ABSTRACT

PAN, QIN. InterfaceEngineering of GrapherolymerConductiveComposites and Their
Application in Energy StoragéUnder the direction dbr. Wei Gag.

Conductive polymer compositd€PCs) with highelectrical/ionic conductivity and
polymeric flexibility have received tremendous attention recent years due to their
widespreadapplications irflexible electronis. A variety of conductive fillersuch as metal
particles and carboaceousmaterials have beenstudied Among them, maphene as a
monohyer of sp-hybridized carbon atomsrrangedin a honeycomb structurdas been
demonstratechs an ideal filler due tats excellentelectrical conductivity (~10S cm?),
mechanical strengttand flexibility. Moreover owing toits high surface area (thesircally
2630 nf g') and active electrochemical properties, graphdyesed CPCs have shown
promising applications flexible energystoragedevices. The underlyingpolymer matrces
especiallytextiles or nonwovenisased on fibrous building blockanfurtherbenefit wearable
energystorage application§&raphene can be integrated into textliegstwo general routes: 1)
direct coating grapheneonto fiber/textile surfaces2) mixing graphene flakesn polymer
solutiors/meltfollowed by fiberextrusion anégpinning Many researchetsave demonstrated
relevanttreatments to deliver conductivity and enesjgrage performancen fabriclike
structuresbut few of them havprovided detailed discussions on the structural role of textile
frameworkin relation o theresultedoroperties

The first major goal of this researchto investigate the electrical conductivity
graphene coated nonwovens (G/NW). Twiads of nonwovens, nylonhydrophilic) and
polypropylene (PPhydrophobi¢ with different fiber diamedrs were preparegia melt
blowing processs Conductive graphene/nylon (G/nylon) and graphene/polypropylene (G/PP)

nonwovenswere preparedvia dip coaing in graphene oxide (GO) dispersgiollowed by



chemical reductionWaterbased GO dispersion was dst# coatthe hydrophilic nylon
nonwovens The process, structure and conductivity of G/nylane beertarefully studied
The nonwoven wittrsmaller fiber diameter %9 showed higher conductivity due to more
conductive contacts within unit area. The G/myl%. o& ‘ m) showed an ultrdow
percolation threshold of 0.005 wt%, because the nonwoven acting as tbenpteicted
network provided a more efficient way to utilize graphene. Theoretical modeling was
conducted byGeodict showinggood consistency wit experimerdl results Similar with
G/nylon,G/PP was prepared the similar process except for replacing GO/water dispersion
with GO/DMF dispersiotased on itevetting behaviorA comprehensive study of the wetting,
surface treahent and the resudd properties of PP nonwovdras beenconducted. PP
nonwoven can overcome the surface tension of GO/DMF dispsriading to direct coating
without pretreatment such as plasma and ozohee G/PP nonwovenalso offers high
conductivity of 35.6 S m at the graphene loading of 5.2 wt%highestamong the existing
conductive PP systems reportediterature

The second major goal is to investigate the applicatiographenebased CP€in
energystoragesystemse.g.supercapacit@ Monolithic supercapattirshave been developed
on GO/Mylonand GO/PP nonwovensga a programed C@laser patterning procedsetailed
electrochemical analyses were carried out to investigate the effects of device geometry, matrix
structure and electrolyte on thenergystorage performance. Thebest monolithic
supercapacitorsn GO/nylonexhibited an areal capacitance of 10.37 mF amPVA-HSQy
electrolyte, much higher than thgpical value of1~3 mF cn? reported forother micro-
supercapacitorssuch laser writing processrcae easilyapplied onthe GO/PP nonwoven to

derivesimilar nonwoverbasedsupercapacitorgzpart from GO/NW,GO/poly(vinyl alcohol)



electrospun maiGO/PVA-m) has beernvestigatedassolid-state electrolyteThe GOPVA-
m successfully mitigatethe ionicconductivity decayn purePVA-based electrolytesvith the
decrease in ionic conductidimited to 38.4%sefter 1-monthstoragen ambient environment
much lower than that gdfure PVA ma(84.0%). The supercapacitaterived fromGO/PVA-m
offered an arealcapacitance of 9.9 mF c¢tat 40 mV & even after dmonth storage

demonstrating great promises as a stable power supply for wearable electronics.
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CHAPTER 1: AN OVERVIEW OF CONDUCTIVE

GRAPHENE/POLYMER COMPOSITES

Conducting polymers have received significant attention from both sciand
engineering communities ever sirtbe invention of conductive polyacetylene in the 19%0s.
2 This culminated in 2000 when the Nobel Prize in Chamisas awarded to Alan J. Heeger,
Alan G. MacDiarmid and Hideki Shirakawa for their discovery and development of electrically
conductive polymers. As our society becomes more technologically advanced, the demands
pl aced on pol ymer s ére centiruausly growving andcbaeqoraifginmore t i e
challenging to satisfy. Technological applications for conductive polymers have evolved from
the conventional static charge dissipation, electromagnetic interference shielding, corrosion
inhibition etc, to thenovel flexible electronics such as sensors, diodes, antennas and energy
storage system® Each of these applications requires polymer capable of offering high level
of electrical/ionic conduction. In addition,ishpolymer would ideally retain the benefits

associated with its polymeric nature: light weight, flexibility, toughness and ease in processing.

Currently,the mostdopted manufacturimgethodfor conducthgpolymessin industry
is incorporationof condudive additives such as metal and carbon mateiiaio polymer
matrices.Carbon materials, including graphene, carbon nanotuaglson blackexfoliated
graphite etc, thanks to their lightveight,chemical stability, high electrical conductiviiynd
environmental friendlinesshave attracted increasing interdastd¥oth academic research and
industry developmenfAmong them, graphene and its oxygenated form graphene oxide (GO)
have drawn extensive attention in developing electrically/ionically condugilgmer

composites for the past decad®inly due to their unique structigand physical/chemical



properties.Graphenea monolayer of sphybridized carbon atoms @mged into a honeycomb
structure,was the key material in the 2010 Nobel Prize in Physveimg to itsexceptional
properties, including excellestectrical (~10 S cm®) ard thermal conductivity (~5000 \

1 K™, fast mobility of charge carriers (~200@cnf Vs , hi gh Y o u(+l§00 s
GPa),and large specifisurface area (theoretically 2636 g1').%*! Its oxidized form, GO with
both sides of the basal plane attached with various oxygenated fungtionpte.g.epoxy,
hydroxyl, carbonyl and lactol groupbas been widelystudiedas an ideal precursor in
fabricating graphene/polymer composites, by virtue of its scalability,-chvanical
processability, high chemical activity, and good dispersabilityvamious solvent$>
Although electrically insulatingiGO can be easily converted to graphetea variety of

recipes (both chemical and physicédading to highly tunable electri¢@nic conductivity®

In this chapterwe will review the recent a@nce in conductive graphene/polymer
composites, their preparation methods, properties,a variety ofapplicationsmainly in
energystoragesystems The background information abo@O andgraphenas also briefly

discussed.

1.1 Graphene Oxideand Graphene

1.1.1Synthesis ofGraphene Oxide

Modified Hummers Method. So far, the most commonly ussgnthesigecipe forGO isthe
modified Hummers method, firstly developed the chemists Hummers an@ffemanin
Mellon Institution of Industrial Research akader modified by Kovtyukhova®’ The original
Hummeramethod describes the graphite oxidatigrmixingconcentratetH.SQw, NaNOs; and

KMnO4 below 453 . Theresultedfinal productshowed high degree of oxidation, withe

mo d 1



atomic ratio ofC/O=2.25 However, the drawback of Hummers methoth&the core of the
resulted GO still remains graphite, thus Kovtyukhova introduced -&xpa@nsion process

which involves oxidizing graphite with concentrated3@, K>$,0s, and BOs at 803 for

several hourdater widely known as modified Hummers metHé&igure 1 shows the whole
proces®f themodified Hummersmethod. he morphology of the obtained GO is small flakes
with the thickness of 1 nm (corresponding to a single layer) and the average lateral dimension
of ca 1t m. Although the product shows a higher degree of oxidation, wligmical

compositionC:O:H =4:2.95:2.5the purification process still remains tiroensuming.

Concentrated
H,50,, K;S,04 a.nd KMnO,/H,SO, for
P,0; for dispersion oxidation, 2 hrs

——

Pre-expanded
graphite

Graphite oxide
dispersion

Graphite
powder

v

30% H,0,, DI water, 10% HCl acid,
centrifugationand dialysis for
separation and purification

AN

Reduction Purified graphite
oxide
v
RGO
GO dispersionin Reduced-GO dispersion

DI water dispersion

Figure 1 Schematic illustration of the modified Hummers methdaset picture: the
photographic image of thebtainedGO dispersionin deionized (DIl)water (left) and after

reduced byhydrazine with ammoniéight) (adagged from ref {9]).

