEgeE 

flakes)(b) Sonicated GO (smalleE flakes)

Fig 1.7OM image of GO deposited on 300nm 

SiO2 
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SynthesizedtGOtcantbetdepositedtbytdroptcasting,tdiptcoating,tspraytcoating,tt
Blodgettt(LB)ttechnique,tandtvacuumtfiltration.tUniformtlarget

areatdepositionstcantbetachievedtbytspintcoatingtortwithtthetLBttechnique,twhicht
allowttotcontroltthetfilmtthicknesstandttot
deposittthintfilmstdownttotsi
ones.tIftobservedtbytatomictforcet
microscopyt(AFM),tattypicaltGOtfilmt
depositedtbytspintcoatingtappearstastint
figuret1.4.tThetfilmt(30tnmtthick,tintthist
case)thastatroughnesstoft2tnmt(roottmeant

squaretoftthetheighttdistribution)tandt
presentstwrinklestontitstsurfacet(figuret
1.5(a)),twhichtdisappeartiftthetaveraget

flakestistsmallertthantfewthundredstoftnmt(figuret
)).GOtmembranes,tmuchtthickertthantthetfilmstpreparedtbytspintcoatingtort

withtthetLBttechnique,tcantbetobtainedtbytvacuumtfiltration.tIntfiguret1.6
membranestistreported.t

 

(b) thick GO membEane 

1.2. Morphological properties 

GOtflakestarettypicallytirregularlytshaped.tTheyt
havetatlateraltsizetrangingtfromtfewtnanometerst
totsometmm,tdependingtontthetdomaintsizetoftthet
startingtgraphite,tthetoxidationttime,tandtthet
typetoftoxidationt
procedure.tSingletlayert
GOtflakes,twithtatlateralt
sizetoftatfewtmicronstort
more,tcantbeteasilyt
observedtbytstandardt

AFM images of 30 nm thick films of Eeduced GO 

deposited by spin coating (a)Nonsonicated GO(laEgeE 

flakes)(b) Sonicated GO (smalleE flakes) 

OM image of GO deposited on 300nm 

Fig 1.8 

ating,tspraytcoating,tt
Blodgettt(LB)ttechnique,tandtvacuumtfiltration.tUniformtlarget

areatdepositionstcantbetachievedtbytspintcoatingtortwithtthetLBttechnique,twhicht
allowttotcontroltthetfilmtthicknesstandttot
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startingtgraphite,tthetoxidationttime,tandtthet
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opticaltortfluorescencetmicroscopy.tStandardtopticaltmicroscopyt(OM)trequirestthatt
GOtistdepositedtontsuitabletdielectrictsubstratestenhancingtthetopticaltcontrast,t
suchtastthosettypicallytusedtfortthetopticaltidentificationtoftgraphene,tliket100tnmtort
300tnmtSiO2/Si(1t0t0)tort72tnmtAl2O3/Si(1t0t0)t.tAntopticaltimagetoftfewtdispersedt
singletlayertGOtflakest(astcorrespondinglytunequivocallytdeterminedtwithtAFMt
heighttprofiles)tont300tnmtSiO2/Si(1t0t0)tistreportedtintfiguret1.7.tThetpresencetoft
wrinklest(see,tfortexample,tthetflaketontthetlefttparttoftfiguret1.8)tistatcleartevidencet
oftthetconformationaltflexibilitytoftGO.tDuettotthistproperty,tGOtistoftentobservedttot
betlocallytfoldedtintdoubletortmultipletlayers. 

GiventthetabilitytoftGOttotquenchtfluorescence,tfluorescencetmicroscopyt(FM)tallowst
totfurthertenhancetthetimagetcontrasttthroughtthetfunctionalizationtoftthetsubstratet
withtfluorescenttmolecules.tIntthistcase,tthetlateraltresolutiontcantbetalsotimprovedt
andtscaledteventbelowtthetdiffractiontlimitt.tAntimagetoftindividualtGOtflakest
quenchingtthetfluorescencetoftT4-functionalizedtSiO2tsubstratetistreportedtintfiguret
1.7.t

ThetaveragetlateraltsizetoftthetGOtflakestcantbeteasilyttunedtbytsonication,tthatt
reducestthetdimensionstoftflakestbytmeanstoftrepeatedtfragmentation.tIntorderttot
studyttheteffectstoftsonication,tscanningtelectrontmicroscopyt(S.M)tcantbet
profitablytused,tenablingtlargetareat(mm2,tusefultfortsizetstatistics),thightresolutiont
(fewtnm),tandtgoodtcontrasttimagingt(foldedtregionstcantbetalsoteasilyt
distinguished).tS.MtimagestoftGOtdepositionstwithtdifferenttsizetdistributionstaret
reportedtintfiguret1.9t(panelst(a)–(c)).tThetsizetoftthetGOtflakestistreducedtfromt
panelt(a)ttotpanelt(b)tbytincreasingtthetsonicationttime.tFragmentationtduettot
sonicationtcantbetquantitativelytstudiedtbytprocessingtthetS.Mtimagestwithtat
particletcountertsoftware.tMorphologicaltstatisticaltanalysistoft2thtsonicatedtGOtist
reportedtfortexampletintfiguret1.9.tAsttypicallytoccurringtfortrandomtfragmentationt
processestthetlateraltsizetdistributiontistfittedtbytatlog-normaltmodelt.Thisttypetoft
sizetdistributiontistindependenttontthetsonicationttimet.tOncetthetsizetdistributiontist
known,tothertimportanttquantitativetinformationtcantbetderived,tliketthetmasst
densitytprobabilitytdistributiontfunction,twhichtallowsttotestimatetthetGOtmasst
concentrationtintatspecifictsizetrange.t

 



 

 

  

 

 

Downscalingttthetmicroscopyttechniquesttotthetatomictresolutiontlimit,tonetcant
obtaintverytdetailedtandtusefultstructuraltandtmorphologicaltinformationtontGOt
andtchemicallytmodifiedtreducedtGO.tThistcantbetexperimentallytperformedtviat

Fig1.9 

Fig 1.9 

Fig 1.10 
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Downscalingttthetmicroscopyttechniquesttotthetatomictresolutiontlimit,tonetcant
obtaintverytdetailedtandtusefultstructuraltandtmorphologicaltinformationtontGOt
andtchemicallytmodifiedtreducedtGO.tThistcantbetexperimentallytperformedtviat

scanningttunnelingtmicroscopyt(STM)ttortaberration
correctedttransmissiontelectrontmicroscopyt(T.M)t.t
IntthetcasetoftSTM,tthetinherenttneedtoftatconductivet
sampletfavorstthetinvestigationtoftreducedtGOtflakest
whiletpristinetpoorlytconductivetflakestarethardlyt
imaged.tIntthetfirsttcase,tatverytnicelytSTMt
experimenttperformedtontGOtmonolayertistreportedt
bytGomez-Navarroetal(figuret1.10).tOntthetflaket
surfacetittistclearlytvisibletthattthethexagonaltlatticet
oftthetparenttgraphenetstructuret(beforetoxidation)tist
partiallytpreserved.tHowever,tthetimagetist
characterizedtalsotbytpatchestoftthetsurfacetwheret
thetorderedthexagonaltlatticetoftgraphenetistlost.t

 

Downscalingttthetmicroscopyttechniquesttotthetatomictresolutiontlimit,tonetcant
obtaintverytdetailedtandtusefultstructuraltandtmorphologicaltinformationtontGOt
andtchemicallytmodifiedtreducedtGO.tThistcantbetexperimentallytperformedtviat

croscopyt(STM)ttortaberration-
correctedttransmissiontelectrontmicroscopyt(T.M)t.t
IntthetcasetoftSTM,tthetinherenttneedtoftatconductivet

favorstthetinvestigationtoftreducedtGOtflakest
whiletpristinetpoorlytconductivetflakestarethardlyt

irsttcase,tatverytnicelytSTMt
experimenttperformedtontGOtmonolayertistreportedt
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surfacetittistclearlytvisibletthattthethexagonaltlatticet
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d.tHowever,tthetimagetist
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thetorderedthexagonaltlatticetoftgraphenetistlost.tt
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1.3Graphene Oxide to Reduced Graphene Oxide 

ThetexacttprocesstparameterstusedtwhentreducingtGOtintotRGOtplaytatmajortrolet
intthetqualitytoftthetmaterial,taffectingthowtclosetatstructurettotperfecttgraphenetist
achieved.t

Iftgraphenetistgoingttotbetadoptedtfortlarge-scaletapplicationstsuchtastenergyt
storage,treducedtgraphenetoxidetcouldtprovidetatsuitabletsolution,tsincetittisteasiert
totmanufacturetintlargetquantitiestthantperfecttsingle-layertortfew-layertgraphene,t
andtthetqualitytwilltbetsufficienttfortthesetbulktmaterialtapplications.t

