FUNCTIONALIZED GRAPHENE: CHARACTERIZATION AND MECHANICAL

REINFORCEMENT

by

BrandonGeneHenderson, A.A., B.S., M.S.

A dissertation submitted to the Graduate Council of
Texas State University in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
with a Major in Materials Science, Engineering, and Commercialization
August 2015

Committee Members:

Gary W. Beall, Chair

William J. Brittain

Christopher P. Rhodes

Clois E. Powell

Mary S. Spaeth



COPYRIGHT

by

BrandonGeneHenderson

2015



FAI R USE ANDSRERMIBSRIGNOSTATEMENT

Fair Use

This work is protected by the Copyright Laws of the United States (Public Lédg34

section 107). Consistent with fair use as defined in the Copyright Laws, brief quotations
from this material are allowed with proper acknowledgment. Use of this mdiarial
financi al gain without the authords expres

Duplication Permission

As the copyright holder of this work I, Brandon Gene Henderson, authorize duplication
of this work, in whole or in part, for educationalsmholarly purposes only.



ACKNOWLEDGEMENTS

| would like to thank Dr. Gary Beall for mentoring me during mgdwyate
studies. His patienand insghts have been invaluable to me and | am indebted to him
for his constant help arglidance.l am grateful to have had hias my mentor. would
also |li ke to thank Dr. Clois Powell for al
but the dedication with which he performs it and willingness to discuss a wide variety of
subjectshas been critical ihelping medevelop a deeper level of understanding. | would
like to thank Dr. Christopher Rhodes for taking the time to discuss issues, ideas, and
solutions with me. | would like to thank Dr. William Brittain for taking the timeemh
my committee and give his inpuDr. Mary Spaeth also has my gratitude providing
valuable advice and input. | would like to the members of the Beall research group, past
and present, with whoandassidtanee wor ked f or t he

My greatest thanks go, of course, to my wife Ana. She has been supportive,
patient, and encouraging. | would like to thank and recognize my parents who have
always believed in me and encoged me.l w0 n @d able tgepay their kindness
and sacrifice.l would like to thank my grandmothavluggie,who also has helped me all
my life. 1 would like to offer my lhanks to my brother and my sister for their support and
encouragement. Finally, | would like todieate this accomplishment to my daughter,
Brianna. Maybe someday you will read this ameaht you to know | love youYou and

our family are the most important things in my life.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS......cutitiiiiiiiiiiiiiiees ettt e e e e e s s e e e e e e e e e e e e e e e \Y
LIST OF FIGURES ... ...ttt ieeeiiiiietb et ee et e e e e s enee et e e e e te e e e e e e e e e e e e e s s ammmnaeaeeas IX
ABSTRACT . .ttt mmne e e e n e e Xii
CHAPTER

L INTRODUCTION. ...ttt irees b e e e enes bbb eeeeeeeaaaaaeaeeessnmmees 1
1.0 INErOTUCTION.. ...ttt ceeei bbbt e e e e e e e s errr e e e e e e e e e e e e e e e e e e e s e s s nmmneeeeeeas 1
1.2 REVIEW Of LItEIratUrE. .. . ciiei e e e e e eeiee e eeeeeeee et 7.

1.2.1 Epitaxial growth on Silicon Carbide...............cvviiiccceceee 7.
1.2.2 Chemical Vapor Deposition on Metals.............ccccvviviiemmniiiiiiiiiiiieeee, 9.
1.2.3 Synthesis via Polycyclic Aromatic Hydrocarbons...........cccceeeeeeeeeeeees 11
1.2.4 Micromechanical Cleavage.............ccooovviiiiieeeec e 12
1.2.5 Solvenbased EXfOliation..............ueeiiiiiiiiieeeicieeee e eeeeee e 12
1.2.6 Exfoliation via Intercalation Compounds...............cccovvvvvieeeneeeeceenenee, 13
1.2.7 Electrochemical EXfoliation...........ccoeeeeiiiiiieeeee e 14
1.2.8 ArC DISCNAIQE.....ccieeeieeieitce e e errn s a e e e e e e e eeees 15
1.2.9Exfoliation of Graphite OXI0e.........ccevviiiiiiiiiiiiieeeee e 16
1.2.9.1 Structure of Graphite OXide........ccceeeeeeeiiiiiiieeeiii e 16
1.2.9.2 Chemical Reduction of Graphite OXide...............oeeeeiiiieeeirnennnnen. 18
1.2.9.3 Photocatalytic Reduction of Graphite Oxide................coovvveeennn. 19
1.2.9.4 Electrochemical Reduction of Graphite Oxide................ccvvveeenn. 20
1.2.9.5 Solvothermal Reduction of Graphite Oxide..............ccvvvvvieemeee... 20
1.2.9.6 Thermal Annealing of Graphite OXide..........cccceeeviviiiiccciieeeeeee, 21
1.2.9.7 Microwave and Photaadiation of Graphite Oxide....................... 23
1.2.10 Commercial Outlook for Graphene and Graphite Oxide
Production Methods.............oiiiiiiii e 23
1.2.10.1 Commercial Qlook for Graphene from Epitaxial Growth on SiC24
1.2.10.2 Commercial Outlook for Graphene from CVD........................... 24
1.2.10.3 Commercial Outlook for Graphene from Ligplthse and
Thermal EXfoliation...........ooooiiiiiiiiiiieeee e 25
1.3 Dissertation EffOrtS...........uuuuuiuiiiiiiiieeiiicress e erenrnss e e e e e e e e 26
1.4 Tecmical REIEVANCE........ccooiiiieie e 27

\Y



2: EXPERIMENTAL METHODS......ooiiii e 29

2. 1MaterialS USEM.......coeiiiiiiiiiei e 29
2.2 EQUIPMENT USEA. ... ..ottt emmt e e e e e e e e e e 29
2.3 Preparations and Methods...........ccooovviiiiiieeei e 30
2.3.1 Preparation of SEM SamMPIES........coooiiiiiiiiiiiiice e 30
2.3.2 Preparation of AFM SamPIES.........covvviiiiiiiiiireeeeeis e 30
2.3.3 Preparation of FTIR samples............ooooiiiiiiiimn e 30
2.3.4 Preparation of XPS samplesS...........ccoooiiiiiiiieeee e 31
2.3.5 Preparation of Raman Samples.........cccoiiiiiiieeneeeeeee, 31
2.3.6 Preparation of HUMIC ACId............ooovmiiiiiiiice e 31
2.3.7 Extrusion of HAPS NanoCOMPOSIES.........ccccuvvvvviiiirieemiiiiiiivieeeeeeeee 31
2.3.8 Extrusion of HAMATfPP NanoCOMpPOSItES.......ceevvieeiieeeeiievieeeie e, 32
2.3.9 Injection Molding of HAPS Nanocomposites...........ccccvvvvveevivineneeeeene. 32
2.3.10 Injection Molding of HAMAfPP Nanocomposites..............cccceeeeeennnes 33
2.3.11 Solvent Casting FBU NanoCOMPOSITES........ccvvveieieiiiiiiiiceieeeeeeeenn 33
2.3.12 DMA of PS and HA?S NanOCOMPOSItES.......cccevveeiieeeeiiiiieeeie e, 34
2.3.13 DMA of MATPP and HAMATPP NanoCOmposSites..........cccceevvvviiies 34
2.3.14 DMA of PU and PUFG NanoCcOmMpOSItES..........ccceevvvvvvvviiimmmeeeeeeennnns 35
3:RESULTS AND DISCUSSION......cciiiiiiiiiiiiiiiiinees s sanesseseeeees 36
3.1 Characterization of Functionalized Graphene...........cccoooeeiiieeeeviiccceeeeeennn. 36
B LLSEMOf FGu.oiiiiiiiiiic e e e e e e 36
B L2 AFM OF FG.ooiiiiiiiii ettt e e e e 37
B L3 FFIROFFG AN HA ..o 38
3.1.4Raman of FG and HA.........cooiiiiiiiieieeee e ereee e 39
B.LE5XPS Of FG and HA......coo oo e e s 42
3.2 Characterization of Polymers and Nanocomposites.............ccooovviceeeeennn. 44
3.2.1 DMA of MAfPP and HAMAfPP NanoCoOmMpOoSIites............cccceevvvvvevieen 44
3.2.2 DMA of PS and HAPS NanOCOMPOSItES........ccceevriiiiiiiiiicee e 45
3.2.3 DMA of PU and F&U NanOCOMPOSILES..........cceeeevreiriiiiicceeieeeeeeeeinann, a7
3. 24 XRD Of HA ..o 51
3. 25 XRD Of FG @nd PlU......cooiiiiiii e e 53
4: CONCLUSIONS . ...ttt rres ettt e s enns st e et e e e e aeaaaaeeeesemmees 56
S YU 11 0 4 = Y P 56
4.2 FULUIE WOKK....oeiiiiieiiiei et e e et eene e e e e e e e e e e e eeeeneeennnn s mmme e 57