Tour Method. Tour method, introduced in 2010;aded the use of Na®s which eliminates

the generation of toxic gases such a3 NQO4 or CIO, duringthe reaction, and increased the



amount of KMnO4. The process occurs in an acidic environment with a mixture of
H2SQy/H3PQy with the ratio of 9:1with the introduction of BPQs for more intact graphitic
basal planesGraphite reastwith six equivalents of KMn@ leading to a higher degree of
oxidation® Figure 2 compares the process of Hummers, modified Hus)ased Tour method

to prepare G@nd their efficiency of oxidization.

Tno,

Hummers 3KMnO,
H,50, 0.5 NaNO,

GF (3
"( 2 Sifted/filtered
Improved 6 KMnO, kTl
9:1H,50,/H,PO, xidized materials
HGO IGO0 HGO+

. Hummers
“\_modified | 6KMnO,
H,S0,, 0.5 NaNO,

Improved Hummers Hummers
- - - -

Hydrophobic carbon material recovered

Figure 2 A comparison of procedures and yields among diffepegparation methods &GO,
includingHummers, modifiedHummers and Tour method (referred apliaved in tlis figure)

(adapted from refyf)]).

In summaryiwo most widely usedynthesigecipesof GO have been discussed here
in light of their chemical processesd theresultedproduck. Nowadays, commercialized GO
are already available in market, thanks to the singdtion of the oxidation processand
improvement in thegield and product quality. Hower, scientists are still making efforts to

clarify theoxidation mechanismsn order to further control the structure and properties of GO.



1.1.2Chemical Sructure of GO

The precise structure of GO has long beeapictfor endless debate over the years,
due to the complexity of the materials. GO is nonstoichiometric, with ositigns varying
from sample to sample. Despite this, scientists have used various characterizalioridate
its structureSpectroscopic analysis one of the most widely used and powerful technique to
characterize GO, including-¥y diffraction (XRD) analysissolid state®>*C NMR, Raman

spectrum, Xray photoelectron spectroscopy (XPS) analyiis,

XRD paterns of GO shows a broad peak (0@2xround 117 which can be influenced
by moisture content and oxidation level of GO. For a one moléhidk layer of water that is
presumably hydrogebonded between the GO sheets, dpacing is about 8.3.&R When
exposed in high humidity, GO due to its hygroscopic nature, will absorb water molecules from
air and interalate them between layers hydrogen bonding, leading tocreasedl-spacing
Besides, the reduction of GO will decrease dhspacing due téhe removal of oxygenate
groups; however, the ozonated GO widd# highe
spacing as expectédThe interlayer distancef GO calculated based on the (002) peak

varyfrom 5.97 Ato 9.5 Al?

NMR is one of the most powerful technique to charactéhieestructure o60. Caiet
al. clarified the structure of ©-C epoxy carbon, ©H hydroxyl carbon, and $garbon
respectively byestinga 1*C-enriched GO sample in cross polarization/magic angle spinning
(CP/MAS) experiment& Additionally, Gaoet al confirmed the presence &ife- and six

memberegting lactokin GO



Raman spectrum of GO displays twajorpeaks, D peak at ~1350 ¢rorresponding
to structural defects, and G peak at ~1594" carresponding to graphitic domain vibration.
The D/G ratio is around 0.95, indicating lots of defects in the graphitic ffanéfter
reducing to graphene, the D/G ratio often increases due to more defects generated during the

reduction process.

The XPS analysis of GO shows twypical broad peaks around 284 and 286 eV,
corresponding t@raphitecarbon and oxidized carbon respectiveBeconvolution of these
peaks to analyze the quantitative relation between carbon at different oxidizisghasmteeen
reported, but due to semuantitative analysis nature of XPS analyslsee accuracy is

limited.2627

Microscopic analysis such as Atomic Force Microscopy (AFStanningElectron
Microscope (SEM) and Transmission Electron Microscopy (TEMpave been used to
understand thenorphologyof GO. The thickness of thewvo-dimensional Ghanoflkesis
around 1~2 nm in average, but the lateral dimensions can vary between several nanometers to
microns. In addition, the surface of GO sheets is usually wrinkled with holes occasionally

observed®

Based onthe various characterization resultegsearches havproposedseveral

structure models for GQrigure 3) but the precise structure of GO is stilisive
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Figure 3 Proposed structure models for G&gpted from ref'f)).

1.1.3Reduction of GO to Graphene

Redwing GO to graphene will cause many obvious change, including visual
characteristics, dispersability, electrical conductivity, C/O retiioScientiss have develped
various methods to convert GO back to graph€hemical reduction is the most widely used
method to reduce GO. A variety of reducing agemtluding hydrazindNH2NH>), hydroiodic
acid (Hl), sodium borohydridéNaBH,), vitamin C etc. have showrthe capability to reduce
GO to different levelsChemically reduced GQGO) often containsheteroatomtroduced

by the reducing agenteading to morelefects and@¢omplicated structur the final product.



Unlike chemical reductionhermal annealing ia scalable procege convert GO to
graphenewithout additional reducing ageniGO decomposes easily upon heating, resulting
in the loss of oxygenated groups, as weltahon atoms from thgraphiteplane leaving
behind lattice defects throughout tteeet.Thermal annealing has various derivatives such as
microwave and laser reduction, with unconventional heating source allowing heating process
to occur more rapidly or in a precisely controlled/designed dralale 1 compared several

typical methodsd convert GO and the properties of the resulted products.

Table 1 Comparison irreductionprotocols of GO

Electrical clo XRD
Conductivity i Raman (cr) | (d-spacing, XPS (eV)
ratio
(S cmb) nm)
284.8 (GC)
1594(G) 286.2 (CO)
GO[Z A 5.3 10° 2.7 0.63~1.2
1363(D) 287.8 (C=0)
289.0 (C(»)0O)
1600 (G)
_ 1350 (D)
1C-fold higher
PureNH2NH: [*] / 2700 (2D) / 284.5
than GO
2950(D+G)
D/G increase
3.04 1@, 1581 (G)
HI/HAC [*9 7.85 10° | 15.27 1350 (D) 0.362 284.6
(vapor) D/G=1.10
NaBH, [} 45 8.6 D/Gincrease| 0.373 284
1570.7 (G)
NaS:04 [*9 13.77 / 1347.3(D) |0.377 /
D/IG=1
o D/G=1.752
Vitamin C[*] 77 12.5 _ 0.37 284.5
increase




Table 1(continued)

H2 [39] 1x103 / / / 284.3
Thermal _
_ 0.009~2.75 / D/Gincrease| / /
annealing
1591 (G)
_ 1348 (D)
Microwave[3%9 | 2 4.5 0.355 284.5
D/G=0.96,
/nigher 2D/G
Solvent  thermal 1586 (G)
_ / 6.8~8.3 0.36 /
reduction[*] 1347 (D)

1.2 Graphene/Polymer Compositevia Coating and Their

Applications

Among the commonly used methods fabricate conductive polyer composits,
coating turns out to be the most efficient, foast and easto-process protocol that requires
relatively low loading of additives to achieve high electrical conductivity, more compatible
with industrial practicedn this part, we will reiew the stateof-art of coating graphenato
various polymer matrices fetectricalconductivity, from the aspeof surface science, coating

proceses structure and properties dhe composites, and theielevantapplications.

1.2.1Coating GO orto Hydrophilic Polymer Surfaces

The dispersibility of GO in water argpically on the order of 1~4 mgiL? via
sonication or mechanical stirring, whichhighly compatible with aqueous coatiofGOonto
the hydrophilic polymer surface Dip coating spray coatinganddrop castingare the most

widely used methods to coat GO onto hydrophilic polymers such as poly (ethylene



terephthalate) (PET), cotton, and cellulose. Due to the wettability of hydrophilic surface,
usually coating can be directly performediwiut any prdreatment.However, to achieve
desired loading of GO or graphene, the coating process usually needs to be repeated for many
times, which is time consuming and lawefficiency. Parameters such as the concentration of

GO bath, dipping time, ycling number, drying temperaturetc, should be optimized
according to different polymer matrices,order to ensur¢he desired graphene loading and

the uniformity of the coating layer Besides, the stability of coating lages also a key issue

to be investigated since coating laysrare usually sensible to mechanical forsach as

scratching, rubbinggndwashing

Liu et al fabricated conductive PET nonwoven fabrics using reduced graphene oxide
via a simple onestep dyeingike approach(Figure 4).3¢ The resulted composite fabrics
exhibiteda rather low electrical percolation threshold due to the homogeneous coverage of
graphene sheets on the nonwoven surface, and the highest conductivity was abolit 2.0x10
sqg?. The conductivity of the obtained composite is usually a function of the gmagbading.