Thetreductiontoftgraphenetoxidetcantbetachievedtatnumbertoftwayst-tthrought
thermal,tchemical,tortelectrochemicaltmethods.tThetmethodstwhichtaretcapabletoft
producingtthethighesttqualitytgraphenettendttotbetmoretcomplex.t

SometreportedtexamplestoftgraphenetoxidetreductiontincludePt

1. treatingtgraphenetoxidetwiththydrazinethydratetatt100°Ctfort24thourst

2. exposurettothydrogentplasmatfortseveraltsecondst

3. exposurettotpowerfultpulsedtlighttfromtxenontflashtubest

4. heatingtthetgraphenetoxidetwithtureatastantexpansion-reductiontagentt

5. directtheatingtoftgraphenetoxidetintatfurnacettotverythighttemperaturest

6. UsingtchemicaltreductionttotreducetGOtistatscalablettechnique;thowever,tthet
RGOtproducedtbytthistmethodtoftenthastsubstandardtelectricaltconductivityt
andtsurfacetarea.t

Ontthetotherthand,tthermallytreducingtGOtattabovet1000°Ctproducestathightsurfacet
areatRGOtwhichtistsimilarttotatpristinetgraphene.tHowever,tthistprocessthastat
majortdrawbackt-tthetstructuretoftthetgraphenetplateletstistdamagedtbytthetheatingt
process,tresultingtintsignificanttmasstloss,tandtpotentiallytimpactingtthetmechanicalt
strengthtoftthetRGO.t

.lectrochemicaltproductiontoftRGOtcouldtbetthetpreferredtcommercialtmethodtusedt
intthetfuture,tsincetittproducedtatmaterialtalmosttidenticaltintstructurettotpristinet
graphene.tIntthetelectrochemicaltmethod,tsubstratestliketglasstortindiumttintoxidet
(ITO)taretcoatedtwithtatthintlayertoftgraphenetoxide.t.lectrodestaretattachedttot
eachtendtoftthetsubstrate,tandtthentlineartsweeptvoltammetrytistperformedtintat
sodiumtphosphatetbuffer.t
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Thistmethodtproducestatverythightqualitytmaterial,tandtusestminimaltharmfult
chemicals.tHowever,tittistdifficultttotscale,tduettotthetneedttotdeposittlarget
quantitiestoftGOtontsubstrates.t

1.4:Properties of Reduced Graphene Oxide 

PropertiestoftRGOtaretastfollowsPt

• ReductiontmethodPtChemicallytreducedt

• ColorPtBlackt

• FormPtPowdert

• OdorPtOdorlesst

• SheettdimensionPtVariablet

• SolubilityPtInsolublet

• DensityPt1.91g/cm3t

• DispersabilityPtIttcantbetdispersedtattlowtconcentrationstoftlesstthant
0.1mg/mLtintDMSO,tNMP,tDMFt

• .lectricaltconductivityPt666,7tS/mt

• Humidityt(KarltFisher,tTGA)Pt3.7t-t4.2%t

• B.TtsurfacetareaPt422.69t–t499.85m2/gt

• .lementaltAnalysist

• Oxygent(%)Pt13t–t22%t

• Hydrogent(%)Pt0t–t1%t

• Nitrogent(%)Pt0t–t1%t

• Carbont(%)Pt77t–t87%t

• Sulfurt(%)Pt0t

Applications 

RGOtistusedtintthetfollowingtapplicationsPt
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• Graphenetresearcht

• Batteriest

• Biomedicalt t

• Supercapacitorst

• Printabletgraphenetelectronicst

1.5.:Applications of GO 

1.5.1:Optical nonlinparity[ 

Nonlineartopticaltmaterialstaretoftgreattimportancetfortultrafasttphotonicstandt
optoelectronics.tRecently,tthetgianttopticaltnonlinearitiestoftgraphenetoxidet(GO)t
hastbeentprovedtusefultfortatnumbertoftapplications.tFortexample,tthetopticalt
limitingtoftGOtaretindispensablettotprotecttsensitivetinstrumentstfromtlaser-
inducedtdamage.tAndtthetsaturabletabsorptiontcantbetusedtfortpulsetcompression,t
mode-lockingtandtQ-switching.tAlso,tthetnonlineartrefractiont(Kerrteffect)tistcrucialt
fortfunctionalitiestincludingtall-opticaltswitching,tsignaltregeneration,tandtfastt
opticaltcommunications.t

OnetoftthetmosttintriguingtandtuniquetpropertiestoftGOtistthattitstelectricaltandt
opticaltpropertiestcantbettunedtdynamicallytbytmanipulatingtthetcontenttoftoxygen-
containingtgroupstthroughteithertchemicaltortphysicaltreductiontmethods.tThet
tuningtoftthetopticaltnonlinearitiesthavetbeentdemonstratedtduringtitstentiretlaser-
inducedtreductiontprocesstthroughtcontinuoustincreasetoftthetlasertirradiancetandt
fourtstagestoftdifferenttnonlineartactivitiesthavetbeentdiscovered,twhichtmaytservet
astpromisingtsolidtstatetmaterialstfortnoveltnonlineartfunctionaltdevices.tIttistalsot
provedtthattmetaltnanoparticlestcantgreatlytenhancetthetopticalt
nonlinearitytandtfluorescencetoftgraphenetoxide.t

 

1.5.2:Watpr purification[ 

Graphitetoxidestweretstudiedtfortdesalinationtoftwatertusingtreverset
osmosistbeginningtintthet1960s.[52]tInt2011tadditionaltresearchtwastreleased.tt

Int2013tLockheedtMartintannouncedttheirtPerforenetgraphenetfilter.tLockheedt
claimstthetfiltertreducestenergytcoststoftreversetosmosistdesalinationtbyt99%.t
Lockheedtclaimedtthattthetfiltertwast500ttimestthinnertthantthetbesttfiltertthentont
thetmarket,tonetthousandttimeststrongertandtrequirest1%toftthetpressure.tThet
producttwastnottexpectedttotbetreleasedtuntilt2020.tt
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Anothertstudytshowedtthattgraphitetoxidetcouldtbetengineeredttotallowtwaterttot
pass,tbuttretaintsometlargertions.tNarrowtcapillariestallowtrapidtpermeationtbyt
mono-tortbilayertwater.tMultilayertlaminatesthavetatstructuretsimilarttotnacre,t
whichtprovidestmechanicaltstrengthtattwatertfreetconditions.tHeliumtcannottpasst
throughtthetmembranestinthumiditytfreetconditions,tbuttpenetratesteasilytwhent
exposedttothumidity,twhereastwatertvaportpassestwithtnotresistance.tDrytlaminatest
aretvacuum-tight,tbuttimmersedtintwater,ttheytacttastmoleculartsieves,tblockingt
sometsolutes.tt

Atthirdtprojecttproducedtgraphenetsheetstwithtsubnanoscalet(0.40t±t0.24tnm)tpores.t
Thetgraphenetwastbombardedtwithtgalliumtions,twhichtdisrupttcarbontbonds.t
.tchingtthetresulttwithtantoxidizingtsolutiontproducestatholetatteachtspottstrucktbyt
atgalliumtion.tThetlengthtofttimetspenttintthetoxidizingtsolutiontdeterminedtaveraget
poretsize.tPoretdensitytreachedt5ttrilliontporestpertsquaretcentimeter,twhilet
retainingtstructuraltintegrity.tThetporestpermittedtcationttransporttattshortt
oxidationttimes,tconsistenttwithtelectrostatictrepulsiontfromtnegativelyt
chargedtfunctionaltgroupstattporetedges.tAttlongertoxidationttimes,tsheetstweret
permeablettotsalttbuttnottlargertorganictmolecules.tt

Int2015tatteamtcreatedtatgraphenetoxidetteatthattovertthetcoursetoftatdaytremovedt
95%toftheavytmetalstintatwatertsolutiontt

Onetprojecttlayeredtcarbontatomstintathoneycombtstructure,tformingtathexagon-
shapedtcrystaltthattmeasuredtaboutt0.1tmillimeterstintwidthtandtlength,twitht
subnanometertholes.tLatertworktincreasedtthetmembranetsizettotontthetordertoft
severaltmillimeters.tt

Graphenetattachedttotatpolycarbonatetsupporttstructuretwastinitiallyteffectivetatt
removingtsalt.tHowever,tdefectstformedtintthetgraphene.tFillingtlargertdefectstwitht
nylontandtsmalltdefectstwiththafniumtmetaltfollowedtbytatlayertoftoxidetrestoredt
thetfiltrationteffect.tt