Vi



APPENDIX SECTION. ..ottt enees e e e e e e e e e e e e eenneneas

REFERENCES

vii



LIST OF TABLES

Table Page
1: Weight and volume of PU and FG solutions used...............ooooiiiiccee e 33
2: Mechanical reinforcement of polymegraphene nanocomposites....................... 50
3: Abbreviations and DefiNitioNS..............uuuuuuiiiiiireeeiieiirrr e errnre s 59
4: Calculations of average storage modulus and standard deviation in MAfPP and
HA-MATPP SAMPIES.......ooeiiiiiiiiiiie e e e aeemia s e e e e e e e e e e e e e eeeeenaesanea 66
5: Calculations of averageosage modulus and standard deviation in PS and
HA-PS SAMPIES.. ettt eeee e e areees 73
6: Calculations of average storage modulus and standard deviation in PU and
FGPU SAMPIES. ... mmne e 84
7: Variables used in Halpifisai Equation with references...............cccocciieeennns 85

viii



LIST OF FIGURES

Figure Page
1: Direction that stigs is applied in compression, tensile, and stesing .................. 2
2. Graph of sinusoidal stress function and strain function for an ideal elastic
material, ideal viscous material, and viscoelastic material...................ccceeeneee. 3
3: Graphical representation of BernalB stacking of two sheetsf graphene........... 9
4: The LerfKlinowski model of thestructure of graphene oxide...................cccneces 17
5: ScholzBoehm model 0 0...........eiiiiiiiiiiee e 17
6: Structure of GO proposed by Dekaney aalteagues................cccooevvvvvvieeeeennnne, 18
ST =AY T = Vo =0 ) B TR 36
8: SEMImage Of FGu.....ooeeiiiiiiiee ettt 37
9. AFM Of FG SNEEL......eeeiiiieiie et 38
0 e = o) o = 0o I 39
11: Raman SPectrum Of HA ... ..o 40
12: Raman SPECtrUM Of FGu........uuiiiiiiiiiiiiiiie e 40
13: XPS of the Cl1s region for HA and FG..........ccccviviiiiiiiieeeiiiiiiiiiiieeeeeeeeee e A2
14. XPS of the Olsregion for HA and FG............cooiiiiiiiiiiemriieiieeeeeeeieee e 43
15: DMA of MAfPP andHA-MATPP samplesS..........ciiiiiiiiiiiiiceeicie e 44
16: Average storage moduluskf-MAfPP samples at 30° C...........ceevvvvvieeeeeeeen 45
17: DMA of PS an@HA-PSSamMPIES.......uiiiiiiiiiii et eene e 46
18: Average storage modulustf-PSsamples at 30° C..........oovvvvveiiiiiiiiceeennnnnnns 47

iX


file:///C:/Users/Generic/Desktop/Dissertation/DissertationVer11.docx%23_Toc423341248
file:///C:/Users/Generic/Desktop/Dissertation/DissertationVer11.docx%23_Toc423341249
file:///C:/Users/Generic/Desktop/Dissertation/DissertationVer11.docx%23_Toc423341250

19:

20:

21:

22:

23:

24:

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

37:

38:

39:

DMA of PU and=G-PU SamPIes.......ccoooeiiiiieiiiiiiieeieeee et meme e 48

Average storage modulusfB-PU samples at 30° C....ovvvevveeieieeieeeiiieieeeeceeea 49
XRD Of HA POWAEK.... ..o i ettt s e e e e e e e e e e e e ean 51
XRD of HA, MAfPP, 1.0%1A-MATPP, and 2.0%IA-MATPP..........cccceeiiiiiennn. 52
XRD of HA, PS, 1.095A-PS and 2.0%61A-PS.......cccooiiiiieeeeeeeeeeee 53
XRD Of FG POWAET ..ot e e e e e 54
XRD 0f FG andFG-PU SAmMPIES.......oeeiiiiiiiiiiiiiiieiiie e 55
DMA of neat MAfPP SamPIEs...........ooovviiiiiiiiiimce e 60
DMA results for neat MAfPP showing storage modulus at 30°.C.................. 61
DMA of MATPP- 1.0% HA SampPIes..........oooviiiiiiiiiiiiimreeeeeees e 62
DMA results for MAfPR 1.0% HA showing storage modulus at 30°.C........... 63
DMA of MATPP- 2.0% HA SamPIEs.......cccoiiiiiiiiieiee e 64
DMA results for MAfPR 2.0% HA showing storage modulus at 30°.C........... 65
DMA Of Neat PS SAMPIES.......ccciiiiiiiiiiiiiiieeeiie et 67
DMA results for neat PS showing storage modulus at 30°.C...............oooce 68
DMA of PS-1.0% HA SamMPIES.......coooveiiiiiiiiiii e eernn e 69
DMA results for PS 1.0% HA showing storage modulus at E°...................... 70
DMA of PS-2.0% HA SamMPIES......coiiiiiiiiiiiie e eeee e e 71
DMA results for PS2.0% HA showing storage modulus at 30°.C.................. 12
DMA Of NEat PU SAMPIES.......uuiiiiiiiiiiiiiiie et 74
DMA results for neat PU showing storage modulus at 30°.C............cc.vvvvveee. 75

X



40:

41:

42:

43:

44.

45:

46:

47:

48:

49:

50:

51:

52:

53:

54.

55:

56:

57:

58:

DMA of PU-0.1% FG SAMPIES......ccoviiiiiiiiiiiii s ceeiiirs s e e e sennnn e 76

DMA results for PU 0.1% FG showing storage modulus at 80°...................... 177
DMA of PU- 0.5% FG SAMPIES.......cooviiiiiiiiiiii et e e eennn e 78
DMA results for PU 0.5% FG showing storage modulus at 30°.C.................. 79
DMA 0Of PU- 1.0% FG SAMPIES.....ciiiiiiiiiiiiieeeee e 80
DMA results for PU 1.0% FG showing storage modulus at 30°.C................. 81
DMA 0f PU-2.0% FG SAMPIES.....ciiiiiiiiiiiiiee e 82
DMA results for PU 2.0% FG showing storage modulus at 30°.C................. 33
XRD 0Of NEAE MATPR......eeeiieee e 86
XRD of MAfPP-1.0% HA SampPle...........uuuuiiiiiiiie e eeeeaeeen e 87
XRD of MAfPP- 2.0% HA SampPle...........uuuuiiiiiiiii e eeeeevveeee e 88
XRD of neat PS sample.........oooiieee e 89
XRD Of PS-1.0% HA SaMPIe.....ccoiiiiiiiiiiieeee e 20
XRD 0Of PS 2.0% HA SAMPIE.....ooiiiiiiiiiiiiiieee e 91
XRD of neat PU SamPIe........oooiiiiiiireer e 92
XRD Of PU-0.1% FG SAMPIE.....ccooeeeiiiiiiiiii et 93
XRD 0of PU-0.5% FG SampPle......ccoouiiiiiiiiiiie e 94
XRD of PU-1.0% FG SamPI€.....ccooviiiiiiiiiiiiie e s 95
XRD 0of PU-2.0% FG SamPI€.....ccooviiiiiiiiiiiiie e s 96

Xi



ABSTRACT

Polymernanocomposit®with better performance and lower cost are in constant
demand. One of the challenges inherent in this field is balancing these two factors.
Graphene provides the possibility of producing high performance polymer
nanocompositebut is too expensive fadoption in a variety of commercial applications.
Currently, oxidation of graphite followed by reduction is the most effsttive method
for providing graphene like material for use in polymanocomposite This method
often requires the use of orgasolvents, which are expensive and harmful, or
surfactants, which are not easily removed and affect the properties of the resulting
material. The resultshownheredemonstratéhatfunctionalized graphenéerived from
humic acid provides mechanical reinforcement in polymanocomposi® This
provides anovelsourcefor graphendike material and eliminagghe need for an
oxidative step currently used to exfoliate graphRanctionalized grapherteas
properties similar to @t of graphene including being atomically thin. It also has the
compatibility necessary for inclusion in a water dispersible polyurethane matrix.
Functionalized graphene was well dispersed in these systems and psivide
modulusmechanical reinfoment of 50% at 1.0% loading which is higher than the
level of reinforcement reported in comparailaterials This level of storage modulus
mechanical reinforcememtould require a 4%oadinglevel of montmorillonite nanoclay
to get an equivalermountof reinforcemenand is 45% of thetorage modulus

reinforcemenpredictedwith the HalpinTsaitheoreticaimodel.
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CHAPTER 1: INTRODUCTION
1.1 Introduction

There is a constant demand for new materials that have better e e
lower cost Nanocomposite are answering these demands by providing a lightweight
material with corrosion resistance, high fatigue strength, and facile processifitigy
are used in multiple commercial applications including aircraft components, electronic
packaging, medical equipment, and home buildiragerialss Nanocomposite are
blends of two materialsvith distinctstructureproperty relationshipsEach material in
thenanocompositeetains its separate identibyit theywork in combination to givéulk
nanocompositenaterial characteristiosith synergistiqoroperties of each individual
material. Polymer mnocomposite have discrete phases consisting pblymermatrix
phase and at least one dispersed phake.miatrix phase is sometimeserred to ashe
primary phase because it is continuous and entlaselspersed phasen polymer
nanocomposited is usually the leshard phase. The dispersed phase in embedded in the
matrix phase and is discontinuous. polymer nanocompositetsis usually stronger than
the matrix phase and, for this reason, is sometimes referred to as the reinforcing phase.
The grength of a material is how wellwtithstandsanapplied stress without
failing. Adding a reinforcing phase tor@nocompositécreases the strengtin
toughnes®f a material by providing mechanical reinforcemeviechanical
reinforcement can be describedvarious terms depending @rhat kind of stress is
applied to the material. Examples of direction that stresgbeapplied are shown in

Figure 1 whith shows compressive, tensile, aibar stre€s.
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a) Compressive b) Tensile ¢) Shear

Figure 1: Direction that stress is applied incompression (a), tensile (b), and shear (c)
testing.