Higher graphene loading will lead to higher conductivity as expected.
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Figure 4 Schematic for the fabrication of reduced GO (r&Oated PET nonwoven fabrics
(a). Change in the surface conductivity of the compositei€s with the increase in the weight
fraction of rGO(b). The insets display SEM images of the composite fabrics prepared at rGO

fractions of 0.001 (1), 0.030 (1) and 0.080 wt% (lg§dapt from ref §9)).

One of the most feasible way to control graphene loading is to control the coating
cycling number. Yuet al. coated graphene onto porous PET textiles bytitemedipping of
the PET fabric into graphene inks (see Figure 5). They found the sheet resistance decreased
significantly with more number of dipping cycles, and finally reachesheet @sistance of
D7 0 0sq'® Similarly, Xu et al prepared graphene/cotton composite fabrics by the dipping

anddrying approachwi t h a | owest rlefei20dydlafsi ty of 611 q
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Figure 5 Coating graphene nanosheets onto porouseaexti) Photograph ajraphenecoated
conductive PET textile. (b) AFM image of graphene nanosheets deposited on @S$iO
substrate and the corresponding line scan prof{igs Typical TEM image of graphene
nanosheets. (d) Shesssistances Rs versus thember of dipping cycle for grapheweated
fabric sheets (@extile) with and without nitric acid treatment. (e) SEM image of a sheet of
graphenecoated textile(f) High-magnification SEM imagen theregion highlighted in red

rectang (adapt from ref §9)).

The stability of thecoatedgraphene laysragainstwashing is aazarianimportant
issuenot tackled so farUsually adding an additional coating layer will enhance the stability
of thecoatedgraphene layesrbut mightcompromise theonductivity. For example, Het al
coated cotton fabrics with graphevia a paddry-cure process. Tenhancets wash fastness,
they added polyurethane (PU) to stabilize the graphene coating, leadiskigttincrease of

thesurface electrical resistivifyom 2.94x10" to 3.35<10 q m after 10 times of launderirfg.

12



Leary J. D. studied coatingarded and hydroentangled PET staple fiber nonwovens
with GO or exfoliated graphite (EGRhrough multiple dipcoating cycled? The average
graphite loading per cycle was higher for the nonwovens coated with GO than those coated
with EGF (Figure 6 (a)), indicatintpe use oGO dispersioaresults in a more efficient coating
process.Chemical reduction was conducteditoprove theelectrical conductivityof GO-
coated nonwovenAfter reduction with NaeS04, the rGOcoated nonwovens displeg
resistancearound three orders of magnitude lower than thed@&ied nonwoven@-igure 6
(b)). The dectrical resistance in tHabric x-y in-planedirection(IPR) and zdirection(TPR)
was studied (Figure 6 (c) and (d§)nce the fabric is threedimensional (3Dpbject and has
anisotropic electrical propertieBhe electrical conductivity in the wplane and througplane
directions of the EGFcoated nonwoverare both higherthan that of the rGO-coated
nonwovers, leading to the conclusion tHAGF leads to better electrical conductivity even with
its lowercarbonmass loadingsAlthough kerwork hasincluded the discussions time coaihg
process and the resulted conductivity in desainedescriptiorof the fabricconductivitylacks

consistencywith mixing use of resistance and resistivity.
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Figure 6 Graphite mass as a percentage of initial fabric mad3Harstaple fiber nonwovens

coated with EGF and GO dispersidiag. Mass loading also shown for GO coated samples

after reduction to rGQb) IPR of PET nonwovens coated with GO and after reduction to rGO.

IPR (c) and TPR @) of PET nonwovens coated with @and EGRadapted from ref4]).

Usually coating a graphene layer onto polymers is more than merely delivering

electical conductivity, but a preliminary step for further treatment. Scientists have investigated

the electrochemical deposition aftive materialssuch as Mn@ NiS, polyaniline etc, onto

the coated graphene layeffsr ther applicationin flexible fabric-basedsupercapacitor®: 4

44 More discussion on the textile supercapacitor applications is in the following Chapter 1.2.3.
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In summary, coating graphene oméxtile is a convenient way to prepare conductive
textiles, especially for hydrophilic polymer matrigdsut the najor limitations on ths topic

include

1) Limited coating efficiency. To achieve higher loading of graphene, it usually requires
tedious and time&onsuming coating processwith tens ofcycles. The uniformity of the

coating layer will becompromisedf the loading is too high.

2) Week adhasn. Due to theweakaffinity betweernpolymeric fibersand graphene, an extra
adhesive layer or binder is often required to stabilize graptestéeng which possibly leads

to inferior surface conductivity.

1.2.2Coating GO onto Hydrophobic Polymer Surfaces

To ensure the uniform coating with good affinity, the wettability of the polymer
matriceswith the coating bath isritical, which is mostly determindaly the surface tension of
the coating bath and theurface energwf polymer matrice€>*° In other words polymer
frameworksshould have high enough surface energy to oveecthra surface tension of the
coating bath.Hydrophilic polymer matrices are readily wettable with aqueouscoating
solutiors. However, many industrial polymers such as polypropylene (PP), polyethylene (PE),

and polystyrene (PS) are hydropholléading to greathallenges in surface coating.

Direct coating of hydropbbic polymes with conductive carbm materialsrequires
bindes. Researchprogresses are lackingn the coating of hydrophobic polymer with
carboraceous materiglghe process optimization, artleinterface engineeringd-or instance,

scientistshavecoaed grapheneand other carbon matel®onto PPmembraneseparata in

15



batteriesto improve the performanaef separatiori”*® PVDF as a binder wasixed with
graphene in NMP to forra slurry andfurther coated onto the PP separatih theDr. Blade
procesgFigure?).
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Figure 7 Schematic illustration of coating graphene onto PPragmaused in LiS battery

(adapted from ref{]).

Limited research progress on ttlieect coatingof hydrophobic polymexis probably
due tothepoor wetting andimited adhesiorbetweerthe hydrophobipolymer andhecoating
layer. Researchers have made great efforisnjorovethe surface hydrophilicitypy chemical
and physical treatments, suchpéssmaatomic or molecular layer depositimurface grafting,
nanostructure engineeringtc. For exampleSkarmoutsouwet al used oygen plasma to treat
the surface of polynieylmethacrylate (PMMA) for better hydrophilicitfthey pointed out
one of the disadvantages of plasimdhat long time of etching will lead to a decrease in

mechanical properti€§ Hydeet al improved the wettability PP nonwoveiby atomic layer
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deposition but it requires40~50 timesof treatmat to intrigue the hydrophilic transition,
indicating the low efficiency of the proce¥sThe major limitation of these surface
modificatiors is that it usually requires@mplex process some of which are lowfficient,

high-cost or only result itemporary effects that fade away in a few hours.

In addition to bindes and surface modificatian other strategies to coat carbon
materials onto hydrophobic polymer matridesse rarely beenreported.From theview of
surface scienc@s long as the polymer surface h&gh enough surface energy to overcome
the surface tension of tle@ating baththeliquid should be able to spread on the surface and
form continuous interfaceTable 2lists the surface eneiigsfor common polymersamany of

which are hydrophobiim nature(adapted from reff]).

Table 2 Surfacefreeenerges (SFE) forcommonpolymers(adapted from1Y).

Surface free Temp. Dispersive
Polar contrib.
Name energy (SFE) al coefficient SFE | contrib.  of
of SFE (mN/m)
20 € (mN/m) (mN/(m K)) SFE (mN/m)
Polyethylendinear PE | 35.7 -0.057 35.7 0
Polyethylenebranched
35.3 -0.067 35.3 0
PE
Polypropylee-isotactic
30.1 -0.058 30.1 0
PP
Polystyrene PS 40.7 -0.072 -34.5 -6.1
Polyvinylidene fluoride
30.3 - -23.3 -7
PVDF
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Table 2(continued)

Polytetrafluoroethylene

20 -0.058 18.4 1.6
PTFE (Tefl o
Polyvinylchloride PVC | 41.5 - -39.5 -2
Polyvinylidene chloride

45 - -40.5 -4.5
PVDC
Polyvinylacetate PVA | 36.5 -0.066 25.1 114
Polymethylmethacrylate

41.1 -0.076 29.6 11.5
PMMA
Polyethyleneoxide PEO | 42.9 -0.076 30.9 12
Polyethyleneterephthalat

44.6 -0.065 -35.6 -9
PET
Polyamide6,6 PA66 46.5 -0.065 -325 -14
Polyamidel2 PA12 40.7 - 35.9 4.9
Polydimethylsiloxane

19.8 -0.048 19 0.8
PDMS
Polycarbonate PC 34.2 -0.04 27.7 6.5

Choosingaproper solvent for theoating materiain orderfor it to spread and wet the
polymer surfaceniformly might be anther simple buyetunexplored strategipr the surface
coating of hydrophobic polymer&rapheneoxide can be easily dispersed in a variety of
solvents due to itamphiphilicity. It has beemeported as aamphiphilic surfactant capable of
forming stablePickeringemulsions, so it might be capalolielowing the surface tensioof the

solution it dipersedn.>? More studies are needed to further understand the wetting behavior
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of the graphenexidedope, its surface tension, interaction with polymer matricesrderto

engineer the interfasdetween hydrophobic polymandgraphene.