Int2016tengineerstdevelopedtgraphene-basedtfilmstthattcantfiltertdirty/saltytwatert
poweredtbytthetsun.tBacteriatweretusedttotproducetatmaterialtconsistingtoft
twotnanocelluloselayers.tThetlowertlayertcontainstpristinetcellulose,twhiletthettopt
layertcontainstcellulosetandtgraphenetoxide,twhichtabsorbstsunlighttandtproducest
heat.tThetsystemtdrawstwatertfromtbelowtintotthetmaterial.tThetwatertdiffusestintot
thethighertlayer,twheretittevaporatestandtleavestbehindtanytcontaminants.tThet
evaporatetcondensestonttop,twheretittcantbetcaptured.tThetfilmtistproducedtbyt
repeatedlytaddingtatfluidtcoatingtthatthardens.tBacteriatproducetnanocelluloset
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fiberstwithtinterspersedtgraphenetoxidetflakes.tThetfilmtistlighttandteasilyt
manufacturedtattscale.tt

1.5.3 :Coating 

Opticallyttransparent,tmultilayertfilmstmadetfromtgraphenetoxidetaretimpermeablet
undertdrytconditions.t.xposedttotwatert(ortwatertvapor),ttheytallowtpassagetoft
moleculestbelowtatcertaintsize.tThetfilmstconsisttoftmillionstoftrandomlytstackedt
flakes,tleavingtnano-sizedtcapillariestbetweentthem.tClosingtthesetnanocapillariest
usingtchemicaltreductiontwiththydroiodictacidtcreatest“reducedtgraphenetoxide”t(r-
GO)tfilmstthattaretcompletelytimpermeablettotgases,tliquidstortstrongtchemicalst
greatertthant100tnanometerstthick.tGlasswaretortcoppertplatestcoveredtwithtsuchtat
graphenet"paint”tcantbetusedtastcontainerstfortcorrosivetacids.tGraphene-coatedt
plastictfilmstcouldtbetusedtintmedicaltpackagingttotimprovetshelftlife.  

  

1.5.4 Flpxiblp rpchargpablp battpry plpctrodp 

Graphenetoxidethastbeentdemonstratedtastatflexibletfree-standingtbatterytanodet
materialtfortroomttemperaturetlithium-iontandtsodium-iontbatteries.tIttistalsotbeingt
studiedtastathightsurfacetareatconductingtagenttintlithium-sulfurtbatteryt
cathodes.tThetfunctionaltgroupstontgraphenetoxidetcantservetastsitestfortchemicalt
modificationtandtimmobilizationtoftactivetspecies.tThistapproachtallowstfortthet
creationtofthybridtarchitecturestfortelectrodetmaterials.tRecenttexamplestoftthist
havetbeentimplementedtintlithiumtiontbatteries,twhichtaretknowntfortbeingt
rechargeabletattthetcosttoftlowtcapacitytlimits.tGraphenetoxide-basedtcompositest
functionalizedtwithtmetaltoxidestandtsulfidesthavetbeentshowntintrecenttresearchttot
inducetenhancedtbatterytperformance.tThisthastsimilarlytbeentadaptedtintot
applicationstintsupercapacitors,tsincetthetelectronictpropertiestoftgraphenetoxidet
allowtitttotbypasstsometoftthetmoretprevalenttrestrictionstofttypicalttransitiontmetalt
oxidetelectrodes.tResearchtintthistfieldtistdeveloping,twithtadditionaltexplorationt
intotmethodstinvolvingtnitrogentdopingtandtpHtadjustmentttotimprovet
capacitance.tAdditionally,tresearchtintotreducedtgraphenetoxidetsheets,twhicht
displaytsuperiortelectronictpropertiestakinttotpuretgraphene,tistcurrentlytbeingt
explored.tReducedtgraphenetoxidetapplicationstgreatlytincreasestthetconductivityt
andtefficiency,twhiletsacrificingtsometflexibilitytandtstructuraltintegrity.  

1.5.5:enprgy Convprsion 

PhotocatalytictWatertSplittingtistantartificialtphotosynthesistprocesstintwhichtwatert
istdissociatedtintothydrogent(H2)tandtoxygent(O2),tusingtartificialtortnaturaltlight.t
Methodstsuchtastphotocatalytictwatertsplittingtaretcurrentlytbeingtinvestigatedttot
producethydrogentastatcleantsourcetoftenergy.tThetsuperiortelectrontmobilitytandt
hightsurfacetareatoftgraphenetoxidetsheetstsuggesttittmaytbetimplementedtastat
catalysttthattmeetstthetrequirementstfortthistprocess.tSpecifically,tgraphenetoxide’st
compositionaltfunctionaltgroupstoftepoxidet(-O-)tandthydroxidet(-OH)tallowtfortmoret
flexibletcontroltintthetwatertsplittingtprocess.tThistflexibilitytcantbetusedttottailort
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thetbandtgaptandtbandtpositionstthattarettargetedtintphotocatalytictwatertsplitting.t
Recenttresearchtexperimentsthavetdemonstratedtthattphotocatalytictactivitytoft
graphenetoxidetcontainingtatbandtgaptwithintthetrequiredtlimitsthastproducedt
effectivetsplittingtresults,tparticularlytwhentusedtwitht40-50%tcoveragetattat2P1t
hydroxidePepoxidetratio.tWhentusedtintcompositetmaterialstwithtCdSt(attypicalt
catalysttusedtintphotocatalytictwatertsplitting),tgraphenetoxidetnanocompositest
havetbeentshownttotexhibittincreasedthydrogentproductiontandtquantumtefficiency.t

1.5.6 :Hydrogpn Storagp 

Graphenetoxidetistalsotbeingtexploredtfortitstapplicationstinthydrogentstorage.t
Hydrogentmoleculestcantbetstoredtamongtthetoxygen-basedtfunctionaltgroupstfoundt
throughouttthetsheet.tThisthydrogentstoragetcapabilitytcantbetfurthertmanipulatedt
bytmodulatingtthetinterlayertdistancetbetweentsheets,tastwelltastmakingtchangesttot
thetporetsizes.tResearchtinttransitiontmetaltdecorationtontcarbontsorbentsttot
enhancethydrogentbindingtenergythastledttotexperimentstwithttitaniumtandt
magnesiumtanchoredttothydroxyltgroups,tallowingtfortthetbindingtoftmultiplet
hydrogentmolecules.t

 t
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CHAPTER 2 

DIELECTRIC PROPERTIES   

A theoretical discourse of dielectric constant, its complex behavior, dielectric loss, 

different types of polarization in general is given.Finally the theoretical study of 

dielectric behavior of graphene oxide in particular is elaborated. 

2.1 Dielectric constant 

 

2.1.1:What Is DielectEic Constant? 

                   Dielectric constant is the ratio of the capacitance formed by 

two      plates with a material between them to capacitance of the same 

plates with air as a dielectric. 

               2.1.2:How It AEises? 

                       When an insulating material is placed in an electric field, it 

allows the electric lines of flux to enter inside it. As a result positively 

charged nucleus of an atom pushed in the direction of the field while 

negatively charged electrons pushed in the opposite direction of field. 

Thus polarization occurs, which is the main cause of development of 

dielectric constant. 

              2.1.3: Types of DielectEic Constant. 
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      Dielectric constant arises due to polarization is of two type i.e. 

real dielectric constant (ε΄r) and imaginary part of dielectric constant 

(εr΄΄). Imaginary part of dielectric constant also known as imaginary part 

of dielectric loss. 

2.1.4: DielectEic Loss 

  Dielectric loss quantifies a dielectric material’s inherent 

dissipation of electromagnetic energy .It can be parameterized in terms 

of either the loss angle ϭ or the corresponding loss tangent tan delta . 

Both refer to the phasor in the complex plane whose real and imaginary 

parts are the resistive (lossy) component of an electromagnetic field 

and its reactive (lossless) counterpart. 

2.1.5 Ac Conductivity 

  It is a fundamental property of a material that quantifies 

how strongly it resists or conducts the flow of current . Generally it is 

the reciprocal of electrical resistivity . It represents a material’s ability 

to conduct electric current. It is commonly signified by  Greek letter ‘σ’.  

2.2:POLARISATION 

2.2.1:What Is PolaEization? 

                   An insulator has low electrical conductivity because all the 

charges in insulator are in bound state. When electric field is applied to 
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an insulator, as it has no free charge like that of conductor, with the 

applied electric field +ve ly and –ve ly bound charges are separated. We 

can say that a dipole is created by atom of the insulator. This is known 

as polarization. Polarization in dielectrics is of four types. 

2.2.2 Types of PolaEization 

2.2.2.1 DipolaE polaEization 

                                              Dipolar polarization arises in those substances 

in which molecules have a permanent dipole moment. But in absence 

of electric field the net polarization vanishes due to random orientation 

of molecules. When electric field is applied the molecular dipole tends 

to align with the field and this result in a net non-vanishing polarization. 