Modulus is the term used to describing how well a material resists deformatiorannder
applied stress. élv well a material resists deformation under compressive stress is called
thecompre si ve modul us, wunder tensile stress
modulus, and under shear strisssalled shear modulusMaterials also have storage and
loss moduli which are useful for evaluatingahanical reiforcementf a reinforcing
phasem ananocompositenaterial. Storage and loss moduli are properties of viscoelastic
materials. They can beaasured by placing a samplesgveral configurations,
includingtensileand/or single cantileveronfiguratiors, in a dynamic mechanical
analysisSsDMA) instrument. The DMA appliestress and releases the stress in an
oscillatory, sinusoidal manner. If the strain of the sample occurs in phase with the
applied stress the materialaghibiting an elasticresponse If the strain of the sample
lags e applied stress at an angle of @@ material i®xhibiting aviscousresponse
Most materials have elastic amdcousbehavior as a function of temperatu@raphs of
sinusoidal stress functions plotted with strain functions corresponding t@ gléstous,

and viscoelastic properties are shown in Figlire
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Figure 2: Graph of sinusoidal stress function (blue) and strain function (red) for an ideal
elastic material (left), ideal viscous material (middle) and viscoelastivaterial (right). Time
is representedon the horizantal axis and amplitude is representedan the vertical axis.

Il n Figure 2 the ampl it ud g thedmplitudeofthd gheass mi ¢ s
strain function is~ o, the imposed oscillationfrege ncy i s ¥, and the shi
the dynamic stress f unc tTherespoase ofthsrhatkedalto st r a
the stress sine wave yields a complex modulus which is the sum of the elastic (storage)
modulus and imaginary (loss)odulus. The storage modulus measures how much
energy is stored in a material when stress is appliethendss modulus measutesw
much of the energy is lost, most commonly as héating a dispersed phase to a
polymermatrix to increase the storageodulus of the material is one type of mechanical
reinforcement and can be used to evaluate and quantify the reinforcement imparted by the
dispersed phaseéAn increase in the storage modulus olaamocompositenaterial as
compared to the pure polymeras increase in mechanical reinforcement. D&A
nontdestructiveaest method that measume®dulusas a function of temperatuesery
time a sine wave stress is applied. Thus, the complex maatilusll aghe calculatel
storage and loss moduif amaerial can be determinedhile sweeping across a range of
frequenciesndbr temperatured.

Themagnitude ofmechanical reinforcemeit ananocompositenaterial depends

on many fatorsincluding the morphologgf the dispersed phase, disperpbdsématrix



phasenterfacial interaction, percent loading (often given in weight of dispersed
phase/weight of matrix percent or wt/wt %), and properties of the matridispelrsed
phase$. If all other factors are emlthenadding a dispsed phase with a highemsile
modulus will increas the tensile modulus of the resultimgocompositenorethan
adding adispersed phase with a lowensilemodulus. In order to produce a
nanocompositenaterial with a high modulus one would want to use a dispersed phase
with a high modulus A common example of this is the use of glass fiber to reinforce
polyester resin. The tensile modulus of a typical polyester resin with no reinforcement is
~55 MPa and the tensile modulus of a commoty(e) glass fiber i80 GP& However,
when this type of glass fiber is chopped and dispersed in the polyester at a 30% wt/wt
loading, the tensile modulus of the resulting fiberglass is ~100%\fRae were to add
glass fibers with aigher tensile modulus thantigpe glass fiberge.g S-type glass
fibers, 89GPa tensile moduldsunder the same conditiorteetensilemodulus of the
resultingfiberglasscomposite would be high&r

Graphene has the highest tensile modulus of any known materiggiaén
appealing filler for increasing the mechanical strength of polyrarocomposite
materials. Graphene is a single sheet of-bybridizedcarbon atoms and has a tensile
modulus of 1,000 GP4. The significance of the modulus of graphemey be
highlightedby comparing it tdhe tensilanodulus ofstructural steeglASTM-A36) which
has a tensile modulus 800 GP&. Thus, graphene would provide a large increase in
mechanical strengtim polymernanocomposit® However, graphene does not have
functionalities conducive to favorable matfilter interactions. Lack of these favorable

interactions not only limit the dispersion of graphenmost polymers, but also prevent



the transfer of ap@d force from maix to filler. These areritical to mechanical
reinforcement imanocompositenaterials.

Morphology isanother important consideration of dispersed phase material
because it affecthie degree to whictheywill interact with the matrix phase. In order
maximize the interfacial intaction between the matrand dispersed phasthe surface
area of the dispersed phat®uld be maximizedAssuming complete exfoliation
sufficiently low level of loadingand favorable compatibilityg dispersed phaswith a
higher surface area will interact wiéhmatrix phase more than a dispersed phase with a
low surface areaDispersed phasesith a plate like morphology have higher surface
areasand higher aspect ratitisan dispersed phasekequal volumevith aspherical
morpholoy enabling thengreater interaction with the matrix pha$ée chemical
inertness of graphene makes dispersion challergimegeagunctionalized graphereas
improved interaction witimany polymer matricedue to its high surface area and
increasedompatibilitywith the polymer matrixThe small dimensiosof graphene and
functionalized graphene meet the criteria (at least one dimension less than 6@ nm)
themto qualifyasnanopatrticles and theanocompositethatincorporatehem as a
dispersed phas@e knownasnana@omposits. The high surface area and resulting high
interfacial interaction of nanoparticles with matrix phases prodanecomposits that
demonstrate mechanical reinforcement at loading levels as low as 0.5% (wt/wt).

Graphene is oftedescriled to be of a certaiquality. It is important to note that
guality in this sense refers to the degree to which the product resembles a perfect
graphendike structure and not its suitability for a specific uséigher quality graphene

is more useful for some applicationsile lower quality graphene is better suited to other



applications.Most methodg$or producing graphene leave some defects and/or
functionalities on the materiallherefore, the terms graphene &mactionalized
grapheneRG) used here refer wimilarity of the materiato pristinegraphenavith the
understanding that they beasemblancéo each otherand the point at which one term
is more applicable than the other is not well defined

Therehave been a variety of wagé makinggraphene an8G reported.These
methods are covered in more detail in Section 2: Review of Literature. All of these
methods have drawbacks, the primary one being €astrently, exfoliation of graphite
is one of the most cost effectitechniques of producingne ype of FG known as
reduced graphene oxide (rG8)There have been multiple methods developed to
accomplish thisncludingvarious methods fahe exfoliation ofgraphite These
exfoliation methodswhile capable of mass producti@nestill rather expensive and
require the use of reagents that are difficult to work with and dispose of. Therefore, it
would be of economic lefit to develop a method of producifumctionalizedgraphene
at a lower costising reagents more amenable to industrial and commercial use

Production ofGO on an industrial scal@volvestwo steps. The first step is to
oxidizegraphite in order texfoliateit in an appopriate, usually aqueous solutiomhe
second step is a reduction which is usually done via chemicabdsefinotherstarting
material recentlyisedto makeFG material is lmmic acid(HA) whichis a highly
conjugated carbonaceoustarial that cabe sispended in bas@queous solutionslt is
found in soil, coal, and marine environmehtdJsingHA asa starting materialo

prepare FGliminates the need for an oxidatistep.



1.2 Review of Literature

There have been many methods utilized to synthegiaptene and=G. They can
be generally divided into two different subgroups. Some methods separate layers of
graphite to produce graphene d&f@and can be referred to as tdpwn methods. Other
methods utilizea carbon containing source in order to produce graphedean be
referred to as bottormap methods. Bottorap approaches include epitaxial growth on
silicon carbide, chemical vapdeposition (CVD) and synthesis via polycyclic aromatic
hydrocarbons Top-down approaches include micromechanical cleavageent-based
exfoliation,exfoliation via intercalation compoundsgectrochemical exfoliation, arc
discharge, unzipping carbon nanotubes, and exfoliation of graphite(@®@)e Each

approach will be discussed individually.
1.2.1Epitaxial growth on Silicon Carbide

In ultrahigh vacuum atround 1000C the silicon in silicon carbide (SiC)
sublimatesausingcarbonatoms and theioonds to rearrangesulting in eitheasingle
layeror multiple layers of graphertd ** Formation of graphene starts at the outer layer
and ontinues inward consumirapproximately three layers of St€ form one sheet of
graphené>'®First, a carbon layer is formed that is isostructwith graphene butacks
sp’ character an still bonded to silicon atoms in the lower layéthen silicon i the
lower layer begins to degb the uper layer is converted to graphene and carbon in the
lower layer is again isostructural with graphene but lackifgispracter and bonded to
the silicon in the next lower lay&t. Graphene layers continue to form irstvay;

slowing with each layer producedhelayers of graphene slowesorption of silicomn



lower SiC layerss the silicon must diffuge the sample edges or to a defeagriaphene
(e.g. a grain boundary or pinhole) to escape the laleerefore, gaphene with fewer
defectdeads to fewer layeiseing formed The quality of graphene grown from SiC can
be improved by increasing pressure with an inert(gas argonandincreasing the
temperature to 1450500 C. The improved mobility of the carbon atoms under these
conditions enhances the quality of the graphene formed and subsequently limits the
number 6 graphene layers formed to one or two"*° In addition to thermal annealing,
pulsed electron irradiation has also been used to promote the preferential sublimation of
silicon from SiC* Research intoptaxial growth of graphene on SiC hasmarily
focused on thsilicon rich 1t 1T Tt @ndcarbon rich 1t TtET surfaces of hexagonal silicon
of the 4H and 6H polytypebough it has alsbeen demonstrated on cubic phase. i€
The growth mode of graphene on both the silicon and carbon rich faces is the same
however their stacking arrangement is differeBraphenasheets grow on the silicon

rich face stack in Bernal (i.e. AB) configuration (see Figur®,whereas, gaphene

sheets grown on the carbon rich face stat&tionally in layers rotated 30or £2.20

with regard to the direction of the SiC on which they are groWire three orientations
are interleaved which results in a high density of fault boundaries between the layers.
This causes electronic decoupling of the layers in such a way that the electronic

properties of single layer graphene (SLG)@edominantn the stackedystent?