1.2.3 Applications of Graphene Coated PolymerComposites

Graphene/Polymer compositeia coding havedemonstratedarious applications
electronics such as antistatic substances, printed antennas, sensors, diodestaageyy
systemsetc, bythevirtue of its simple, scalable, andntrollable processiere weenumerate

sometypical appli@ations of grapheneoated polymer composites.

Flexible Supercapacitors. Due to the flexible nature of polymenatricesand the
conductive graphene coating lagiegraphengolymercompositedave beemidely studied
as flexible supercapacitoriSarly resarch developed traditional sandwich supercapaitor
textiles. For exampleYu et al. prepared graphene/Ma@ET textilepseudocapaciteywhich
yields high specific capacitance up to 315 % @ maximum power density of 110 kW kg
andan energy densi of 12.5 Wh Igt.3° With the development of micabrication, scientists
have created monolithic supercapacitors on polymer matrices with minimized dimension and
controllable shapeglong withhigh energy/powedersities which areeasier tdbe integratel
into circuits®® El-kadyet al fabricated micresupercapacitorsia laser patterning process on
a GOcoatedpolyimidefilm (Figure8), which are compact, energgnse, charge quickly, and

possess long lifetime.
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Figure 8 Engineering of 3D interdigitated micgupercapacitors with high energy density. (A
C) lllustration of the fabrication process an asymmetrimicro-supercapacitor based @ser
scribed graphend.§G)/MnO> compositesas the positive electrode and LSG as the negative

electrode(adapt from ref §9).

Lithium -Sulfur Battery Separator: As mentioned before, coating graphene onto PP
separator is the most common application in the field of hydrophobic paymleich can
enhance the energy storage performande & batteries Graphenecan be either coated or
filtrated onto PP separa®P>>® The conductive graphene dalockand collecthe polysulfide,
and reuse it by acting asinternal current collectothereforeimproving the rate capability

and cycling stability of LiS batteries

Electromagnetic Interference (EMI) Shielding. EMI shielding is also a very
attracting application for conductive graphgradymercomposites. In this case, a high content
of graphenesheets §~30 web) in polymer matrices is usually essential to form effective
conductive networks and obtain an ideal shielding. Therefore, coating is the most efficient and
widely used approach. Shehal prepared ultralightveight grapheneolymercomposite for
adjustable EMI shielding by simple solution dizoating of graphene on commercial

polyurethae (PU) spongefigure9). The resultegraphend”U foams showd an excellent
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specific shielding effectiveness ranging from 210 to 320 dBgn, whichis even tunable by

compresing the porous polymer matrix.

PU sponge Pl{/GO foam

o < > = ;~,..,:‘ 7

| SRS - DR
e Q‘ﬁ;ﬁﬁﬁ ey _;p\,‘g’;faﬁg@
| PR T L S

Reflected EM waves

Incident EM waves

Figure 9 Fabrication of compressible polymeld compositefoams for adjustable

electromagnetic interference (EMI) shieldifagapt from ref {7]).

Sensors Graphenéolymer composites combine the advantageshaf electrically
conductivenature ofgraph@e andheelastic/flexible feature of polymgrtherefore especially
fit for strain sensor applicationBonavolontaet al reportedthat the electrical resistancef
graphengdoly(methyl methacrylatePMMA) slats changed with appliedstress while
maintanedhigh structure stability, showing great promise as a novel stress.s&8koet al
developeda healthmonitoring device to deté human motions by coating graphene
nanoplatelets on thpolydimethyl siloxang(PDMS) (Figure10). Its high sensitivity,skin
friendliness and flexibilityresultedin the tunable gauge factorsf 27.7-164.5 enabling

sensing various u ma n  mo t ingembsndihgrtoopuisd.y
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Figure 10 Strain sensors used to monitor heaft). Photographs of a strain sensor attdche
onto forearm like a tattoo. The insets are SEM im&gdsp view and cross view of the sensor.
(b) Realtime monitoring of human motion by detecting resistance change on finger movement

(adapted from ref¥]).

1.3 Electrospun Graphene/PolymerMatsand Their Applications

Electrospinning is process when aexternal electrical fields used to draw very fine
(< 1t m in diameter) fibers from a liquid, either a polymer solution or a polymer melt. It is an
important and rapidly developing technique to fabricate nansfiveéh desired additives.
Figure 11 illustrates the process of electrospinnibgie to th& uniqueproperties such as
nanascaled fibers, high specific surface areahtliggeight and flexibility, theelectronspun
mats have demonstrated considerable potential to be usepaataor electrodes in energy
storage systems, as well as applications lirafion membranes, drug delivery and tissue
engineering®®2 A uniform dispersion is essential for electrospinnrichigh-quality fibers.
Since GO can be dispersed in either agueous or organic solvents togéathepolymers
homogeneously, the electrosp@O/polymer composites havattracted great interests

espeially with water soluble polymerResearcton electrospinningf GO and polymesinto
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composite nanofibers arises in the recent decadesn@joe motivationof incorporatingGO
or graphene into polymer nanofibers is to enhance mechanical propexresseporosity
and/orsurface ares introduce ionic/electrical conductivity, or impart biomedical properties

e.g.antibacteriafeatures

Convective flow

y )‘ )‘

Zone of transition between
liquid and solid

Ohmic flow

Taylor cone

Spinning tip

+or-kV
Geometry of cone is governed
by the ratio of surface tension

to electrostatic repulsion

Target

SLOW ACCELERATION RAPID ACCELERATION

Figure 11 Electrospinning diagram. Diagram by Joanna Gatford at The New Zealand Institute

for Plant and Food Research I(adlapted from §]).

1.3.1Preparation and Propertiesof GraphenePolyvinyl Alcohol

Electrospun Mats

Polyvinyl alcohol PVA) is one of the mostly studiedolymers with nanofibes
incorporated with GO, mainly due to its wasalubility, fiber-forming capability,

environmental friendliness, low cost, and biocompatibility
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Wanget al first preparedcsO/PVA electrospun fiberwith low GO loadiry (<1 wt%)
and investigated th@rocessstructureproperty relatiorship® During the electrospinning
processthe voltage was carefully adjusted throughout the process to maintain the current at
0.02 mA.Figure R (a) shows the variation of the voltage.the spinning time. It indicates
that the initial voltage increagkwith a higherGO content probably due tdhe increasing
surface tension of the dopee to the presence of GThe GO/PVA nanofibexobtainedwere
homogeneous without any beadspwng a typical diameter of 16600 nm (Figure 2 (b)).
Since thelateral sizeof GO sheets isbout 5t m, much larger thaithe fiber size, they
believedthatthe GO sheetanay locally restrain the motioof the polymer chainandvery
delicately assembled inside the fibdowever, due tohe lowcontrastoetween PVA and GO
in HRTEM image (Figure 1.2 (c)), the detailed clafication of interactiors between GO
sheets and the nanofibassnot availableNominal tensile stresstrain testhave been ruon
the GO/PVA nanofibers (Figure 121(d)). GO reinforced the nanofibsy with the tensile
strength of the nanofibemcreasd by more than one order afagnitudefrom 0.22 MPa of
pure PVA to 9.37with only 0.02wt% of GO,14.39 MPawith 0.04 wt % loadig, and finally
saturatd. On the contrasGO decreasethe elongation at break tie composite nanofibers
At very low loadng of 0.02 wt%, theclongation atoreak droppedrom 180 %to 145%
comparedwith pure PVA.Higher GO content cauddurther decrease in the elongation at
break This could be due tihe interactiobetween GO and the matristricedthe movement
of the polymer chains The authorsoptimized theelectrospinningprocesseof GO/PVA
nanofibersas well agheir structures and mechanical properties comprehensively. However,

they didndét expl orsefthé reseltepGOSPYA diettrespagisp | | cat i on
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Figure 12 The variation of voltages with time during the electrospinii@)gTypical FESEM
(b) and HRTEM image (c) of GO/PVA nanofibers (d) Tensile stresstrain curves of

nanofibers with various GO loadirfgdapted from ref®).