This is called dipolar polarization. 

 

Fig2.1 : OEientation of dipoles in pEesence of electEic field 

2.2.2.2:Ionic polaEization  
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If the molecule contains ionic bonds, then the field tends to stretch the 

lengths of these bonds. The effect of this change in length is to produce 

a net dipole moment in the unit cell where previously there was none. 

Since the polarization here is due to the relative displacements of 

oppositely charged ions, we speak of ionic polarisability.  

                      

Fig2.2:InteE atomic distance changes due to ionic polaEization 

2.2.2.3:ElectEonic polaEisability 

                     This type of polarisability arises 
because of the individual atoms or ions in a 
molecule are themselves polarized by the field i.e. 

the electrons in its various shells are displaced 
with respect to the nucleus. 

                      Fig2.3:InteE atomic distance changes due to electEonic polaEization 

2.2.2.4  InteEfacial PolaEisability 

                        This type of polarisability arises because of presence of 
some free charges in an insulator, but these are not responsible for 
conduction of current as their amount is very less. During polarization 
these free electrons appear at the interface of the dipoles. So this is 
called interfacial polarization. 
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Fig2.4-InteEfacial polaEization 

2.3   FEequency dependence of dielectEic constant 

 In absence of electric field only force acting is restoring force. 

     Frest=ma 

=>-mω0
2x=ma 

=>ω0
2x+

���
���=0     (ω0=Natural frequency of oscillation)   

Now in presence of electric field we can write                                           

             F= F rest + F ext 

                  => a =   
�	
��

  +    

�
��

  

            => 
���
���  = -ω0

2x + 
�
��

  

           =>
���
���  +ω0

2x=��
��
 �= 
������ω�


     -------------(2.1)                                                                                 

             We have from the definition of dipole moment  

                                        p=qx                                                                                                                   

Where  q=charge and  x=distance between charges 
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If N be the number of dipoles per unit volume, then total number of 

dipoles will be,         Np=Nqx=P                                                                                                                     

Multiplying equation (1) by Nq 

           Nq 
���
���+Nqω0

2x=Nq.���������
  

            => 
���
��� �+ω0

2P=
����������


  

            =>
���
���  + ω0

2P = 
���Ɛ� ���
Ɛ� ��  

            =>
���
��� �+ ω0

2P=  χ0Ɛ0ω0
2      ------------------------(2.2)                                                                                      

Solution of equation(2) can be written as 

                P=P0e-iωt                                                                                                                

             Putting this solution in equation (2.2 ) 

            =>P0(-iω)2e-iωt  + ω0
2P0e-iωt=χ0Ɛ0ω0

2E 

            =>-ω2P + ω0
2P = χ0Ɛ0ω0

2E 

            =>P=
χ�Ɛ�ω���
 ��! �               

            =>P=(
χ�Ɛ�ω�������
 ��! � )E        ---------------------------------------(2.3)                                            

                     From equation(2.3) it is clear that  P α E 
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              P=Ɛ0χ(ω)E                                                                                                                          

Where χ(ω)=
χ�ω��
 ��! �                                                                                          

                         When     ω → ω0 

                         Then χ(ω)= ∞ 

                     But this is impossible.So there must be some resistive force 

i.e. damping force,            Fdamp  α  
��
��  

                                                       α Nq
��
��  

                                                       α��(���)��   

                                                       α  
��
��     =   σ

��
��                                                                                             

       So total force 

       F=Frest+Fext+Fdamp 

        
���
��� �+ ω0

2P+σ
��
��=χ0Ɛ0ω0

2E     ------------------------------------(2.4)                                        

      Now putting the solution in above equation  

      =>(-iω2)P+σ(-iω)P+ω0
2P=χ0Ɛ0ω0

2E 

      =>P=
χ�Ɛ�ω���

 ��! �!$%                                                                                                              



 

 

  
Page 33 

 

  

      =>P=(
χ�ω��

 ��! �!$% )Ɛ0E     -----------------------------------(2.5) 

      Where    χ(ω)=
χ�ω��

 ��! �!$%                                                                                              

           
&( )

 ��! �'$%  = 
χ�ω��

 ��! �!$%  × )
 ��! �'$%  

     =>
&( )

 ��! �'$%  = 
 ��&�( ��! �)²'(% )²

 

 =>χ(ω)= 
 ��&�( ��! �)( ��! �)²'(% )² + 

$ ��&�% ( ��! �)²'(% )² 

=> χ(ω)= χ΄(ω) + χ΄΄(ω)             -------------------------------------(2.6)                                         

 We have 

                     Ɛ = Ɛ0(1+ χ) 

                        =Ɛ0(1+ χ΄(ω) + iχ΄΄(ω)) 

                        = Ɛ0(1+ χ΄(ω)) + iƐ0χ΄΄(ω) 

                        =Ɛ΄(ω) + iƐ΄΄                                --------------------------(2.7)                                                                    

   Where,                Ɛ΄(ω) = Ɛ0[1+
 ��&�( ��! �)( ��! �)²'(% )²]                                                                          

                                Ɛ΄΄ = 
Ɛ₀ ��&�% ( ��! �)²'(% )²                                                                                           
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2.4 DielectEic loss 

Dielectric relaxation is the lag in dipole orientation behind an 

alternating applied electric field. Under the influence of such a field the 

polar molecules of a system rotate towards an equilibrium distribution. 

When the polar molecules are large or the frequency of alternating 

field is high, the rotational motion of molecules is not sufficiently rapid 

for attainment of equilibrium with the field. The polarization then 

acquires a component out of phase with the field and the displacement 

current acquires a conductance component in phase with the field. This 

conductance component obeys ohms law and it results in thermal 

dissipation of energy. 

In an ideal electrical circuit having condenser, the charging 

current is 90o out of phase with applied voltage. In vector notation the 

total current is the sum of charging current and loss current. The angle 

δ between the vector for the amplitude of total current and that for the 

amplitude of charging current is known as the loss angle. The tangent 

of the loss angle can be expressed as 

ε

ε

current charging

current loss
δ tan

′

′′
==

……………………………..(2.8)
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where ε’ is the measured dielectric constant of the sample and ε” 

is the dielectric loss factor. 

A complex dielectric constant therefore can be expressed as 

εjεε*
′′−′=           ………….(2.2)                                                         

 

 

2.5:TheoEetical BackgEound Of DielectEic BehaviouE Of GEaphene 

Graphene as discussed is a monolayer of carbon atoms and 

possesses some unique properties for which the grapheme is also 
called as silicon of the 21st century. The objective of this dissertation is 
to find out the dielectric constant or relative permittivity of graphene 
and how this property can be used for next generation electromagnetic 
devices. The dispersion relation of dielectric constant of graphene is 
supported by various theories. Let’s start with the Maxwell’s equation 

and how the Maxwell’s equation will lead to dispersion relation of 
Graphene. The Maxwell’s equation is 

∇,,- × .,,- = 012-+ 01 45,,-46  

                            = 0178,- + 019 :�,-:�        (∵ 2- = �78,-��<=>�5,,- = 98,-) 

  Let 8,- = 81?!$ � 
                           ⟹ :�,-

:�   =  −BC 8,-          
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Then,       ∇,,- × .,,- = 01�78,- − BC0198,- 
        ∇,,- × .,,-=−BC01 D9 − %

$ E 8,- 
                = −BC01 D9 + $%

 E 8,- 
                = −BC019̀8,-                        Where 9̀ = D9 + $%

 E……….(2.10) 

Graphene oxide is a monolayer of graphite oxide which consists of 

different functional groups like carbonyl, carboxyl, hydroxyl, epoxy. All 
functional groups are polar groups. The high dielectric constant of GO 
at low frequency has contribution from three different reasons 

a.PRESENCE OF VARIOUS POLAR GROUPS 

As shown in figure GO structure shows a presence of 4 polar 
groups like carbonyl, carboxyl, hydroxyl, epoxy. When the GO is 
exposed to external electric field all polar groups experience 

torque and orient in the direction of external electric field. This is 
known as orientation polarization which increases the dielectric 
constant. 

b.PRESENCE OF DIRAC FERMIONS 

A single layered graphene consists of a mono layer of carbon 
atom packed in 2D honeycomb lattice, with lattice constant 
0.142nm. There is SP2 hybridization involving 2S, 2PX, 2PY in XY 
plane. The SP2 hybridized orbitals make 1200 with each other. The 

honeycomb lattice consists of six σ bonds. The remaining 2PZ 
orbital is perpendicular to the XY plane and make  bond. Each two 
PZ orbitals have one electron and hence the  bond is half filled. 
The half-filled bands play an important role in the physics of 
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strongly co-related bond because of their strong tight binding 
character and large Coulomb energy. 