Figure 3: Graphical representation of Bernal (AB) stacking of twosheets of graphene.

This method of producing graphene is updatharily in electronicapplications
because it has the advantage of producing conductive graphene coandantive SiC
substrate.Graphene produced using this method is of high quality mividual
crystallites reaching lateral dimensions in the hundreds of micronf2téte demanding
conditions required and the cost of SiC wafers are two chalhat must be addressed
in order to make this method commercially viable. One possible solution to reduce the
temperature required involves applying a thin layer of nickel as a catalyst to promote
graphene growth atemperatures in the range of 7800 C.2%?® The cost of this method
may also be reduced by usidgeapercubic SC asasubstrate but research regarding this

possibility is still ongoing and has not yet proven effectfve.
1.2.2 Chemical Vapor Deposition on Metals

CVD involves pyrolysis of gases containing carpasually at high tempatures.
Graphene is producemh various transition metal substratebowing pyrolysis The
method ofgraphene growth proceeds via surface catalysis, segregation effect or some
combination of both. In surface catalysis the carbomaining gas decompesand

graphene formation tak@lace on the metal surface. This mechanism tends to be self



limiting becausegraphendayers deposited on the substrate passitaesurface of the
metal. Inthesegregatiormechanisme¢arbon is dissolved ithe bulk metalat elevated
temperatures. Whehe metal is cooled carbon becomes less soluble in the anetal
diffuses to thesurfaceforming graphené® 3" However, t is difficult to control the
number of layers of graphern the segregation procesehis method has significant
independentariablesthatmust becontrolledincluding he amount of carbon diffusing
into themetal, thickness of the substrate, composition of the substrate, time, and
temperature The type of metal substragealso an important consideratihFor
example, a nickel (111) substrate with an atomically smooth surface that is a single
crystal (.e.no grain boundaries) tends to prodéew layer graphend=(LG) whereas
polycrystalline nickel tends to produce layers of gragh@raphite) of variable thickness
containing significant levels of imperfections. The grain boundaries act as nucleation
sites for the formation of graphene and differences in cooling rates between the crystals
produce variations in thickneds.

CVD hasproduced grapher@n a number of transition metals (Bé*Ru
C0 %38 Rh 3940 4142 324346 py 4748 p 49 Cyy °H58 Ay>") andmetalalloys (CuNi,>® !
Au-Ni,®? Ni-Mo,®® stainless ste@f"®**Mn-Cu®®). Much of CVD researcthas focused on
copper as a substrate because carbon is insoluble in copper (below 0.001 atomic % at
1000 C®). This insolubility limits CVD on coppeexclusivelyto thesurface catalysis
mechanism. Thushder controlled condition§&VD on copper can resutt a monolayer
of layerof graphene For electroniapplications it is often necessary to transfer the

graphene sheet(s) to an insulatingsttate. Such transfensve been develogé 4>
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yet still suffer fran issues that must be controlled including grain size, wrinkles, ripples
and doping level$®®®

It has been shown that CVD can be accomplished at lower temperaturé&O(B00
C) if the carbon source is introduced as a plasma. These methods are known as plasma
enhanced CVD or PECVD. This method has been demonstratednishogvaveand
radiofrequency excited plasma on substrates including nickel, copper, and stainless
steel®¥ "2 Although this lowers the temperatwegjuired for the process, new problems
are introduced The electrical field produced by the interaction of plasma with substrate
promotes growth of graphene sheets perpendicular sutsstraté? It has been
demonstrated that this shortcoming may be remedied by moving the plasma generation
upstream of the substratmi the temperatureequiredwasincreased to 65350 C."*

The commercial viability of this method widl be revolutionized it was able to
being applied to arbitrary substrates and/or modified in such a way that it could be
applied at low temperaturesid produced materialith very few defects. If this were
achieved it would eliminate the need for a transfer step in theefocase, and improve
the compatibility of this method with microelectronic technologies in the lattertase.
Substrate free CVD, which might kaitable for applicatioto an arbitrary surface, has

beenaccomplishedn the laboratory but has ndémonstrated commercial viability
1.2.3 Synthesis via Polycyclic Aromatic Hydrocarbons

Synthesis of planar sheets of sybridized carbon with lateral dimensions up to
~3.2 nm has been known for some tifi&* This botom-up synthetic approach is based
on the chemistry of pobyclic aromatidhydroarbons (PAHS) and ranges from multiple

ring moleculesup to a structure consisting 822 carbon atom@&222PAH).2* This
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approach is capable of producing kgbridized ring systems of specific sizebapes,
symmetriesfunctionalities,and edgesMolecules consisting of a hybridized core with
pendangroupsthat sterically bend the molecule away from planaaitg graphene
molecules with zigzagdges have been produégd®These structuresndPAHs

containing heteroatonshow potential fosmall graphendike molealles withtunable
optoelectronic properti€§:®” One problem with this approach is the size of the PAH is
limited by a lack of solubility in organic solventsThis may be remedied to some degree
by attaching pendant aliphatic groups but solubility still decreases with the size of the

molecule!®88

1.2.4 Micromechanical Cleavage

This is the first method by which a single sheet of graphene was isolated and
characterized and consistsrepeatedly peeling apart the graphene sheets in graphite
using tape until a single layeris obtaif®d. t i s al so known as the ¢
of féd6 met hod. Thi s met hodbuble,anddew ay®eb | e of pr
graphendSLG, DLG, and FLGespectively. TheSLG, DLG and FLG sheetge of
high quality because there is little processing involved. Howevepytioedures labor
intensive and impractical on a large scale. Therefore, the samples produced by this
method are generallymited to researctapplications for thstudyof fundametal

properties of grapherfé&®®
1.2.5 Solventbased Exfoliation

Graphite is a good source lufyh quality graphene sheets. Separatiregstieets

from the bulk is not aimpleundertaking and the number of processing steps must be
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minimized toproducegraphene sheets bigherquality. Solventased exfoliation

begins withgraphite as th starting material and utilizessolvent to separate the sheets of
graphene, thereby minimizing the number of processing.&téfmwvever, sonication is
sometimes used to promote separation which reduces thd gieegraphene sheets.

An array of solvents and methods have been studiexffttiate graphite to
graphené* It was found that smethyl pyrrolidongNMP) gavethe most SLGhees in
solution at a weight percent of ~I¥4NMP has a high boiling point (20&) and is not
easily removed following solvatiotl. Other solventhiave beervaluated yet none
produced as many SL&hees as NMP It was, howeverfound that many solvents
producel FLG containing less than five stacked shéktShe probability of this method
being used to pradte bulk graphene for commercial use is unlikely because of its
reliance on organic solvents as well asatiditionalprocessing that would be required to
separate SLG, DLG, and FLG from each other and the remarapdpite However, it
may provide a \@ble method for producing high quality graphene for fundamental

studies->*
1.2.6Exfoliation via Intercalation Compounds

Exfoliation via graphite intercalation compounds (GICs) has been accomplished
by either generating gas éxfoliategraphene sheets reducing graphene sheets to
exfoliate them in solutiof’**®Thermal expansion is an example of the former and was
first reported in 1916vhere it was demonstrated tlexfoliated graphite could be
produced by heating graphiteomine intercalation compoundfslt was originally

referred to as expanded graphite and later exfoliated grapfitaterest in exfoliated

graphite increased i neatsHire exingusBebagents, shermal s e
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insulators, and a variety of other applicatidh§his approach hasso beemeportedvia
intercalation ofonic liquid crystal{ILCs) where heat is used to assist in intercalation of
the ILCs (100C). The material is thelmeated until gas is produced by ILC
decomposition (700C).** A lower temperature approa¢h100 C) has been
demonstrated using iron chloride (FgCGInd nitromethane (GMNO,). Iron chloride
assists inntercalation of nitromethane which is subsequently decomposed via microwave
radiation® Supercritical carbon dioxide (GPhas also been used where it is first
intercalated and then depressurized, generating gasebos choxide in the
interstices?’

Exfoliation of reduced graphene sheets began wérgaity componds consisting
of graphite, aralkali metal, and a polar orgarsolvent were demonstrated in the late
1 9 6 ¥ bwsas later showrhiat tetrahydrofuran (THF) could be reversibly intercalated
in graphite that had been reduced with a mixture of potassium andhatgpiet® This led

to spontaneous exfoliation of graphite using potasdiased GICs in NMP’
1.2.7Electrochemical Exfoliation

Due to its electronic structure graphene can si@neelectron acceptor (oxidizing
agenj and an electron don@reducing agent) and has both an electron affinity and
ionizationpotential of 4.6 e\?*'®Initial examples of electrochemical exfoliation
involved exfoliaton of graphene from sacrificial goaite anodes. In one example of this
method poly(sodiund-styrenesulfonatg)PSS) was used as an electrolyte and surfactant
with two graphite electrodé$! The hydrophobic portion of PSS served to interact with
t h eorbifals of graphene sheets and the hydrophilic portion stabilized theaten and

prevented restacking? However, surfactants are difficult to remaaed have been

14



shown to affect the electrical properties of graph8h&-In another study, a variety of
electrolytes (HBr, HCI, HN@ and BSO,) were used in the presence of a graphite
anode’® It was found thabnly H,SO,;-KOH solutions provided adequate efficiency for
electrolytic production of grapheri&. More recently it has been shown that graphene can
be exfoliated electrochemically from the cathode with lithium GICs followed by
sonicaton of the expanded electrotf8'°®In these studies sonication produces thermal
shock followed by ultrasonic cavitation in the interstitial GICs which acts to expand the
distance between layers of graph&Heraphite intercalation of a lithium salt in a
dimethylformamidepropylene carbonate solution with sonication has been shown to
produce >70% FLG exfoliatin'® A similar experiment using an aqueous solvent in
which the lithium GIC reacts with water to form an interstitial hydrogen gas

microexplosion has produced ~80% FE%.
1.2.8Arc Discharge

Arc discharge between two graphite electrodes of high purity has been used to
produce a variety of fullerenes and carbon nanottfBéshas since been shownat
FLG can beproduced via arc discharge usingHe buffer gases of various
proportions > and buffer gases df,-Ar, Ho-N2, % H,, and H-He-N,.*** Attempts to
make graphene sheets were made using air abdtNvere largely unsuccessftt.
Hydrogen is necessary in the buffer gas to terminate the carbon bonds at the edges of the
sheets and prevent the graphitic sheets from rolling up and cf8&M8A study of the
effects of various buffer gases shoviledt material wittthe highest crystallinity was

producedby arc discharge in an atmospherdpfirogen and heliurh?
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1.2.9Exfoliation of Graphite Oxide