Apart from GO, scientists have also investigatetie electrospinning of pristine
graphene and PVA. In this case, surfactants are often required toaf@table and
homogeneous edispersion of graphene and PVRhe loading of graphene is usually lietit
by its dispersibiliy in solvents.Daset al first reported electrospinning @iristine graphene
(0.5 wt% loading)with PVA in presence opolyvinylpyrrolidone (PVP).®®> The obtined
graphene/PVA electrospun fibavere at the submicron levah diameters@.7~1 t m), without
any beads (Figure3l(a)), relatively larger than the GO/PVA electrospun fibers repdtted.

They believedthat it was dueo the viscosity increasapon adding PVRhat resulted in
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decreasgelongationduring spinningDifferent from GO/PVA electrspun nanofibers in wii

no GO can be identified, they actually observed protrusion of graphene out of the PVA fiber
in HRTEM image ¢ee Figure B (b)). The graphene/PVA electrospun fibers showed
significantly increasethermal stability (increase of 15 €) and crystallinity9% increase)

Although pristine graphene was introduced, no electrical conductivity was reported.

Figure 13 SEM images of electrospun 0.5 wt% graphene/PVA (ajal he fibers were bead
free and the observed fiber diameters rangef r o m 0 .HRTEM amades of aingle
graphene/PVA/PVP fibefb). Sincethe lateral dimension of graphene is comparable to the

fiber diameter, the graphene occasionally protrudes out of the PVA(&tbepted from ref

[*).

Huanget al investigatedhe electrospinning of graphene and PVA at the presence of
sodium dodecylbenzersulfonate(SDBS), emphasizinghe effects ofgrapheneon the dope
rheology conductivity and fiber structur€® In the presence of graphene, theroshear
viscosity ¢ ) increases frons 3.04 P& of pure PVA t03.33Pd3 at the loading of 7 wt%.

At low frequency (¥ rads?), the graphene/PVA dispersion shows Nmvidin flow behaviar

indicating no graphene/PVA network formed in the dispersigiigure ¥ (a)). The
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conductivity of the graphene/PVA dispersion was also measureddmnsort conductivity
meter Addinggraphenento PVA solutions significantly improvkthe [ valueby 73%,from
1.03mScm? of pure PVA to1.78mScm at the loading of 7 wt%given thatgraphends a
conductive filler(Figure ¥ (b)). The changes in viscosity and conductivity led to different
fiber diameterThey found the fiber diameter abruptly decreased upon adding graphene and
further decreased with more graphene, but eventually sedeslightly when the loading was

up to 7 wt% (Figure 4.(c)). At relatively low loadingthe increased conductivity domindte

the fiber diameter, which induced higher electrostiatice and reducethefiber size; but at

high graphene loading, the effeat viscosity become dominant, which hindered the fiber
elongation and slightly increased the fiber diameter. Similtre/protrusion of graphene out

of fiber was alsmbserve (Figure 4 (d)).
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Figure 14 Effects of graphenecorncentration on (a) solution viscosity and (b) solution
conductivity at 25€. (c) fiber diameter versugrapheneontent ofgraphene/PVAanofiber.
(d) TEM images of electrospun PVA nanofibers filled withwt% of graphenéadapted from
ref [69)).

In addition to electrospinning of PVA filled with GO and graphene nanoflakes,

researchers further develop hierarchical structures with two additives in PVA electrospun
fibers. For exampleWang et al prepared the PVA/GO/TiDcoreshell nanofibersvia
electrospinningollowed by interface solgel reactiotf” GO not only increased the tensile
strengthof the nanofibers, but also served as the reasiies to grow TiQ to reduce the

nanoparticleggregationwhich is favorable inarious applications such as energy storage and
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photocatalysigFigure B). This work provided newnsightsto further functionalize GO/PVA

nanofibers andevelop onedimensonal hybrid materials

Figure 15 TEM images of composite nanofibers: BIBVA (a and b) and TiggGO/PVA (c

and d)(adapted from ref]).

To sum up, electrospinnirigan importan strategy tdabricateone dimensional hybrid
nanocomposites. Research on electrospun GO/PVA or graphene/PVA mainly focuses on
processstructurerelation studies andnechanical or thermal propertigss far as we know,

the conductivity of the aspun matshas not yet been reportedog®carbonization/thermal
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annealinghas beera widely used to impart electrical conductivitythese electrospun mats

though

1.3.2Applications of GO/PVA Electrospun CompositeMats

The potentialapplicationsof GO/PVA electospunmatsmainly lie inenergy storage

and biomedicaéngineering.

Usuallyfor energystorage systems, GO/PVA-apunnandiber matsdue totheir low
conductivity, require further treatment to deliver enestpyragecapability A typical example
is to camtGO/PVA matsvith PEDOT ¢oly(3,4ethylenedioxythiophene&ja electrodeposition
Abdah et al reported the supercapacitor performancetioed PEDOT-coated GO/PVA
electrospun mat if M KCI solution®® The asprepared supercapacitor showed a hjggcdic
capacitancef 224.27 Fg!, with anextended voltage window up to 1.8 V (Figu).1Butthe
detailed mechanismon the enhanced electrochealiperformancevas missingn the reported

work.
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Figure 16 Morphology and electrochemical performance of the PEDOT coated GO/PVA

electrospun matdapted from ref)).

Besides thermal annealingsi another widely used strateg¢yy carbonizeGO/PVA
electrospun nanofibeendturntheminto carbon nanofiers (CNFs) and graphene, which can
serve as the highly conductiveatricesfor other electrochemical active materiatedin the
Li-ion battery Xu et al preparedGO/PVA/Si electrospumanofibersfollowed by thermal
annealing and obtainegraphentCNF/Si compositenandibers®® The asspun composite
nanofibes contaired 1 wt% of GO and20 wt% of Si nanoparticlesshowing individual Si
nanoparticles attached on th@O/PVA electrospunfiber surface without obvious
agglomeration(Figure I7 (a)). After carbonization, e Si nanoparticlesere wrapped and
encapsulated bgrapheneavithin CNFs (Figure 17 (b) and (d)) In this system, thelectrospun
nanofiberstructure helpddistribute Si nanoparticldsomogeneously, aneélieved the stresses
generated from the Liintercalation/extractionGraphene sheets not onbffered extra
conducting pathways for electron/ion charge transfehut also encapsulated the Si

nanoparticles to buffer volumetrichange, wich is the mainissueof Si-based electrode.
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Therefore, the aprepared graphene/CNsklectrode shoedremarkable cyclic performance

in Li-ion batterescompared with otheBi-based electrodes (Figuré (c)).
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Figure 17 SEM image of GO/PVA/Si asspun nanofiberga). (b) and (JHRTEM images of

Si/CNF/graphene. (cTyclic performance of electrodes made from neat Si, CNF, Si/CNF,

Si/CNF and Si/CNFraphenet a current density of 100 mA!gadapted from ref).

In addition, lomedical applications of GBNVA eledrospun fibers have also attracted
great interestsThe biocompatibility and hydrophilic natuoé GO make it an ideal candidate
for bio-compositesQi et al culturedthe osteoblasts on PVA and PVA/GO scaffdldifferent

GO loading) for 4 day& The formazanabsorbance valuis an indicator of th@roliferaion
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ability of the cell. Figire 18 shows he viability of osteoblastmcreased with longer culture
period for all scaffolds, and thegrowth and proliferation on the GRVA scaffolds tend to
increase withhigher GO content which can be attributed to the excellent intrinsic

biocommtibility and the hydrophilic nature of GO

0.24 }
| B PV A
B PV A/GO (0.5 wt%)
0.20 |- B PVAGO (1 wit%) )

L [ PYAIGO (3 wt%)
B PVAIGO (5 wt%)

Absorption

24h 48h 96h

Figure 18 Formazan absorption (at 490 nm) in MTT assay was expressed as a measure of cell
viability of MT3T3-Elcells seeded aheelectrospun PVA and PVA/GO composite scaffolds

with different GO contents for 24, 48, and 96atapted from ref’f]).

1.3.30ther GO/Polymer ElectrospunMats and Their Application in

Energy Storage

Apart from PVA, GO also has been incorporatetb a variety ofother polymer
matriceso improvethe conductivity, increase the surface aceastruct unique structyrand
enhance mechanical propertiesa electrospinningAmong them, plyacrylonitrile (PAN)is a

popula candidatepwing to its good spinnabilityniscibility with GO, and easy conkaation
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into CNF via thermalannealingKhan et al. reportedthe fabricatiorof electrospuPAN and
polymethyl methacrylate (PMMA) nanofiberatsembedded with graphene nanoflakegshe
separator for L-ion batteries’* They pointed out thimcorporation of graphene raised the ionic
conductivity of the electrospun matsvhich maycontributeconsiderablyto the enhanced
battery functionalityand lifetime.Table 3 shows theanic conductivity otheelectrospumats

of PAN andPMMA as a function of graphene concentratidh 8 wt% of graphene loading
the ionic conductivity oPAN and PMMAelectrspun matscreasedy 44.7% and 28.0%,

respectively.