The energy band of a single layered graphene from the  electron is 
expressed as  

t=nearest neighbor hopping energy 

6 � =next nearest neighbor hopping energy 

f(k) is a function given by 

                   2 cosKȂ3NO<P + 4 cos RȂST �NO<U cos RSTN�<U…..(2.11) 

Solving the equations we get two bands E+ And E-. E+ is known as upper 

band or + band. E- band is known as lower band or - band. The lower 
band is completely filled and the upper band is completely empty. The 
two band touch each other at certain points known as Dirac points. 

 

    Fig 2.5: DiEac Points and diEac feEmions 

c.SURFACE PLASMON RESONANCE 

Oscillation simply represents back and forth swing of an object 
induced by a driving factor either outside or inside. This behavior 
is observed in nearly all materials starting from vast universe to 

8±(W) = ±6X3 + Y(N) − 6′Y(N) 
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tiny molecules . Among various oscillations electromagnetic 
oscillations has been paid greatest attention in the recent years. 
Electrons in graphene behave like Dirac fermions which are 

assumed massless. Due to the presence of Dirac fermions, the GO 
possesses extraordinary properties such as ultra high conductivity 
and long mean free path. The frequency at which Dirac fermions 
oscillate  is called plasma frequency and plasma frequency is 
expressed as 

C[T = ?
T=�91\  

=� = number density of Dirac fermions 

The Maxwell’s equation can be expressed as  

∇,,- × .,,- = −BC91 ]1 − C[
T

CT _8,- 
ω= Frequency of the incoming electromagnetic wave 

In the low frequency range ω< C[ 

C[TCT > 1 

The conduction current dominates the displacement current. In 
the high frequency range ω is much greater than C[ , the current 

is dominated by displacement current. 

Relation between dielectric constant and frequency is 

9(C) = 91 R1 −  b�
 � U……………………………(2.12) 
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2.10:Recent advances in gEaphene oxides 

                       In the recent years GO has been synthesized by variety of methods and GO is 

highly  conducting in nature[33 ]It can be used as dielectric material in various applications. 

Reduced graphene oxide (r-GO) films were used to grow cells and showed enormous 

biocompatibility.[34] 60 Films formed of r-GO have shown potential even in solar cells.[20] Few 

reports on the dielectric study of GO/graphene based materials composites exist in the literature 

to increase the dielectric properties of host materials,[35]andgraphene based materials.[36] 

Recently, MnO2 65 decorated graphene nanoribbons showed superior permittivity and excellent 

microwave shielding properties.[37]S. Ruoffet et al. showed that chlorinated r-GO can enhance 

the dielectric constant of r-GO/Polymer composites.[38] The low dielectric constant and 

ultrahigh strength graphene oxide/polyimide composite films were also reported.[39]  Verdejoet 

al. showed that the homogeneous dispersion of GO through out the polymer matrix can 

effectively increase the dielectric permittivity.[40]Graphene-poly(vinylidene fluoride)composites 

with multi-layered structure prepared by a solution-cast and hot-pressing showed a large 

dielectric constant as high as 7940 after percolation threshold.[41] 

2.11:Gap in the literature survey 

Though there are a large number of papers are found in scopus about use of GO as dopant in 

composite materials, the dielectric study of pure GO pellets are scarce.In this view the present 

study will fulfill the gap. 
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CHAPTER 3 

Chapter 3 discusses about detail experimental procedures in synthesis of 

GO and RGO.Differenr characterization techniques like XRD, FTIR , 

UV spectroscopy, dielectric measurements are discussed in details. 

3.1 MateEials : 

• Graphite flakes 

• Potassium permanganate (KMnO4) 

• Conc. Sulphuric acid (H2SO4) 

• Hydrogen peroxide(H2O2) 

• Sodium nitrate (NaNO3)[for modified hummer’s method] 

• Beaker – 250 ml. 

• One magnetic stirrer 

• Magnetic bead 

• Measuring flask 

• Thermometer 

• Spatula 

• Funnel 

• Ultrasonicator 

• Ice bath set up (below 20 degree Celsius) 

• Centrifuge machine 

• Vacuum oven 

 

 

 



 

 

  

 

3.2 Synthesis of GEaphene Oxide (GO) By HummeE’s Method

 Graphene oxide was synthesized by Hummer’s method through 

oxidation of graphite in stepwise preparation.

1.First of all a steel bow

into it. The temperature was maintained below 20

Fig 3.1 Magnetic Stirrer heating

2.Then a volumetric flask was taken and 25 ml. of concentrated 

sulphuric acid (H2SO4) was taken in it. Then 1 gm. of graphite 
with 99% of purity was added into the solution .  Then 3 gm. Of 
potassium permanganate (KMnO
solution . 

3.Now the above solution was put on magnetic stirrer with rpm 200 

and is continuously stirred inside the ice bath set
below 20 0C for 4 h  . 
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Synthesis of GEaphene Oxide (GO) By HummeE’s Method

Graphene oxide was synthesized by Hummer’s method through 

oxidation of graphite in stepwise preparation. 

First of all a steel bowl was taken and some cold water was poured 

erature was maintained below 200C. 

 

Fig 3.1 Magnetic Stirrer heating 

Then a volumetric flask was taken and 25 ml. of concentrated 

) was taken in it. Then 1 gm. of graphite 
with 99% of purity was added into the solution .  Then 3 gm. Of 
potassium permanganate (KMnO4) was added slowly into the 

Now the above solution was put on magnetic stirrer with rpm 200 

and is continuously stirred inside the ice bath set-up (maintained 
 

Synthesis of GEaphene Oxide (GO) By HummeE’s Method 

Graphene oxide was synthesized by Hummer’s method through 

l was taken and some cold water was poured 

Then a volumetric flask was taken and 25 ml. of concentrated 

) was taken in it. Then 1 gm. of graphite powder 
with 99% of purity was added into the solution .  Then 3 gm. Of 

) was added slowly into the 

Now the above solution was put on magnetic stirrer with rpm 200 

up (maintained 



 

 

  

 

4.The mixture was continuously stirred still the solution became 

pasty brownish colour .

5.Then it was diluted with slow addition of 100ml. distilled water . 

The reaction temperature was rapidly increased with efferve
and colour was changed to brown  colour .

6.The solution was finally treated with 5ml. of hydrogen peroxide 

(H2O2) to terminate the reaction by appearance of greenish yellow 

Fig 3.2 GEeenish yellow colouE pEecipitation of GO

 

7.Now the solution was put in the ultrasonicator for one h

purification of mixture.

8.After purification the solution was centrifuged and its pH was 

maintained neutral. Now the pasty 
for drying and then it was powdered to get the powder f
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The mixture was continuously stirred still the solution became 

pasty brownish colour . 

Then it was diluted with slow addition of 100ml. distilled water . 

The reaction temperature was rapidly increased with efferve
and colour was changed to brown  colour . 

The solution was finally treated with 5ml. of hydrogen peroxide 

(H2O2) to terminate the reaction by appearance of greenish yellow 

 . 

Fig 3.2 GEeenish yellow colouE pEecipitation of GO 

was put in the ultrasonicator for one h

purification of mixture. 

After purification the solution was centrifuged and its pH was 

maintained neutral. Now the pasty  GO was put in the vacuum oven 
for drying and then it was powdered to get the powder form of 

The mixture was continuously stirred still the solution became 

Then it was diluted with slow addition of 100ml. distilled water . 

The reaction temperature was rapidly increased with effervescence 

The solution was finally treated with 5ml. of hydrogen peroxide 

(H2O2) to terminate the reaction by appearance of greenish yellow 

was put in the ultrasonicator for one h  for 

After purification the solution was centrifuged and its pH was 

was put in the vacuum oven 
orm of GO. 



 

 

  

 

Fig 3.3 Semi liquid foEm of GO

3.3  Reduction of GO to RGO

  GO was treated  with  ascorbic acid 

3.4 Preparation of GO pellet
GO powder was mixed with 3%polyvinyl 

the groundd powder was pressed with 3.5 ton load to get the desired specimen.

 

3.5 ChaEacteEization 

 The characterization of the sample aimed to obtain information of 

surface morphology, crystalline structure, mechanic
dielectric properties of Graphene Oxide 
Ray diffractometer (XRD), Fourier Transform Infrared Spectroscopy 
(FTIR), ultraviolet Spectroscopy (UV), 
using LCR meter were employ

3.5.1 FouEieE TEansfoEm InfEaEed spectEoscopy (FTIR
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Fig 3.3 Semi liquid foEm of GO  Fig 3.4 PowdeEed  GO

3.3  Reduction of GO to RGO 

ascorbic acid  and maintaining the solution at 100

3.4 Preparation of GO pellet 
GO powder was mixed with 3%polyvinyl alcohol and thoroughly grounded.Then 

the groundd powder was pressed with 3.5 ton load to get the desired specimen.