Exfoliation of GO has garnered recent attention as a possibledeatgmethod
of producing functionalized grapheagnd involves the oxidation of graphite, exfoliation
in a solvent, and a reduction step to recover grapliemeharacteristic'® However,
the history of GO began ev a century ago with studiestble chemistry of graphite
including one welknown publication orthe reactivity of graphite done by B. C. Brodie
in 1859 1° He developed a muitep method of oxidizing graphite using potassium
chlorate (KCIQ) and fuming nitric acid (HNg). A onepot version of this method was
later developed bgtaudenmaief'® The Staudenmaier method, along with the Hummers
method using potassium permanganate (Klyre@d sulfuric acid (kBOy) published in
1958 are still the most commarhemicalmethods used toxidize graphiteoftenwith

modifications?>3!118
1.2.91 Structure of Graphite Oxide

To this point graphite oxide (GO) has been used to describe graphite that has been
oxidized but a distinction should be made betw&é@uandgraphene oxide Graphite
oxide is oxidized graphite where there is interaction between sheets, i.e. the sheets are
stacked or intercalated. When this order is disrupted, in a solvent for example, and the
sheets are far enough apart that there is no interaction it is effectively an exfoliated
system. When graphite oxide is dispersed in this manner it is referredrepagne

oxide (eGO)-*®
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Figure 4: The Lerf-Klinowski model of the structure of
graphene oxide.

There have been multiple structural models of @0 eGQproposed but the one
that has found the widest acceptance was proposed by Lerf and Klirmagski on solid
state nuclear magnetic resonance (NMR) expamnisand 5 shown in Figurd.*81°A

second publication by the same authors

proposed similar structure foigraphene

oxidebut withoutcarboxylic acid
functionalities on the edges of the shEef
more recent propesl structurdy Dekany

and colleagues is based dwe tScholzZBoehm

model where there are ribbon regions of

carboncarbon double bonds and oxidized

ihbh a L J L
Ribbon Region } 4 t

chair regions that resemble hexdike chairs 4
Chair Region

(Figure5). Dekany and colleagues expanded Figure 5: ScholzBoehm model of GO.

this proposed structure of GO to a larger scale,
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Figure 6: Structure of GO proposed by Dekaney and colleagues.

hypothesizing thate ribbon and chair regions would be randomly distributed. There
would be a tilt angle between the boundaries of these two regioown in Figure)
and would explain thenacroscopic wrinkling shown in TEM images of G®.

GO and eGQrenotelectrically conductivelue to the disruption in the’sp
bonding networks of the sheét§ While this may be useful for some applications it is
often the case that restoring the electrical properties to that of graphene is desirable.
There have been many reduction techniques employachieve thisgoal including
chemical, thermal, and eleothemical reductionS2 This reduced form of graphene

oxide is often referred to, and will be referred to here, as reduced grapheng@jie
1.2.9.2Chemical Reduction of Graphite Oxide

One of the most common chemical reduction techniques (as well fasthe

reported) is hydrazine monohydraféWhile many chemical oxidizing agents react

strongly with water, hydrazine monohydrate does not and this makes it especially useful

for reducing aqueous dispersionee&Q*® There have been proposdobr the

mechanism of reduction @GOwith hydraziné®”but it is not yet known'® Ascorbic
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acid (Vitamin C) has also been used to reduce,e®@ reduction methodroduces rGO

with similar carbon to oxygen (C/O) ratios as hydrazine, and avoids the toxicity concerns
of hydrazine us&?® Metal hydrides (e.g. sodium hydride and lithium aluminum hydride)
are strong reducing agents that react with water and are therefore unsuitable for use with
agueous dispersions @0 However, the kinetics of the sodium borohydride (NaBH
reaction with water arsuch that the reaction slow enougto allow reduction of

aqueous eGO witNaBH,; whenreducing solutions are made and used immediatély

This reduction was shown to be more effective ti@meduction of eGO with

hydrazine®* NaBH, is most effective at reducing=0 speciesand less so with epaé

and carboxylic acid functionaliti¢” In order to reduce any residual hydroxyl
functionalities on the eGO surfadeetNaBH, reduction is sometimes followed by a
dehydration step using concentrated sulfuric acigb®) which shovg an increase in
conductivity in the resulting rG&® Hydroiodic acid (HI) has also been used as a
reductant and results in rGO with higher C/O ratio and better conductivity than other
chemical reductions. HI also affords fledity in the reduction parameters and can be

used on GO in colloid, powder, and film forms in gaseous or solution environthefits.
Other chemical reductanisve been used to reduce GO include hydroquiffdne,

123
1

pyrogallol}?® strong alkaline solutionS? hydroxylamine'* urea, thioured®* sodium

hydrosulfite!®® and thiourea dioxid&* but have not proven to be as effective as those

previously mentioned?
1.2.9.3Photocatalytic Reduction of Graphite Oxide

GO has ben reduced witlultravidet (UV) radiationandphotocatalystéike

TiO,,"**Zn0 % and BiVQ,.**" The resulting material is a photocataly&iO
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nanaompositewith photocatalyst anchored to the rGleet This prevents collapsing of
the sheets when solvent is removed and allows for facile exdisp in solvent® These
nana@ompositematerials are currently being pursued for usehiot@voltaic devices such

as photocalysis device$® and dyesensitized solar celf§®4°
1.2.9.4Electrochemical Reduction of Graphite Oxide

GO has been reducedan electrochemical cell and is carried out by an exchange
of electrons between GO and the electrdd&&** It can be done at room temperature
and does not rely atme use of hazardous reactants. The potential needed to reduce GO
is dependent on the pH of the buffer solution and it has therefore been proposéd that H
ions participate in the mechanism of the reactfdin one study the reduction of GO was
found to start at0.6 V at reacad a maximum &0.87 V andhe reduction was
electrochemically irreversible at these voltalfé&lectrophoretic deposition (EPD) has
been used to make rGO filmBhe mechanism in unclear but it was found that when a
direct current was applied to the cell the GO sheets would stack in an overlapping
configuration on the positive electrotfé Conductive rGO films were isolated from the

electrode by air drying at room temperattite.
1.2.9.5Solvothermal Reduction of Graphite Oxide

In a sealed container solwsrcan be brought to a temperature well above their
boiling point**° This solvothermal process has been used to react super critical (SC)
water with carbohydrates to produce carbon nanospfitaesipoly (vinyl dcohol)to
producecarbon nanotubed! Thehydrothermal process hatsobeen usedn eGOto

produce rGO andhowed that the process removed oxygen frone®@@ platelets and
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simultaneously restored some conjugatiit was also found that thihydrothermal
process yieldedGO solution under basic conditions @@HL) and aggregated rGO sheets
under acidic conditions (pH=8nd that the latterere not easily exfoliatetf®

A solvothermal reduction of GO has been reported usingdii¢thylformamide
(DMF).2**The reducing agent in this process was a small amount of hydrazine added to
the solvent. While reduction took plaes indicated by an increase in C/O ratio, it was
found that the resulting rGO was not conductinel hada sheet resistance b@-10°
aqa/ sq. I't has been suggested t hatdogingi s poor
caused byhehydrazine**®

A solvothermal reduction of eGO with-iethyt2-pyrrolidone (NMP) has been
reported->° This solvothermal reduction does not take place in a sealed corstadisr
insteadcarried out via refluxng. The rGO produced in this manner had amlyderate
increases in C/O ti@ and conductivity>® However this method, along with the other
solverthermal reductions, produces stable solutions of rGO whialsahelfor some

applications:*
1.2.9.6Thermal Annealing of Graphite Oxide

Thermal annealing is often used in conjunction with GICs. As mentioned
previously, GICs are often intercalated in graphite with heatidgeaolve gas between
the graphene sheets when heated further in order to exfoliate the sheets. The eGO
produced using this method can be reducetilahigher temperatures order to remove
the oxygen but so far this mulitep heating method has yielded only small, wrinkles

sheets>! Carbon from the sheets is removed along with oxygen during the thermal
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reduction step in this process in the form of;C@ducing the mass of the rGO by up to
30%°! This causes both wrinkling ihe sheets as well as breaking them apart?