Table 3 lonic conductivitesof PAN and PMMAelectrospun matas a function of graphene

concentratior{adapt from ref [4).

Graphene lonic conductivity (Smt) | 104
concentratio
PAN nanofibers PMMA nanofiber
(wWt%)
0 1.83 £0.03 3.97 £0.03
2 2.25 +0.05 4.52 +0.024
4 2.72 +0.04 5.30 +0.038
8 3.31 +0.025 5.52 +0.03

In addition tothe separator ihi-ion battel, the GO/PAN electrospumatis alsoa
good candidate fothe separata in Li-S battey. Zhu et al reportedthat the GO/PAN
electrospurseparatoted toimproved cycling capability and ardelf-discharge performance
in Li-S batteries mainly becausethe porous structure ofleetrospun matincreagd the

electrolyte uptakeand GO as a proton conductorprovedthe ionic conductivityMoreover
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the highaffinity between-Cl N and polysulfides (l25,) and the electrostatic interactions
between GO and negatively charged specig@$) (Bindered the shuffle effectd. Table 4
compares the physical and electrochemical properties of different electrospun mats working as

the separatarin Li-S batteles

Table 4 Physical and electrochemical parameters ofrfebrangelectrospun mats ¢fAN,

and PAN/GQastheseparatoin Li-S batteryadapted from ref’f]).

Sample Porosity (%) Electrolyte Uptake (%) lonic Conductivity (mS crb)
PP 41 152 0.60
PAN 70 275 1.00
GO/PAN 72 303 1.36

Except forbattery separators, another important application in energygsiol these
matsis to be use@lectrodsin supercapacitsmor batteres In this case, furthéreatment such
as carbonization or chemical reductafrGOis usually required in order twost theelectrical

conductivity.

Zhou et al prepared GO/PANelectrospun matsand further carbonizethem to
graphene/CNKG/CNF) hybrid structure as electrods in supercapacitorsThe composite
mats showd a hierarchical structure of graphene sheets and carbon nar(#ijpere D (a)
and (b)) Suchaunique nanostucture was believed t@ontribute to lhe greatelectrochemical
performance of th&/CNF electrodesThemaximum specific capacitancé the G/CNF in 6

M KOH reached up to 263.7 Flgwith excellent capacitanaetention atio of 86.9% after
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2000 cyclespwing to the high electrical conductivity and large spécisurface area of the

G/CNF compositegFigure B (c) and (d))®
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Figure 19 SEM (a) and TEM (b) image of G/CNF electropsun mats.Varjation of the
specific capacitance of G/CNFs with the current dengidy.Cycling performance of the

G/CNF and CNF electrodes at a constant current density of 2’ 5a&lapted fron ref [']).

Zhu et al also employed thelectrospinning to prepare GO/PVYR/TisO12 (LTO)
nanofibers atheanode material for Lion batteried* After electrospinningGOwas reduced
to graphenevith hydrazne hydrate vapoat 1@ € . Since LTO offers very low electrical

conductivity, gaphene was chosen as an effective carbon coating to improve the surface
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conductivity of the nanocompositégey found withonly a low loadingof graphene (1 wt%),
the chargeransfer resistance (rreduced from above 218to only 36m), which contributel

significantly to therate capabilityand cycling propertiesf the electrod€Figure20).
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Figure 20 TEM image(a), AC impedance measuremeifiity, rate capabilityc) and cycling

performanced) of grapheneembedded LTO narfiber compositegadapted from ref’).

In addition,theincorporation of GO can often generate unique strucamdsenhance
mechanical properties-or example, GO/nylef electrospun mats shed spiderwavelike
nanonets containing interlinked fibers wattvide distribution of diamter (14~192 nm), which
sufficiently decreased the pore size and thus formed nanoporou? Yaan et al prepared

reinforced poly(d, dactic-co-glycolic acid) (PLGA) electrospunandibers with GO, and
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foundthe tensile moduli o&6O/PLGAwith low GO loading ofL% and 2% showed significant

enhancement by alrsb3 to 5-fold, respectively®

1.4 Compounding of Graphene/Polymer Composites

1.4.1Melt Compounding

Melt compounding is the most commercially attractive process of asitep
fabrication, due to its advantages in scaling up, environmentally friendliness, and versatility.
It basically involves direct mixing the graphene or its derivatives with polymer melts in a
mixing chamberlnd extruding them by a twiscrew extrudeunder certainparameters such
as screw speetemperatur@and time The extruded composites can be further hot pressed into
films, injected into mold, or melt spun into fibers. It is especially popular in fabricating
thermoplastipolymer namcomposites, siicas PP, PE, nylon étc.Since GO is not thermally
stable and will release gas due to decomposition of oxygenated groups, graphene or exfoliated

graphite(EG) are more commonly used during melt compounding.

Thenorhomogeneous dispersion of fillerspolymer matrix is thenajor challenge
in melt compounding. Aggregation of graphene or graphite flakes makes it more difficult to
form the conductive pathways inside the polymer matrix, resulting in high percolation
threshold. To solve this problendalaitzidouet al put forward anew compoundingnethod
for exfoliated graphitenanoplateletgxGnP™)/PP, in which xGnP and PP powder were
premixed in isopropyl alcohdlPA) using sonication to coat individual PP powder particles
with dispersed xGnP. They claimed the main advantagetbis methodis sonicationcan

breakdown the xGnP agglomerates and the thick xGnP/IPA solution covered the PP patrticles
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very efficiently, resultingin homogeneous xGrévated PP powder that can bsed for
compression or injection moldirfgigure 2 (a) ard (b)). Such xGnP/PBhowed a much lower
percolation threshold of ~0.3 vol%, much lower than that made from conventional melt mixing.
(Figure 21 (c))At thecomparabldoading(1, 3, 5vol%), its conductivitywasalsohigher than

thecomposites made fromther two compounding metho(fSigure 2 (d)).
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Figure 21 SEM imags of fracture surface of 10 vol.% xGrE5/PP composites made by (a)
melt mixing and (b) coating and melt mixing) Ef f e ct  do&dingofs thePefestrical
conductivity of xGnP/PP(d) Comparison oftie conductivity of xGnF/PP nanocomposites

madewith/without coating(adapedfrom ref ['1]).
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Kalaitzidouet al further investigated the nucleating effecx@nP and its influence
on the crystal structurand electrical conductivity ofGnP/PP’8 They pointed outhatxGnP
can induce thaucleation of thg -form PP crystalasthe nucleating agest and increase the
crystallization temperature amdystallization rateThey further investigatethe relationship
between crystaltiity, which was altered by different cooling rate, and the percolation
thresholdelectrical conductivity of xGnP/PP (Figu2g (a)). They foundast cooling resulted
in higher percolationthreshold because there were more Isataller/thinner crystals the
fastcooled xGnP/PPThereforemore graphite platelets were inside the crystals and thus fewer
available to form the conductive path. In addition, the more and smaller ciystaldisrupt
the formation of the conductive network thnsreasing the peplation threshold (Figur22

(b) and (c)).
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Figure 22 Effect ofthe cooling rate on the electrical conductivity of xGnP/PP. FC stands for
fast cooling, and SC stands for slow cooling. xdn&nd xGnPL5 meanghe diameter for
nanoplatelets is $ m and 15 m, respectively Schematic of thenicrostructure ofb) slow
cooled and (cfast cooledkGnP/PP The arrows indicate the formation of conductive network

which can span across the whole sample in chslw cooling(adapt from ref [9]).

Graphene can also be incorporated into polymers together with other carbon materials.
Nilssonet al. used two different carbon fillers: carbon black (CB) and graphene nanoplatelets
(GNP) to prepare conductive PP composiiescryogenically grind andnixing followed by

melt compounding® They found the percolation threshold for GNP/PP, GSIB/PP, and
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CB/PP are about 8, 4, and 2 wt%, respectiyeigure B (a)).In addition, theyried to produce
conductive fibers with a core/sheath structure on a bicomponent melt spinning line, with core
of the hybridized GNPCB/PPnanocomposite and sheath of polyamide 6 (PAB§ reason
why they choseGNP+CB/PP as the conducte core isthatit shows favorable rheological

properties (Figure2(b)).
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Figure 23 Electrical conductivity aghe function oftheweight fraction filler for CB, GNP +

CB (ratio 11), and GNP in PRa). Storage modulusf different PP compositégb) (adapted

from ref ['9)).

Table 5 shows thepsning parametersand propertie®f the producedbicomponent
yarns The fiber conductivitywaslost during melt and cold drawindut could beparially
restoredwith heat treatmentwhichinvolvedthediffusion andrearrangement of CB particles

thatreformed theelectrical pathwayspon heating.
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Table 5 Spinningparameterand properties oproducedcbicomponentyarns(adapted from ref

[™).