ChaEacteEization  

The characterization of the sample aimed to obtain information of 

surface morphology, crystalline structure, mechanical properties and 
dielectric properties of Graphene Oxide  . Hence, the techniques viz X
Ray diffractometer (XRD), Fourier Transform Infrared Spectroscopy 

ultraviolet Spectroscopy (UV), and dielectric properties analysis 
using LCR meter were employed. 

FouEieE TEansfoEm InfEaEed spectEoscopy (FTIR)

GO 

and maintaining the solution at 1000C for 24 h . 

alcohol and thoroughly grounded.Then 

the groundd powder was pressed with 3.5 ton load to get the desired specimen. 

The characterization of the sample aimed to obtain information of 

al properties and 
. Hence, the techniques viz X-

Ray diffractometer (XRD), Fourier Transform Infrared Spectroscopy 
and dielectric properties analysis 

) 
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 A mixture of 5.0 mg of dried sample and 200 mg of KBr was 
pressed into a disk for FTIR measurement. The amount of mixture was 
kept constant to obtain repeatable transmission from the sample. KBr 

pellet is used   because KBr does not absorb in the IR wavelengths 
between 4000- 400 wavenumbers (cm—1).   This way we can disperse 
the material usually in KBr to make a pellet.  All the samples were 
examined by FTIR spectroscopy (FTIR Nicolet 6700/Thermofisher  
Scientific) using KBr pellet technique  in the region 500 cm-1  - 4000 cm-1 
to identify the functional groups in the  samples.  

 

 

Figure 3.5   Photograph of Nicolet 6700 used for obtaining FTIR spectra 

 

3.5.2   UltEaviolet SpectEoscopy (UV) 
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 UV-visible spectral analysis of   the  GO powder were carried out 
by SHIMADZU UN 2550/JAPAN UV spectrophotometer   at room 
temperature in the wavelength range of 240 nm to 800 nm. The sample 

was kept in the sample holder. The UV light source was switched on so 
that the  light falls on the sample. The detector detected the remaining 
UV light that passes through the sample. The processor compared the 
intensity of original UV light from light source from the detected UV 
light. The variation of absorbance and transmittance with wavelength 
were recorded.  

 

 

Figure 3.6 Photograph of UV 2550/SHIMADZU/JAPAN used for 

obtaining UV  

3.5.3  Wide angle X-ray diffraction (WAXD) 

 Ni filtered Cu Kα radiation having wavelength 0.1542 nm was generated 

at 40KV and 35 mA using WXRD/SHIMADZU/JAPAN. This monochromatised 

X-rays were suitably collimated by passing them through slits and fall on the 

specimen sample which is present in the goniometer. With the help of goniometer 
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the angle at which the sample is positioned was measured. The detector is of high 

sensitivity and could detect X-rays diffracted by the sample. In this way it analyzes 

the orientation distribution of the crystallites present in the sample.  

 

  The X-ray diffractograms were recorded from Bragg angle 10
o
 to 80

o
 at 

room temperature of 28
o
C by   goniometer. The goniometer was equipped with 

scintillation counter at a scanning speed of 10
o
/minute. The X-ray diffractograms 

show the variation of intensity with braggs angle  

 

 

Figure 3.7   Photograph of XRD/SHIMADZU/JAPAN used for obtaining X-

ray diffractogram 



 

 

  
Page 47 

 

  

  

3.5.4   DielectEic PEopeEties 

 Rectangular shaped specimens of 1cmx 1cmx 1mm were used.   

The rectangular surfaces of the test samples were coated with 
conductive silver paint. The test samples were fixed between two 
electrodes and kept inside the sample holder.   

 The capacitance and dielectric loss measurements in this study 

were performed by using a computer interfaced LCR HIOK/ 3532-50, 
JAPAN. Two sets of measurements were carried out: One is from room 
temperature around 26oC to 100oC at various frequencies with a 
heating rate of 2oC/min and another is from 1Hz to 1MHz frequency at 
various temperatures for the evaluation of dielectric properties of  GO. 
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Chapter 4 

 

RESTLTS AND DISCTSSION 

This chapter 4 is devoted for the characterization of prepared GO 
pellets by various analytical techniques such as UV-Visible 
spectroscopy, powder X-ray diffraction(XRD), fourier transform infrared 
spectroscopy(FT-IR) and the obtained results are discussed in details. 
This chapter also enumerates about dielectric studies of  GO, variation 
of dielectric constant, dielectric losses, ac conductivity with variation in 
frequency are discussed with proper reasoning.  
4.1 XRD of GO 

XRD is an important characterization technique for 
characterization of GO. XRD pattern of GO is presented in fig4.1. As 
shown in fig 4.1, XRD pattern of GO exhibits a unique peak at 2θ value 

of 9.1780 . 

 It corresponds to (001) reflection plane of material. The inter planar 
spacing (d) is 9.62784Ẳ.The full width half maximum(FWHM) is found to 
be 0.284 A0. 
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                        Fig 4.1: XRD of GO 
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4.1.1 Calculation Of CEystallite Size 

 Particles in a material are present as a single crystal or an 
agglomeration of several crystals present in a particle. Thus the particle 
size is usually bigger than crystalline size. 
The GO was prepared in powder form during synthesis process. For 

powdered sample the size of crystallite form is given by Debye Schererr 
formula. The sharp peak observed in fig4.1 indicates the crystalline 
shape of GO. The broad peak indicates amorphous nature. The 
observed interplanar spacing in GO (9.62784 A0) is more than standard 
interplanar spacing of graphite (3.54 A0). The increased  interplanar 
spacing in GO is due to presence of diferent functional groups.   

Debye schererr formula is given as 

D=
cd
efghi 

Where K-Shape factor 

λ- wavelength of incident beam 

β- Full width half maximum 

θ- angle of refraction 

For spherical particle, shape factor is chosen as 0.9, wavelength of 

incident beam as 1.5 A0. 

The crystal size obtained using Debye schererr formula is 27.34 nm at 
9.1780 but crystallite size is however different from particle ,the particle 
size is larger than crystallite size. 

The particle size is measured by TEM, SAXS. 
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4.1.2 XRD of Reduced graphene oxide y RGO) 

 

Fig:4.2: XRD patteEn of RGO 

The XRD of RGO is shown in fig 4.2, as observed in the XRD 
pattern the peak of GO at 9.1780 disappears for RGO.The removal of 
this peak from XRD pattern confirms the removal of the functional 
groups present in GO.The peak at around 9.1780  in GO is replaced by a 
less intense and broad peak at 260. It corresponds to 002 reflection 

plane for RGO. The interplanar spacing obtained for RGO is 3.84Ẳ. 
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The interplanar spacing in RGO is reduced due to the removal of 
the oxygen functional group. Further due to absorption of moisture 
from the surrounding in GO the interplanar spacing is more. 

The peak position ‘d’, FWHM and crystallite size are presented in 
tabular form in table1. 

Table  1:CEystallogEaphy compaEison of GO and RGO 

Sample Peak 
position 

d Spacing FWHM Crystalite size 

GO 9.17800 9.627A0 0.2840 27.34nm 

RGO 260 3.84A0 0.5460 9.82nm 

The increase in FWHM of RGO leads to decrease of crystallite size .The 

small crystallite size of RGO compared to that of GO underlines the 
increase in amorphous nature of RGO. 

4.2 FTIR SpectEa of GO 

 FTIR spectra of GO is shown in fig 4.3 .The specimen of GO 
contains numerous functional groups. The strong band at 3275.97cm-1  

is assigned due to –O-H stretching vibrations in the absorbed water 
molecules . The bands at 1638.96cm-1 and 1089.94cm-1 present –C-O 
stretching vibrations of carboxylic acid and carbonyl group respectively. 
All FTIR peaks and corresponding assignments are presented in table-2  

Table -2:FTIR assignments 

Sl No. Wave numer Assignment 

1 3275.97 O-H Stretching 



 

 

  

 

2 1638.96

3 1089.94

  Fig 4.3 FT

The functional groups are at 1638.96 cm
the presence of oxygen containing functional groups.

However when the FTIR spectrum of RGO is obtained the 
percentage of transmittance is reduced and the absence of peaks at 
1638.96 cm-1 and 1089.94cm

4.4 represents the FTIR spectrum of RGO.
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vibration 

1638.96 C-O stretching 
vibration from 
carboxylic  

1089.94 C-O stretching 
vibration  

Fig 4.3 FT-IR spectEum of GO 

The functional groups are at 1638.96 cm-1 and 1089.94 cm
the presence of oxygen containing functional groups. 

the FTIR spectrum of RGO is obtained the 
percentage of transmittance is reduced and the absence of peaks at 

and 1089.94cm-1 testifies  the removal of these peaks, fig 

4.4 represents the FTIR spectrum of RGO. 