An alternative method of thermal annealing invaleeseparate liquid exfoliation
step followed by thermal annealif®.In this method the annealing temperature has a
great affect on the reduction of G&:*****"When annealedt &emperatures lower than
500 C the C/O ratio was less than 7 amgen annealedt 750 C it was in excess of
131!t was found thatte conductiity of thin rGO filmswas 50 S/ cm when annealed at
500 C, 100 S/cm when annealed at 700 and 550 S/cm when annealed at 11D&°
Another important consideration of the thermal reduction method is the atmosphere in
which the GO is reduce@hermal reduction of GO has been performed under vaéeium,
in an inert atmospher&®and in reducing atmosphere8*°81% |t is important that
oxygen be excluded from the procéggsause ileads to oxygen etching at elevated
temperature$®n fact, it has been reported that any residual oxygen during thermal
annealing of GO under vacuumsults ina rapid loss of material and a high quality
vacuum (<10 Torr) is therefore requiref*Thermal reduction of GO in atmospheres
containing some amount of hydrogen serve the dual purposenggay@ny remaimg
oxygen as well as participating the reduction of G&2° With hydrogen included in the
process temperatures as losv4b0 C were used to produce rGO with a C/O ratio of
14.91° |t has also been demonstrathdt an atmosphere containing argow ammoia
(NHs) can be used to produce rGO doped with nitrd§&n.

It has been shown that the structure of rGO can be restored and the conductivity
of the resulting material increased (~ 350 S/cm) when anneal&@ & & the presence

of a carbon source such as ethyef®hdnother study showed an even higher level of
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conductivity (~1314 S/cm) could be attained when rGO is functionalized with aromatic

molecules and pyrolyzel§?
1.2.9.7Microwave and Photalrradiation of Graphite Oxide

Thermal annealing is the most common technique used for the thermal reduction
of GOX*? However alternative heating sources have been used including
microwaveé®%and photeirradiation®>%

There are many advantages of microwave irradiation to exfoliate and reduce GO
including rapid preparation (Ol minute dep
sample), uniform heating, and the use of commercially available microwave’d%&tis.

However, the rGO prepared using this method had a C/O ratio of 2.75 and a powder
conductivity of 274 S/m (0.0275 S/cnfy.

Xenon lamps of the variety found on commercially available cameras emit about
9 times the thermal energy (<2 mm: ~1 Jeneededo heat GO films with a thickness
of ~1 ¢ @. Intope study @@ was found that a xenon lamp at a distarleesothan
1 cm was capable of generating the required thermal energy-BfJchf necessary to
reduce GO filmg® It was found that the C/O ratio in these samples went from 1.15 in

the starting GO to 4.23 in the rGO and the conductivityefesultingrGO was ~10

Slcm?!®®

1.2.10Commercial Outlook for Graphene andGraphite Oxide Production
Methods
The class of graphene and GO is determinedrymber of factorsuch ashe

guality of the material, type, number and location of defects, and substrate to which it
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is/may be applied. In order for a production method to be commereiable itshould
also e scalable. There agenumber of production methottsat have beediscussed that
meet these requirements includegtaxial growth on SiC, CVOiquid-phaseand

thermalexfoliation of GO™°
1.2.10.1Commercial Outlook for Graphene from Epitaxial Growth on SiC

Epitaxial growth of graphene @iC produces graphene of very high quality with
crystallite size in the range of hundreds of microméetarowever, the high
temperatures required (> 1,0Q@) arenot convenient for use with silicon electronics.
This, along with the high cost of SiC substrates and small wafer size, limits the use of
SiC growngraphene to niche applicatior@@ne application to which th method lends
itself is high-frequency transists based on HIV materials (e.g. InGaAs and Gal).
Another promising application is meteorological resistance standards which have already
been demostrated to be more sensitive at higher tenaipees than conventional GaAs
based standard Currently the high temperatures required for this method is an
intractable problem and this needs to be addresseéoof this method ia wider range
of applications. Other issues with this method that need to be addressed in the future
include improving the quality of the product (e.g. eliminating terraces and improving
control over the number of layers grown), increasing the size ofignamsheets, and

elimination of unintentional dopint.
1.2.10.2Commercial Outlook for Graphene from CVD

Polycrystalline graphene with large lateral dimensiampsto 30 incheshas been

grown on copper via CVB-'*The high qualityand large dimensions of CVD grown
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graphene make it promising for many applions*® Metals with graphene layers have
high thermal and electricabnduction and enhance the performance of integrated circuit
connections? Since graphene is impermeable and inert, grapiceated metals also

show excellent corrosion resistance, even on complex topograpfiegently, growing
graphene via CVD is expensive due to the large energy consumption and need to remove
the copper substrat@ Although a rolito-roll substrate removal process has been
demonstrated® the transfer process must be optimized in order to make it cost
effective’® The temperature required for this process must also be reduced.Plasma
enhanced CVD is currently being developed which addresses this issue bus it need
further refinement? Application of CVD grown graphene to arbitrary substrates would
be a major boost tihe viability of this metho@nd althoughsubstrateCVD is being
pursued?®’"1"%t does not yet allow enough control over the number of layers deposited
distribution,or sheetsize. Otheissues that must be addressed for this method to be
commercially successful include CVD growth on thin metal sheets (<100 nm), better

control of grain size, ripples and doping, and fine control over the number of1ayers.

1.2.10.3Commercial Outlook for Graphene from Liquid -phase and Thermal
Exfoliation
Liguid-phase and thermal exfoliation include solvbased exfoliation,
exfoliation via GICs, and chemical reduction of graphite oxide methods mentioned
previously.These methods may be implemented individually or in combination to
achieve the desired degr of exfoliation and/or propertie€Solventbased exfoliation
requires a solvent with a surface tension that favors intercalation followed by exfoliation

of the graphene sheets in bulk graphite. The most appropriate solvents discovered to date
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are organisolvents® which are often expensive and harnffuln alternative is the use
of surfactants in aqueous solutions which has been demon$traféout subsequent
removal of the surfactantsdifficult and can affect the properties of the resulting
material® In addition, both of these methods utilize sonication to increase the yields of
SLG and FLG which fractures the sheets and increases the amount of défects.
Exfoliation via GICs, which as mentioned previously is usually done in companeith
thermal shock, generally results in FLG which are still useful as they exhibit many of the
appealing properties of grapheff@xidation of graphite provides an efficient method
for exfoliation in aqueous solution whiclan then be deposited as a thin film on almost
any surfacé® GO can then beeducedusing a variety of methods (as previously
discussedbut complete reduction has proved difficult and elimination of all defects
caused by oxidation is unlikely. Thus, rGO has many desirable properties but they do not
match those of graphen®?*

Bulk grades of graphene produced using these methods are currently available
commercially on the ton scale and being evaluated for numerous applic¢afitres.
products in which these grades of graphene can be incorporated are nuamdrous
include paints, inks, electromagnetic shielding, barriatings, heat dissipation,
supecapacitors, etc. Commercial conductive inks have already been demonstrated and it
is likely that other products based on these grades of graphene will be coalignerci

available within a matter of yeat®.
1.3 Dissertation Efforts

Theefforts of this studyvere threefold. The firstvasto characterize the FG

derived fromHA via scanning electron microscopy (SEM), atomic force microscopy
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(AFM), fourier transforminfraredspectrecopy ET-IR), x-ray photoelectron
spectroscopy (XPS), amdman spectroscopy. The secaovas to prepar@an@omposite
films using polyurethan@PU) as a matrixhatwas compatible with ancaueous solvent.
FGwasadded as a dispersed phase at a variety of loading.l&helse samplesere
used to determine if& provides mechanical reinforcemennimnaomposits using
storage modulus as a measure of mechanical reinforcement. Thedktalprepare
polymernanocompositsamples of the FG precursor materiddA. These samplesere
used to determine if HA algorovides mechanical reinforcementianocomposite HA
is insoluble imeutralagueous solutions sowvitas not possible to make PHA
nanocompositélms in the same walfG-PU nanocompositélms weremade.
Therefore, Wwo alternatematriceswere select for testing of mechanical m&orcement

of HA in nanocomposit® The first HAnanocompositenatrix material was polystyrene
(PS) whichwasselected to determine if the conjugated carbon ring systems in this
polymer interact favorably with those in theoposed structure of HA. The second HA
nanocompositenatrixwasE x x el or E PO 1020, a mal eic anhy
polypropylene polymefMAfPP) designed to interact favorably with polar filléfé. The

dispersion of FGn PUwasevaluated via xay diffraction (XRD)
1.4 Technical Relevance

FG is currentl)commercially available and is being evaluated for many
applicatons. FG derived from HA provides the possibility of an alternative source of FG
requiring fewer preparation steps. However, initial characterization of this material must
be completed. The inggt of FG derived from HA onanocompositeroperties must also

be established. Eiresearch reported in tivirk wasconducted tgrovide initial
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characterization of FG derived from HA and elucidate the impact of this material on

mechanical pyperties imanocompositeviaa polyurethane matrix test case.
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CHAPTER 2: EXPERIMENTAL METHODS
2.1 Materials Used