Sample| Sheath/core | Melt Solid state| Conductivity | Conductvity after | Tenacity
volume ratio | draw draw ratio | (S cm?) heat treatmenS | (cN tex?)
ratio cnrt)
1 13/3 44 2.0 0.023 0.143 21.7 4.0
2 13/3 35 25 0.012 0.134 20.0 £3.5
3 3/1 88 10 0.036 0.090 8.4 +3.9
4 31 53 17 0.014 0.138 15.5+3.5

In addition to acting as conductive additives,pifene can also be useddonhance
other polymer properties such as therarad mechanical propertieachabyet al. fabricated
the graphene/PP composit@SNs/PP)via melt mixing and discussed the effects of graphene
on the thermal, mechanical and crystallion behavias.2° Theaddition of graphene increabe
the thermatlecomposition temperatubsg ca.403 at weight loss 05%, 203 at weight loss
of 15% and103 at maximum weight lossndicatinggraphene enhandéhe thermal stability
of GNs/PPsignificantly (Figure 21 (a)). The hindered diffusion of volatile decomposition
products within the compositegas believed to be the major cause belimsl phenomenagn
which strongly depenidg on the nanosheeflymer chaininteractions.Besides thermal
stability, the incorporation of graphene also incrdabe Y o u n madlidus andhe tensile
strength signifiantly (Figure 24 (c) and (d)With 1 wt% and 3 wt%f graphene loadindghe
Youngos smeedasubstamtiaincrease of 64% and 10Q%espectively, and the tensile
strength increaskby 54% and 81%, respectivelJhe reason for the improvement coullel

the large aspect ratio and the high intrinsic mechaolalacteristics of graphene, as well as
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the relativelystrong interfacial interaction between graphene and PP, which resulted in high
interfacial stress transfer efficiendyowever, theslongatian at break decreadelramatically
even when the graphene loadingsas low as 0.2~0.5 wt%ue to therestricion of polymer

chainmovemerd (Figure 24 (d))
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Figure 24 TGA and DTG thermogram(®), typical stressstrain curves (©sshead speed set at
10mm/min)( b) , Youngds modul us (c) and btedkegd)t ensi |
of the neat PP an@Ns/PPwith various graphene contents of 0.2, 0.5, 1.0, 1.5, 2.0, and 3.0

wit% (adapted from ref¥)).
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Melt mixing is a convenient, environmentally friendly, cost effective way to fabricate
graphene/polymer compositéBhe major disadvantage that the percolation threshold is
relatively high due to the difficulty to achieve uniform dispersiohfillers. High electrical
conductivity requires high loading of graphene, whereas more graphene will decrease the
elongation at break of the composites, leading to brittle prod8ttategies to lower the
percolation threshold anaptimize the tradeoff between conductivity and tenacity are still

under investigation.

1.4.2Solution Compounding

Compared with melt compounding, solution mixing is also a convenient method to
prepare graphene/polymer composites with some advantages. The most importatihene is
easiness iachievinghomogeneoudispersios, which will fully utilize the function of fillers
especially important for forming conductive pathwaythe polymer matdes GO, due tothe
presence of oxygenated surface growas be dispersed in wat@nd some organic solvents
easily. Therefore,t 6 s f easi bl e t o mi x togeer, dofloved pya | y me r
reduction processvith reducing agents such as hydrazifd»H4), sodium borohydride
(NaBHs), hydroiodic acidHI), to prepare graphene/patger composites. However, there are
also disadvantages for solution compounding. One is thendslia polymer solution and GO
or graphene dispersisshould match, which ishallenging especiallwhensomepolymers

such as PPonly dissolve in fewsolvents Besidesthe organic solvent is often environmentally

harmful.
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Xylene is widely used to dissolve PP and further mix with graphkneet al
investigated the electrical conductivity of the graphene/PP comp(Si€3¥PP) prepared by
mixing PP/xylenesolution with graphene nanoplatelets under overnight sti(fingure 5
(a)).8! The obtainedGnP/PPstill contain aggregated graphene flakesdlicating solution
mixing cannot solve the filler distribution problem thorougf#igure % (b) and (d))Due to
the aggregation, the percolation threshaigs not significantly loweredThey claimed he
electrical percolatiorwas aroundl 2 . 0 whehtbe resistivityof graphene/PRiecrease

significantlyt o 1 .* §@mi(Figliré 24 (c).
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Figure 25 Experimental setup and the procedure for priegaGnP/PP composite@). (b)

SEM imageof GnP/PPwith graphene anoplatelets loading of 5Wt%, with enlarged region

shown in(d). (c) Resistivity of theGnP/PPas a function ofjraphendoading(adapted from

ref [2Y).

Apart from electrical conductivity, the incorporation of graphene l@sinfluenceon

the crystallization behavior of PRu et al prepared graphefiePcomposite (PPG)by mixing

PP/xylene solution withhe graphene/xylene dispersioandfurther dried andmelt molded

into thin films. They investigated the effect of graphene onctiystallization behavior of PP

by in-situ synchrotron wideangle Xray diffraction (WAXD) techniquesandfoundgraphene

acing asthe heterogeneous nucleatg

sites

d i -crestals of PRand pramotede d

a7
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the crystallization kinetics of P (Figure26).2? However , they di dnét

the detailed kinetics.

Isothermal Crystallization under Quiescent Conditions

ke

PPGO (a)t=0min (b) 40 min (c) 100 min (d) 300 min
I 1 : a

PPGOS (a) t= 0 min (b) 35 min (c) 60 min (d) 155 min

b al . =

PPG10 (a) t= 0 min (b) 25 min (c) 40 min (d) 105 min

Figure 26 2D WAXD patterns of neat PPPGO0)and itsgrapheneompositesvith 5 wt% and
10 wt% of graphene loading (PPGO05 and PPG10 respectisetiiermally crystallized at 145

3 under quiescent condins (adapted from refé]).

Latexbased fabricabin is also employed to prepared graphene/PP composites with
homogeneous dispersidV.anget al preparedGO/PPcomposites through a latex technique,
which consigedof mixing PP aqueous emulsion with GO/water disperftiawed byin-situ
chemical reduan of GO.>! The PP latexcomposed of 30 wt% of maleic anhydrigeafted

isotactic PP (MAg-iPP) and 5 wt% of anionic surfactant of the oleic agide. By this

48

qual



approach,the graphenenanosheets we homogenously dispersed in PP matrix without
discernible aggregatioffFigure Z (a)). The graphene sheets were even not pulled out at the
crosssection (Figure 2(c)), indicating strong adhesion between rGO sheets and the PP matrix.
They believe the hanogenous dispersioariginatad from the interactionsvia hydrogen
bondingbetween the residual hydroxyl and carboxyl groups on rGO surfaces and the carboxyl
groups on MAg-iPP chainswhichrenderedhe rGO nanoshee&bsorkedonto the surface of
colloidal PP particles rather than aggregatidine obtained rGO/PP composites showed
improvement indielectric propertiesAt low rGO loading (<0.03 vol%), the AQlternating
curren) conductivity of the compositescreased with the frequency asbowed a strong
dependence othe frequency owing to theinsulating natureThe insulatorsemiconductor
transitionoccurredat the rGO loadingf 0.033 vol%, when the AGonductivityexhibited a
conducting feature that remauhnearly frequency independent in the rangel(?~1C° Hz
(Figure Z (b) and (d)) They attributd the ultralow percolation threshold to thevo-
dimensional (2D)nature of grapheneas well asthe processing technique that efficiently
suppressd the aggregation of rGO and resedt in homogenous dpersion. Dielectric
conductivity or permittivitywas attributed to the soalled micrecapacitor effegtwhich means

the charge carriers migratend accumulatkat the interfacebetween the rGO nanosheets
and the PP matrix due to local electric fieldt€rface polarizationDue to the mechanism
difference between the dielectric permittivity and the electrical conductivity, the application of

the dielectric composites might be limited in so@ only situations.

49



107 4
g 10‘]
- 5
g 10 1
§ 1061
°
c
3 107

10°

10‘9 T T T T T

2 3 4 5 6 7
log [f(Hz)]

(d) 10°

103- .—/.’—-———’_.

16 is-nmma:'
107 5 Fi2
g
08 7=0033voi%
10'_ 52074
f 25 -20 15
log (£-7)
10°

O.Z)O 0,65 0.'10 0.'15 0"20 0.25
Volume Fraction of rGO (vol%)

Figure 27 TEM (a) and SEMimages (c) of therGO/PP latex composite (0.2 volét rGO). (b)
Conductivity of therGO/PP composites with different volume fraction gfapheneas a
function of frequency at room temperatud) Di el ectri c permOPRIi vity
conposites as a function ajraphenevolume fraction, measured at 181z and room

temperatur¢adapted from ref¥]).