O stretching 
vibration from 

O stretching 

 

and 1089.94 cm-1 testify 

the FTIR spectrum of RGO is obtained the 
percentage of transmittance is reduced and the absence of peaks at 

testifies  the removal of these peaks, fig 
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Fig 4.3 FT-IR spectEum of RGO 

A low intensity band observed at 955cm-1 in RGO can be ascribed 
to C-O stretching vibrations of carbonyl group after reduction 

4.3 UltEa Violet SpectEa Of GO 



 

 

  

 

 
                           Fig 4.5 : U

 The U-V visible light scanning 

200nm to 1000nm.The UV visible spectra of GO exhibits a 
prominent peak at 230nm . The peak at 230 nm arises due to π
transition of aromatic C
(π-π) transition of aromatic C
Therefore the GO powder is a UV absorber for wave length 
230nm. 

4.4 Study Of DielecEic BehaviouE

 Dielectric measurements were conducted for GO pellets to
its relaxation behaviors. M
frequency from low frequency
temperature of 35 0C  and then varying temperature from 30

to1000C at fixed frequency of 1Hz and 1KHz.
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Fig 4.5 : U-V visible spectEa of GO 

V visible light scanning wave length ranges from 

200nm to 1000nm.The UV visible spectra of GO exhibits a 
prominent peak at 230nm . The peak at 230 nm arises due to π
transition of aromatic C-C bond. The visible peak at 277nm arises 

π) transition of aromatic C-C bonds and C=O bonds.
Therefore the GO powder is a UV absorber for wave length 

4.4 Study Of DielecEic BehaviouE 

Dielectric measurements were conducted for GO pellets to
its relaxation behaviors. Measurements were conducted with var

requency of 1 Hz to high frequency 1 MHz at room 
C  and then varying temperature from 30

C at fixed frequency of 1Hz and 1KHz. 

 

wave length ranges from 

200nm to 1000nm.The UV visible spectra of GO exhibits a 
prominent peak at 230nm . The peak at 230 nm arises due to π-π* 

C bond. The visible peak at 277nm arises 
bonds. 

Therefore the GO powder is a UV absorber for wave length 

Dielectric measurements were conducted for GO pellets to study 
easurements were conducted with varying 

1 Hz to high frequency 1 MHz at room 
C  and then varying temperature from 30 0C 



 

 

  

 

 Dielectric dispersion is the dependence of permittivity of a 
material on the frequency of an applied
between changes in polarization and changes in electric field. Thus 

permittivity is a complicated function
Dielectric relaxation is the lag in dielectric constant of a material . It is 
analogous to hysteresis in changing magnetic field .

 

4.4.1 VaEiation of dielectEic constant of GO at low 

         Fig 4.6(a):VaEiation of dielectEic constant

constant in  low fEequency domain

 

               

                      The frequency dependence of the relative permittivity 
known as dielectric constant is depicted in 
the variation of εr in low frequency range spanning from 1 Hz to 20 Hz . 
At low frequency of 1 Hz the dielectric constant is very high i.e. 5x10
As the frequency increases dielectric c

Hz .This is an important result obtained from the experiment , because 
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Dielectric dispersion is the dependence of permittivity of a 
material on the frequency of an applied electric field. There is a lag 
between changes in polarization and changes in electric field. Thus 

permittivity is a complicated function of frequency of electric field. 
ielectric relaxation is the lag in dielectric constant of a material . It is 

us to hysteresis in changing magnetic field . 

ielectEic constant of GO at low 

         

:VaEiation of dielectEic constant                          Fig 4.6(b):VaEiation of dielectEic 

constant in  low fEequency domain                                                    in  high fEequency domain       

The frequency dependence of the relative permittivity 
known as dielectric constant is depicted in fig 4.6 .The fig 4.6

in low frequency range spanning from 1 Hz to 20 Hz . 
At low frequency of 1 Hz the dielectric constant is very high i.e. 5x10

s the frequency increases dielectric constant decrease to 5000 at 20 

is an important result obtained from the experiment , because 

Dielectric dispersion is the dependence of permittivity of a 
electric field. There is a lag 

between changes in polarization and changes in electric field. Thus 

of frequency of electric field. 
ielectric relaxation is the lag in dielectric constant of a material . It is 

ielectEic constant of GO at low fEequenc         

   

):VaEiation of dielectEic   

fEequency domain        

The frequency dependence of the relative permittivity 
fig 4.6 .The fig 4.6(a) shows 

in low frequency range spanning from 1 Hz to 20 Hz . 
At low frequency of 1 Hz the dielectric constant is very high i.e. 5x105 . 

onstant decrease to 5000 at 20 

is an important result obtained from the experiment , because 
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of evolution of  gigantic dielectric constant material. It is comparable to 
materials like CaCu3Ti4O12(105) and higher than various ferro electrics 
and perovskite titanates (1000-50000). This high dielectric constant of 

GO is due to various facts such as 

a) Presence of massless dirac fermions which are equivalent to 
electrons in metals 

b) Presence of surface plasmon resonance 

c) Presence of various functional group contributing for high 
orientation polarization due to their polar nature 

d)  Presence of high interfacial polarization (IP). The IP is due to 
accumulation of unbounded charges at the interface leading to 
formation of large dipole. 
                In the low frequency region , a sudden fall of dielectric 

constant is obsereved . εr falls from 5x10 5 at 1 Hz to 1x10 5at 20Hz. 
As frequency increases , some of the contributions to polarisation , 
such as ionic polarization , orientation polarization decreases. 
With increase of frequency the time interval decreases and not 
much time is left for polar groups to  realign with external field . 
Thus lag increases with increase of frequency and contribute for 

decrease of dielectric constant. 

  Fig 4.6(b) depicts variation of dielectric constant from 0.2 
MHz to 1MHz where dielectric constant decreases from 95 to 75 . If we 

compare fig 4.6(a) and in fig 4.6(b) , it is observed that there is no 
sudden fall of dielectric constant as observed in  fig 4.6(a) . Here the 
decrease of εr is slow . The dielectric constant of GO is 75 even at 
frequency of 1MHz and it opens up many applications of GO.  
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4.4.2 VARIATION OF DIELECTRIC CONSTANT WITH 

TEMPERATURE 

Fig:4.7  gives the variation of dielectric constant with temperature at low 

frequency 1Hz . It is observed   that at 300C the dielectric constant of GO  at 1Hz is 

7×105.The figure   depicts that dielectric constant of GO increases with increase in 

temperature initially upto a certain temperature and then decreases with 

increase in temperature. At frequency 1Hz dielectric constant increases from 

7×105 at 300C to 15×105 at 700C and then falls to 3×105 at 900C.   

 

Fig 4.7:Variation of dielectric constant with temperature. 

 

There is an obvious question why the dielectric constant of GO initially increase 
with temperature at particular frequency. This is due to the reorientaion and 
rearrangement of the polarisation of the functional groups present in GO. 



 

 

  

 

However increase of dielectric constant with temperature is more vigorous in low 
frequency region. The temperature at which dielectric constant  starts decreasing 
is known as transition temperature. The transition temperature at 1Hz is 70
With rise of temperature beyond the
vibrate thermally and there will 
polarisation of the functional groups. The dipoles cannot orient at high electric 
field and at high temperature due to higher thermal e
dielectric constant at high temperature.
there will be no moisture with vaporization of functional grops containg oxygen 
like –OH groups.The decrease in number of polar groups at high temp
leads to decrease of dielectric constant.

 

4.4.3  VaEiation of dielctEic loss with  

 

 4.8(a) Low fEequency  vs. dielectEic loss                         

Fig 4.8(a) and fig 4.8

frequency in low frequency 
is observed from Fig 4.8(a) and fig 4.8(b), that dielectric loss (ε” ) shows 
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electric constant with temperature is more vigorous in low 
frequency region. The temperature at which dielectric constant  starts decreasing 
is known as transition temperature. The transition temperature at 1Hz is 70
With rise of temperature beyond the transition temperature the chemical bonds 
vibrate thermally and there will be decrease in dipole moment and orientation 
polarisation of the functional groups. The dipoles cannot orient at high electric 
field and at high temperature due to higher thermal energy leading to decrease in 
dielectric constant at high temperature.Further at  certain high temperature  , 
there will be no moisture with vaporization of functional grops containg oxygen 

OH groups.The decrease in number of polar groups at high temp
leads to decrease of dielectric constant. 