National Nanomaterials, Inc. provided the FG used as an aqueous dispersion. A
magnetic separation was perfohen the aqueous dispersion and, unless otherwise
noted, was thensedwithout further treatmentHumic acidwas derived from Agro
Lig® leonardite supplied by American Colloid Company. The polyurethane, Bahydrol®
124 was supplied by Bayer MaterialScienceC. as an aqueous dispersion and used as
recei ved. E XMAEPP)avasEsuppli€d byt Ex200 Mobile Corporation and
used as receivedAll other materials and chemicals were purchased from various sources

prior to this project and used as received
2.2 Equipment Used

SEM testing was performed with a FEI
DualBeam scanning electron moscope.AFM testing was performed with a Veeco
Dimension 3100 atomic force microscope and a BudgetSensors® FApI®0
cantilever in tapping modek-T-IR testing was done withRerkin Elmer Spectrum @n
FT-IR spectrophotometerXPS testing waperformedwith a custom molecular beam
epitaxy (MBE) system in the Advanced Functional Materials Laborattofgxas State
Universty. Raman was p&rmed with a Thermo Scientific DXR Raman Microscope
An excitation wavelength of 532 nm was used on all samplM# testing was
performed with & A instruments Q800 dymic mechanical analyzer.xtusion was
done with a Thermo Sciefit HAAKE MiniLab Il twin screw extuder in cerotating

mode. hjection molding was done with a Thermo Scientific HAAKE MiniJet Il
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injection molder.All XRD testing was performed with a Bruker D8 Advance Eco with a
CuKU (1. 54 1M XRD) sanplesweredeiedt 70° C under vacuufor 48

hours prior to testing.
2.3Preparations and Methods

2.3.1 Preparation of SEM samples
FG solution was filtered using Whatman filter paper with a 0.20 micrometer pore
size. The solid collected on the filter paper was rinsed once with deionized water
(diH20). The solid was redispersed into giH The resulting dilute FG solution was spin
coated on a silicowafersubstrate. The samples were dried under vacuum overnight in

vacuum oven at 70° C prior to SEM testing.
2.3.2 Preparation of AFM samples

Dilute FG solution was prepared as the SEM sample above except it was spin
coated on a freshly cleaved mica substrate. The samples were dried under vacuum

overnight at 70 C prior to AFM testing.
2.3.3 Preparation of FTIR samples

FG solution was filtered and washed as the SEM sample above. The solid
recovered from the filter paper was collected and dried under vacuum overnight in a
vacuum oven at 70° C. Tlselid was ground with a mortar and pestle and dried under
vacuum overnight in a vacuum oven at 70° C. The powder was then mixed with dry
potassium bromide powder and pressed into a pellet. The pellet was then used for FTIR

testing.
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2.3.4 Preparation of XPSsamples

FG solution was filtered and washed as the SEM sample above. The solid from
the filter paper was collected and dried under vacuum overnight in a vacuum oven at 70°
C. The solid material was pressed into a pellet. The FG pellet was affixaditom

wafer substrate and used for XPS testing.

2.35 Preparation of Raman samples

FG solution was filtered and washed as the SEM sample above. The solid from

the filter paper was collected and dried. FG powalas used for Raman testing.

2.36 Preparation of Humic Acid

20 g of leonardite powder was placed in a 1 liter beaker. 400 mb dias
added to the beaker. Ammonium hydroxide was then added, with stirring, until a stable
pH of ~10 was reached. The solution was gravity filtered overnight with VWR 415 filter
paper (pore size 25 micrometers). The filtrate was collected and driedaimfii@w.
The resulting solid was collected and dried under vacuum overnight in a vacuum oven at

70° C before use.

2.3.7 Extrusion of HA-PSNanocomposits

Polystyrenepellets were dried overnight under vacuum in a vacuum oven at 70°
C. 2.97 g oPS pellets and 0.03 g of HA powder were combined in an extruder heated to
200°C at 60 rpm and mixed forrbinutes. This process was repeated 7 times to yield

approximately 21 g of 1% (wt/wblA-PSnanocompositenaterial.
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The 2% (wt/wt)nanocompositevas made as above except 2.94 g of PS pellets
wascombinedwith 0.06 g HA powdem the extruder All other portions of the
procedure were unchanged.

Neat PS material was made as above except 3.00 g of PS pellets was placed in the

extruder. All other prtions of the procedure were unchanged.

2.38 Extrusion of HA-MAfPP Nanocomposite

MATPP pellets were dried overnight under vacuum in a vacuum oven at 70° C.
2.97 g of MAfPPpellets and 0.03 g of HA powder were combined in an extruder heated
to 175° C at 200 rpm for 5 minutes. This process was repeated 7 times to yield
approximately 21 g of 1% (wt/wHlA-MAfPP nanocompositenaterial.

The 2% (wt/wt)nanocompositevas made agbove except 2.94 g of MAfPP
pellets were combined with 0.06 g HA powder in the extruder. All other portions of the
procedure were unchanged.

Neat MAfPP material was made as above except 3.00 g of MAfPP pellets was

placed in the extruder. All other pimns of the procedure were unchanged.

2.3.9 Injection Molding of HA-PS Nanocomposits

Approximately 1.1 g of thelA-PSnanocompositenaterial was taken from the
extruder and allowed to cool toom temperature. 1.1 g of theanocompositavas
weighed and placed in the injection molder heating barrel atQ10°he injection
pressure was 250 bar for 5 seconds and post pressure of 210 bar for 2 seconds with a

tensile bar mold heated to 140° C. The mold was then allowed to cool and the samp
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removed. 30 mm of the neck region was removed and us&MArtesting. This

procedure was used on the neat PS, 1% (wt/wt) PS/HA, and 2% (wt/wt) PS/HA materials.

2.3.10 Injection Molding of HA-MAfPP Nanocomposits

Approximately 1.1 g of thelA-MAfPP nanocompositewas taken from the
extruder and allowed to cool to room temperature. 1.1 g afdhecompositavas
weighed and placed in the injection molder heating barE%it C. The injection
pressure was 250 bar for 5 seconds and post peessR00 bar for 2 seconds with a
tensile bar mold heated to 130° C. The mold was then allowed to cool and the sample
removed. 30 mm of the neck region was removed and used for DMA testing. This
procedure was used on the neat MAfPP, 1% (WiH#)MAFfPP, and 2% (wt/wt)HA-

MAfPP materials.

2.3.11 Solvent Castindg-G-PU Nanocomposites

The PU dispersion was 37% (wt/wt) PU in water. The FG dispersion
concentration was determined toshd4mg/mL in water The following table was used
to mix aqueous solutiord PUwith FG concentratianof 0%, 0.1%, 0.5%, 1.0%, and
2.0%:

Table 1. Weight and volume of PU and FG solutions used.

Percent PU Solution PU FG Solution| FG
FG/PU (9) (9) (mL) (mg)
0 20 7.4 0 0
0.1 19.98 7.393 1.36 7.4
0.5 19.9 7.363 6.8 37
1 19.8 7.326 13.6 74
2 19.6 7.252 27.21 148
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Based on Table 1, the appropriate mass of PU solution and volume of FG solution were
placed in a plastic 150 mikeaker. DI water was added to each beaker to bring the total
volume to 100 mL. The solutions were mixed with a mechanical mixer for 5 rainute
each. The solutions were poured infbedlon® coated pan well (measuring
~6.5x6.5x3cm) and allowed to deynder ambient conditions. After drying under ambient
conditions the films were placed on a glass substrate and dried in an oven overnight at

60° C. A cutting die and press were used to excise specimens for tensile testing.

2.3.12 DMA of PS andHA-PS Nanocomposites

DMA of PS andHA-PSsamples waperformed in single cantilever configuration
from room temperature to 105° C. Amplitude was 15 micromaetiinsa ramp rate of 3°
C per minute and a frequency of 1 Hz. Each sample size was measured individually with
typical length, width, and thickness of approximately 17.5 mm, 5 mm, and 1.55 mm,

respectively.

2.3.13 DMA of MAfPP andHA-MAfPP Nanocomposies

DMA of MATfPP andHA-MAfPP samples was performed in single cantilever
configuration from room temperature to 142° C. Amplitude was 15 micrometers with a
ramp rate of 3° C per minute and a frequency of 1 Hz. Each sample size was measured
individually with a typical length, width, and thickness of approximately 17.5 mm, 4.9

mm, and 1.6 mm, respectively.
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2.3.14 DMA of PU and PU/FG Nanocomposite

DMA of PU andFG-PU samples was performed in film tension configuration
from room temperature to 100° G\mplitude was 50 micrometers with a ramp rate of 5°
C per minute and a frequency of 1 Hz. Each sample size was measured individually with
a typical length, width, and thickness of approximately 18 mm, 6 mm, and 0.95 mm,

respectively.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Characterization of Functionalized Graphene

3.1.1SEM of FG
SEM images of FG samples spin coated on a silicon substrate were taken to
determine their morphology. Two representative SEM images are shown in Figures

ands.

HV [ mag @ | det [mode[ WD [ curr
3.00 kV | 150 000 x | TLD | SE [4.0 mm |43 pA Helios 400

Figure 7. SEM image of FG.
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HV | mag m@ [ det [mode[ WD [ curr
5.00 kV 150 039 x | TLD| SE |3.9 mm |86 pA Helios 400

Figure 8: SEM image of FG.

The SEM inages revedrG to bethin, platelike, stacked sheetsThere is a high degree
of variation in the shapes of the @atand the sheeappear to fracture along similar
lines SEM images also shows thadral dimensions dfG sheets to be in the hundreds

of nanometers range.

3.12AFM of FG

A sample of FG was spin coated on mica and tested with AFM. The result of this
testing, shown in Figur@, demonstrates the mean height (Rz) of FG plates is

approximately 4.2 angstroms. This is similar to thickness of single sheets of graphene
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which havebeen reported to be approximately 4 angstrbhRreparation for these

samplas included dispersion in water followed by spin coating on a mica substrate. This
indicates thatdthough there are certainly felayer FG (FLFG) sheets present as
demonstrated by SEM resulsgmesingle sheets of FG can be isolatea aqueous
dispersionsvithout the need for harsh conditions (eujrasonication, etg.or

surfactants

ren Section Analysis
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Figure 9: AFM of FG sheet.

3.1.3 FT-IR of FG and HA

FT-IR analysis was done on a sample of FG and HAdonparison. The results
are shown in FigureQlL The C=0 stretch at 1700 ¢his present in the HA sample and

absent in the FG sample indicatithgt HA has carboyl functionalitieswhereas FG does
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not. This indicates that the cartyd containing functioalitiespresent in HA bve been
reduced(via the method given in Referent@éb) to hydroxyl in FG Other peaks show
little change between HA and FG with regard to other functionalities anobd

hydroxyl peak is present in both samples.
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Figure 10: FT-IR of FG and HA.

3.1.4 Raman of FG and HA

Raman Spectroscopy was performed on FG and HA for comparison. The Raman

spectrum for HA is shown in Figurd &nd the Raman spectrum from FG is shown in

Figure 2.
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Figure 11: Raman spectrum of HA.
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Figure 122 Raman spectrum of FG.

Raman spectroscopy of pristine graphite shows one peak at 1600hiaf is known as
the G peak and one peak at 2700'dmown as the 2D peak. The former arises from the
Eq vibrational mode of sphybridized carbon rings and the latieem an out of plane
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vibrational modée’® Another peak is sometimes observed in bulk graphite, FLG, SLG,
graphene oxide (GO), and reduced graphene oxide (rGO) at approximately 350 cm
known as the D peak. Thi s p-boadedcarbonf or bi dd
rings but appears at thegas$ of sheets and where there are small, isolated regions of
hybridized carbon ringsuch as those in GO and rGO. Thus, the D peak is an indirect,
and relative, measure ofapybridizedcarbon$'?and disorder in graphene systetf
Oxidation of graphite to GO shows a decreaselattive intensity othe G peak and an
increase in theelative intensity of th® peakbecause¢here is an increase disorder in
thecarbon ring system§ and the size of thaviplane sphybridized domains is

reduced® asthe graphene sheets anddized One might expect #reduction of GO to
rGO to lead to an increase in ttedativeintensity of the G peak and a reductian i
relativeintensity of the D peak, or a dease in thepllg ratio, as the aromaticity of the
system is restoreand there are examples of thf$>*>!"® However, there are ample
examples of reduction of GO to r@xreasinghelp/ls ratio}’**#* It is proposedhat

this latter casés due to the formation of an increased number of graphitic domains that
are smaller in siz&® Our results correspond with the former casé e see a reduction
in therelativeintensity of the D peak and an increase inrtativeintensity of the G

peak. Since HA was subjected to reducing conditfoatalytic reduction under a
pressurized hydrogen atmosphere as described in Refdrépdewas concludd that

this is due to a restoration afomaticity in the carbon ring systems.
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3.1.5 XPS of FG and HA

XPS was used to probe the changes to the chemical structure of FG with XPS

results of HA used focomparison. XPS for the C1s region for FA and HA are shown in

Figure B and the O1s region are shown in Figude 1
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Figure 13: XPS of the C1s region for HA (top) and FG (bottomYffset for clarity.
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Figure 14: XPS of the O1s region for HA (top) and FG (bottompffset for clarity.

The lower binding energy peak in the C1s spectrum (~284 eV) can be assigned to
C-H and GC bonds while the higher energy peak (~286 eV) can be assig@eQtb
bonds™® The XPS spectrum shows a clealativeincrease in the former amdlative
decrease in the latter after reduction of HA to FG. This indi€a€sand/or CH bonds
are being formed as-OH bonds are being reducetdlhe O1s rgion of the XPS shows a
peak ~32.5 eV which has been assigned t®€ bonds:> This region of the XPS for
HA and FG shows that while there is a decreaselativeintensity of the GOH peak

after the reduction of HA to FG, a significant peak remains indicating the presence of C

OH in both samples.
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3.2 Characterization of Polymers andNanocomposite

3.2.1 DMA of MAfPP and HA-MAfPP Nanocomposits
DMA analysis was performed on samples of MAfPP with HA loadings of 0.0%
(wt/wt) (neat), 1.0% (wt/wt), and 2.0% (wt/wt). Figurgshows thdOMA result for
samplesof eachloading. Detailed results for each sample tested may be found in

Appendix Section B.
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Figure 15: DMA of MAfPP and HA-MAfPP samples.

An analysis of the storage modulus of each of these samples at&®’ fierformedh
order to determine if any significant mechanical reinforcement could be discerned.
Details of theanalysismay be found in Appendix Section B. The results are displayed in

Figure B showing the @werage of the samples as well as error associated agth e
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These data show no significant mechanical reinforcement between the neat MAfPP, 1%

HA-MATPP, and 2YHA-MAfPP samples.
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Figure 16. Average storage modulus oHA-MAfPP samples at 30° C.
3.2.2 DMA of PS andHA-PSNanocomposits

DMA analysis was performed on samples of PS with HA loadings of 0.0%
(wt/wt) (neat), 1.0% (wt/wt), and 2.0% (wt/wt). Figuréshows the DMA result for

samples of each loading. Detailed results for each sample tested may be found in

Appendix SectiorC.
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As with the previougase an analysis of the storage modulus of each of these
samples at 30° @as performedh order to determine if any significant mechanical
reinforcenent could be discerned. Detadlstheanalysis may be found in Appendix
SectionC. The results are displag in Figure 8 showing the average of the samples as

well as error associated with each. These data simdesimechanical reinforcement in

40 60 80 100
Temperature (°C)

Figure 17 DMA of PS andHA-PSsamples.

the 2%HA-PSsamplesdn average 0f104%) butno significant mechanical

reinforcementn the1% HA-PSsamples comared to the neat samples.
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Figure 18 Average storage modulus oHA-PSsamples at 30° C.
3.2.3 DMA of PU andFG-PU Nanocomposite

DMA analysis was performed on samples of PU with FG loadings of 0.0%
(wt/wt) (neat), 0.1% (wt/wt), 0.5% (wt/wt), 1.0% (wt/wt), and 2.0% (wt/wt). Fidife
shows the DMA result for representative samples of each loading. Detailed results for

each samplessted may be found in Appendix Section D.
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Figure 19: DMA of PU and FG-PU samples.

As with the previous two cases, an analysis of the storage modulus of each of
these samples at 30° C was performed in order to determinesfgmfycant mechanical
reinforcement could be discerned. Detaf theanalysis may be found in Appendix
Section D. The results are displayed in Figure 20 showing the average of the samples as
well as error associated with each. These data showniigidanical reinforcement in
the 0.1%FG-PU samples, aaveragancrease of ~121% in the 0.586-PU samples, an
average increase of ~150% in the 1.B@&PU samples, and an average increase of

~168% in the 2.09% G-PU samples compared to the neat samples.
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Figure 20: Average storage modulus oFG-PU samples at 30° C.

Table2 shows recently reported values of the storage modulus increase in
comparablenaterials The results from this work are shown in the bottom two lines.
This Tale shows that the experimental values for the level of mechanical reinforcement
in FG-PU nanocompositeexceeds that of the otheanocompositeincluding those at
higher loadings. It imteresting to note that a declinegarcent reinforcement is seen
between 1.0% and 2.0% loadings of thedP&phenaanocompositewhich is often seen
in systems lacking adequate dispersiénThe FG-PU nanocompositeshow an increase

in percent reinforcement at 1.0% and 2.0% loadwlgish, coupled with the XRD reks
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in Section 3.2, reinforces the conclusion that adequate dispersion was achieved in the

FG-PU materials

Table 2: Mechanical reinforcement of polymergraphenenanocomposites.

Dispersed Disperse Stora@
Polymer b Processing | d Phase| Temp | Modulus| Reference
Phase
Conc. Increase

PMMA | GO solvent/melt | 1.0% | ~30°C| ~113% 183
PMMA | GO solvent/melt | 4.0% | ~30°C| ~134% 183

PU GO nsitu 4.4% | -100°C| ~119% 184

polymerization

PP | graphene melt 1.0% | 25°C | 136% 185

PP | graphene melt 20% | 25°C | 128% 185

PU FG solvent 1.0% 30°C 150% | Experimental

PU FG solvent 2.0% 30°C | 168% | Experimental

There aresignificantindependent variables that affect reinforcement in polymer
nanocompositenaterials (e.g. aspect ratio, modulus, orientation), howdwelevel of
reinforcement seen in these samas becompare to the amount of reinforcement
provided by other dispersed phase matesath as montmorillonite nanoclays order
to get he same level of reinforcement as shown in the E@®/U samples (~150%)
usingmontmorillonitenanoclays one would need a loading level of approximately®4%.
The theoretical value of the moduligsl60 MPausing the HalpifiTsai equatiorof disk
shaped fillers fonanocompositeeinforcementvith 1% (wt/wt)graphene as the
randomly orientediller (See Appendix Section E for variables uséd}® The
experimentamodulusat 1.0% loading shown in these res(it$.87 MPa) i45% ofthis
theoreticalvalue. Further studies would be beneficial in elucidating all the factors that
are at work i-G-PU systems, buthesecomparisos highlightthe significance of the

results presented here.
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3.2.4 XRD of HA

The XRD of HA is shown in Figurel2 The HA powder sample showed no

strong,sharp peaks
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Figure 21: XRD of HA powder.
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Figure 222 XRD of HA, MAfPP, 1.0% HA-MAfPP, and 2.0¥HA-MAfPP. Scans are offset

for clarity.

The XRD of HA compared to those of MAfPP, 1.098-MAfPP, and 2.0%HA-MAfPP
is shown in Figure2 The elative lack of intensity of angeak inHA compared to
those in MAfPP make it of limited use with regard to probing the level of exfoliafion
HA in HA-MAfPP nanocomposite The XRD of HA compared to those of PS, 1.0%
HA-PS and 2.0%HA-PSare shown in Figure2 In thecomparison of PSA-PS, and
HA materialthe HAsample lacked any significant peakaking it of limited usevith
regard to probing the level of exfoliation of HA in HAS nanocomposites
Neverthelesshe MAfPP,HA-MAfPP, PS, andHA-PSXRD scansareindividually

presentd in AppendixSectionF.
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