4.4.3  VaEiation of dielctEic loss with   FEequency 

vs. dielectEic loss                          4.8(b) High fEequency  vs. DielectEic loss 

Fig 4.8(a) and fig 4.8(b) depicts the variation of dielectric loss with 

frequency in low frequency and high frequency domain respectively. It 
is observed from Fig 4.8(a) and fig 4.8(b), that dielectric loss (ε” ) shows 

electric constant with temperature is more vigorous in low 
frequency region. The temperature at which dielectric constant  starts decreasing 
is known as transition temperature. The transition temperature at 1Hz is 700C   

transition temperature the chemical bonds 
in dipole moment and orientation 

polarisation of the functional groups. The dipoles cannot orient at high electric 
nergy leading to decrease in 

Further at  certain high temperature  , 
there will be no moisture with vaporization of functional grops containg oxygen 

OH groups.The decrease in number of polar groups at high temperature 

vs. DielectEic loss  

(b) depicts the variation of dielectric loss with 

domain respectively. It 
is observed from Fig 4.8(a) and fig 4.8(b), that dielectric loss (ε” ) shows 
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similar behaviour with ε’. ε” decreases with frequency with increase of 
frequency in low frequency domain and high frequency domain. 

  The oscillating electric field polarize the GO. This creates a 
dipole that also oscillates. The dipole absorbs and then reoriented or 
scattered in the electric field. The dipoles’ responses to external field is 
always lagging by a certain phase.The polarizable molecules spend 
energy in changing the dipole orientation.When frequency of oscillating 

electric field resonates with frequency of oscillation of dipoles,the 
dipole absorbs energy and a peak is observed. 

  It is observed that dielectric loss is high in the low frequency 
domain and also the fall of dielectric loss is sudden in the low frequency 

domain.In the high frequency domain the dielectric loss falls but slowly 
as compared to low frequency region.The current in dielectric is initially 
displacement current at low frequency but later  this is conduction 
current in high frequency region.When conduction current flows ,it 
generates heat energy.We know 

     
jk
jl=

mn
б

 

With increase of frequency, JD(displacement current) increases, JC 
(conduction current) decreases and hence loss decreases. 

Jc=σE , Jd=ε(48/46)=εωE 

 

 

 

 



 

 

  

 

4.4.4 Tan delta vaEiation with fEequency 

Tan delta function is defined as ratio of

dielectric constant .      tan σ=

 Fig4.8(a):VaEiation of tanσ in 

fEequency domain 

 

 

Fig 4.8(b)VaEiation of tanσ in 
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4.4.4 Tan delta vaEiation with fEequency  

a function is defined as ratio of dielectric loss to 

.      tan σ=
pqq
p  

 

 

 

 

 

 

VaEiation of tanσ in low  

)VaEiation of tanσ in mid  fEequency domain 

dielectric loss to 



 

 

  

 

 

 

Fig 4.8(c)VaEiation of tanσ in 

Fig 4.8 (a),(b),(c) depicts the variation of tan
range , mid frequency range , and high frequency range respectively .In 
the low frequency region as shown in fig 4.8

increase of frequency . In the low frequency r
constant and dielectric loss are high. However the change in dielectric 
loss is more compared to the change in dielectric constant. Therefore 
tanσ increases with increase of frequency and suffers a transition 
1.39x103Hz. Beyond thi

frequency. Then at high frequency both dielectric loss and constant are 
minimum leading to decrease of tan
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)VaEiation of tanσ in high fEequency domain 

(a),(b),(c) depicts the variation of tanσ in the low frequency 
range , mid frequency range , and high frequency range respectively .In 

uency region as shown in fig 4.8(a) , the tanσ increases with 

increase of frequency . In the low frequency region both dielectric 
constant and dielectric loss are high. However the change in dielectric 
loss is more compared to the change in dielectric constant. Therefore 

increases with increase of frequency and suffers a transition 
Hz. Beyond this frequency tanσ decreases with increase of 

frequency. Then at high frequency both dielectric loss and constant are 
minimum leading to decrease of tanσ. 

in the low frequency 
range , mid frequency range , and high frequency range respectively .In 

increases with 

egion both dielectric 
constant and dielectric loss are high. However the change in dielectric 
loss is more compared to the change in dielectric constant. Therefore 

increases with increase of frequency and suffers a transition at 
decreases with increase of 

frequency. Then at high frequency both dielectric loss and constant are 



 

 

  

 

4.4.5 AC conductivity vaEiation with fEequency

[Fig4.2(a)low fEequency vaEiation vs 

conductivity] 

   

DC conductivity is determined only by resistance.

   7�f  = 
r
st

but ac conductivity depends on skin depth i.e. the thickness in 
conducting material upto which the amplitude of electromagnet
decreases to 1/e . The ac current flows only at the skin of the conductor. 

    J=u
Js  is the current density at surface and J is the current density at depth 
‘d’. 

λ = skin depth 

λ= X�v�C0 

With increase of ω , λ decreases , 
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4.4.5 AC conductivity vaEiation with fEequency      

[Fig4.2(a)low fEequency vaEiation vs conductivity]    [Fig4.2(b)high fEequency vs 

conductivity is determined only by resistance. 

st 

but ac conductivity depends on skin depth i.e. the thickness in 
conducting material upto which the amplitude of electromagnet
decreases to 1/e . The ac current flows only at the skin of the conductor. 

J=uwexp(− �d) 

is the current density at surface and J is the current density at depth 

λ decreases , 
�
d increases , Jc decreases .

conductivity]    [Fig4.2(b)high fEequency vs 

but ac conductivity depends on skin depth i.e. the thickness in 
conducting material upto which the amplitude of electromagnetic wave 
decreases to 1/e . The ac current flows only at the skin of the conductor.  

is the current density at surface and J is the current density at depth 

decreases . 
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Now σac is given by   

   σac = Ɛr (tanϬ)ωƐ0 

   σac = Ɛ’’ωƐ0…………………………..(4.1) 

   σac = σ0exp(-Ea/KT) 

As frequency increases more and more of bound charges start to 
oscillate out of phase with applied voltage. This contribute to increase 
the ac conductivity with increase of frequency.ac conductivity increases 

from 0.00004ohm -1 cm-1at 1 Hz to 0.00075 at 1MHz. 

 

4.4.6  Cole cole plot     

Cole cole plots are indicator of relaxation present in a 
material.These are plotted by taking imaginary part of relative 
permittivity i.e dielectric loss on y axis and real part i.e 
dielectric constant on y axis.The variation of dielectric loss and 
dielectric constant with frequency are governed by Debye 
equation. 

 ………………………………4.2 

Equation 4.2 are known as Debye expression and gives 
frequency dependence of both dielectric constant and 
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dielectric loss.The material that obeys debyes relation will have 
cole cole plot like a perfect semicircle. And for materials not 
obeying debyes laws or whose dielectric loss does not show any 
relaxation , cole cole plots are not semicircles.Fig 4.10 gives the 
cole cole plot for GO keeping frequency as the varying 
parameter. 

 

 

Fig 4.10: Cole Cole plot foE GO 

As there is no relaxation observed in the imaginary part of dielectric 
constant as shown in fig 4.8 in both low and high frequency domain , 
cole cole plots are not semicircles having no relaxations.GO doesnot 
obey Debyes relaxation. 
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Chapter 5 

Conclusion 

Graphene oxide and reduced grapheme oxides  pellets were   prepared by Hummers Method . 

The FTIR spectra   revealed the  removal of functional groups namely epoxide groups, carbonyl 

group, carboxyl  and hydroxyl groups from GO..The XRD analysis hinted the conversion of 

Graphene oxide to Graphene as indicated by the disappearance of characteristic peak of 

Graphene Oxide. .The dielectric behaviour of GO.  was studied with variation in frequency and 

variation in temperature     with special reference to effect of  –OH and –COOH functional 

groups which are responsible for the  change in polarization of GO sheet under the applied 

electric fields at the various temperatures and frequency... Present study strongly concluded that 

the novel GO exhibits very high dielectric constant and is in the order of 10
5
 in magnitude and it 

increases still with rise of temperature but falls with increase of frequency. This value is very 

high, which is even very high compared to the conventional giant dielectric material such as 

CaCu3Ti4O12  and pervoskites. The reorientation/rearrangement of the attached functional groups 

(- OH and -COOH) in the GO resulted change in the dipole moment and the polarization which 

lead to the high dielectric constant at low   frequency range.   This newly synthesized GO with 

colossal dielectric constant is likely to enable us further scaling advances in performances of the 

electronic and energy storage devices.These GO can be used as reinforcements like dopants to 

synthesize composite materials of high dielectric constant.  The increase the ac conductivity 

with increase of frequency from 0.00004ohm -1 cm-1at 1 Hz to 0.00075 at 1MHz suggests that 

the GO can be used in transmission of signals in the high frequency range. 
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