The latex technique can also be combined with melt compourg&imget al. prepared
the exfoliated graphenbasedPP nanocomposites by first mixing GO/water dispersion with
PP latex, and then chemical redddo graphene and metlended with PP matrix@® The
electrical conductivity, thermal stability and mechanical strength were investigated in detalil
(Table 6).The condudavity of graphend?P composites increaswith graphene loading and

exhibiteda relatively high conductivity dp10° S m* atthe loading o2.0 wt%, implying the
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formation of conductive network through the polymer matffixe percolation thresholdas
roughly estimatedbetween 1.0 wt% and 2.0 wit%But no further analysis regarding to
conductivity was conducted. 18ilar with other reports on graphene/polymer composites, the
resulted graphene/PP showed highteo u n g 6 s

amcbyikld strergyth higher thermal

degradation temperatytdeut lower elongation at breasaforementioned

Table 6 Properties ofgraphen#P nanocomposites with various graphene load{agapted

from ref [£9)).

Peak
Electrical Youngq{
Graphene| Crystallinity | temperature o Elongation
Sample conductivity | modulus
(wt9%) ... (%) crystallization at break (%)
. (S (GPa)
To ()
Neat PP| O 42 116 3.2x10% |1.02+0.10 | 1120+ 100
PPGO0.1 | 0.1 41.6 117.5 1.3x10* |1.25+0.12 | 1150+ 120
PRG-0.5| 0.5 42.8 117.7 3.6x101% | 1.50+0.15 | 330+ 30
PPG1.0 |1 42.7 117.9 2.7x10° 1.76£0.25 | 130+ 20
PPG2.0 | 2 43.1 118.5 45x%10° 1.66+0.20 | 120+ 18
PPG5.0 | 5 447 120.3 1.8x104 1.23£0.13 | 100x 15

Solution mixing isespecially suitablér polymerssoluble in water or various organic
solvents. Due tthe formation otuniform dispersiog some of the resulted graphene/polymer
composites can exhibit very low percolation threshold. For exarSpi@kovichet al first
reported highly condztive polystyrenéPS)filled with graphengreparedrsia solution mixing

in DMF, which shows a very lowercolation threshold of 0.1 vol% However in the PP
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system, such a low percolation threshold lcardly be achieved probably due to the structure
difference between PP and graphene, the crystallization behavior, solution so&ibility
general, solution compounding isstill an effective way to prepare graphene/polymer
composites with uniform fillerdistribution, andcan be easilycombined with melt
compounding or followedith otherfiber processing techniques, such as electrospinniedf

and wet spinning.

1.5Summary

In this chapter, wéhavereviewed thestateof-art of graphene/polymer composites
fabricated via three major methods, i.e. coating, electrospinning, and compounding
(melting/solution). The advantages and disadvantages of each method, in terms of fabrication
process compositestructure, and productproperties (electrical, mechanicahetmaletc),
have been discussed and compared in ddtaking advantages of the highly capacitive and
conductive graphene additivehe conductive graphene/polymer composites can be widely
used inenergystorage systems such as batteries and superttapawiorking as electrode
electrolytes andseparata. On the other handh retention obriginal benefits of polymey the
compositehaveshown greatpromisesin flexible and wearable electronicBoday, although
some graphene/polymer masbatctes havebeen commercialized in the markdtete still
remainslarge emptyspace tdbe explorel to achievehigher electrical or ionic conductivity
The applicatiors of the graphene/polymetompositeiavealso attraatdincreasing interests
from relevantfields, such amicro-energystorage systemiwearable sensors, abtbmedical

devices.
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CHAPTER 2: RESEARCH OBJECTIVE SAND

DISSERTATION OUTLINE

The objective of this work is to 1) create electrically/ionically conductive polymer
composites withtwo dimensimal (2D) carbonflakes graphene oxider graphengwhich
deliver high conductivity whileetain the original polymefieatures such as light weighaind
flexibility; 2) provide fundamental understanding on how GO intsragith polymer
solutions/individual ibers and influencethe properties of composite8) investigate the
applicatiors of graphene/polymer compositesenergystorage systemd.he main research

work includes:

2.1 Thermal Decomposition of GO in Airvia In-situ X-ray

Diffraction Analysis

Thermal decomposition of graphene oxide (GO) has been extensively investigated in
the last decade, but the detailed reaction kinetics remains elusive so far. Here weiemploy
situ X-ray diffraction (XRD) analysis to clarify the kinetics of GO decompositiodifferent
atmospheres and sample morphologies. The XRD peak (002), which is the major diffraction
peak corresponding to the interlayer distance in GO samples, shifted frahol238along
with significant decrease in intensity when samples were h&atmd25 € to 350 € in air.

The decomposition in air exhikia higher reaction rate compared with that in pure nitrogen
gases, because the @olecules in air facilitate the oxidation of carbon atoms and oxygenated
functional groups, leading to the eutbn of CO and C@ Freestanding films of GO also
decompose significantly faster than GO powders, owing to their slower heat dissipation into

the environment and higher thermal conductivity within the steltked lamella. This study
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has provided new imghts on the reaction kinetics of GO therrdatomposition andffered a

novel perspective on kinetic analysis basedherin-situ XRD technique.

2.2 Conductive Graphene/Polymer Compositevia Coating and

Compounding

Most polymeric matricesnvolvedin graphene coated polymer composisesfar are
bulk polymer films polymer fiberswoven or knitted polymeric fabricsBlonwoven fabrics, on
the other hand, have rarely been reported as the basic host of conductive adlitives.en
systems, usually atreedimensional 8D) porous matrices made from molten polymers or
entangled fibers, have notable advantages over traditional woven or knitted fabrics as the
matrices of conductive textiles, due to their better absorbency of additives, higher porosity,
more stetchiness and lower costere we investigateithe coatingof GO onto hydrophilic and
hydrophobic melblown nonwover, nylon and polypropylenerespectively, followed by
chemicallyreductioninto graphene to offer electrical conductivi#y systematic stdy both
from experimental and theoretical modeling perspectha&s beernconductedon the key
factors that influence the conductivity of the obtaigebhene/nonwoveit/NW) composites,
in terms of matrix hydrophilicity, fiber structure, dope propertigaphene loadingtc. The
obtainedG/NW composites offered high conductivity, low percolation threshold and good
wash fastnesd-or comparison, melt and solutiomxing of graphite with PFhas alsobeen

investigatedvhich deliversmuch lower efficacy thacoating.
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2.3Graphene-coated Nonwovers as Energy-storage Textiles

To further investigate the applicat®of the conductivés/NW in wearable electronics,
herein monolithic supercapacitors have been developed on thédng@ nonwoven
compositeyvia a programed C@laser patterning process. The nonwoven works as an efficient
matrix with high surface areaensuring enough electrode materials generaiadthe
subsequent laser patterning processeslso improves the electrolyte uptake and ionic
diffusion duringthe charge/discharge process owing to the highly porous stru@umdar
applicationhasalso beendemonstrated on the GO/PP nonwovBetailed electrochemical
analysis of tbse GO/nonwoverupercapacitors have been conducted, including thetefté
electrode geometry, electrolyte selection, kinetic analysis, bending perforneandedigh
areal capacitance, energy density and power dehsiy beemchieved and th&/NW based
monolithic supercapacitorsarry great promise to be used as hgtight, flexible and

minimizedenergystorage systems.

2.4 Electrospun Mat of Polyvinyl Alcohol/Graphene Oxideas

Solid-State Electrolyte with Superior Performance

Electrospinning of polymer solution with additives is a simpled widelyused
approach tgroduce composite nanofiberats Here wedescribe a polyvinyl alcohol (PVA)
andGO composite maireparediia electropinning ofheirco-dispersion in watef he resulted
GO/PVA mat is ionically conductive, due to the oxygenated groups in GO and PVA
functioning as protorhopping sitespotentially to be used as polymer electroljlee proton
conducting behavior of the mat has been further investigated in a sandwich supercapacitor

derived directly on the mata a welldeveloped lasepatterning proces§.he PVAGO mat
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overcomes the maj issue of conventional P\Based electrolytes, which is the ionic

conductivity decay upon drying. After exposure t@48% rehtive humidity at 25\ for 1

month, its conductivity decay is limited to 38.4%, whereas that of pure PVA mat is as high as
84.0% This mainly attributes to the hygroscopic nature of GO and the unique nanofiber
structure within the mat. Monolithic supereajtors have been derived directly on the wat

a welldeveloped lasescribing processwhich offers an areal capacitance of 9.9 mFZcan

40 mV st even after imonthstorageén ambient conditions, with high devitmsed volumetric
energy density of A3 mWh cn? and power density of 2.48 W chrespectively,

demonstrating great promises as a more stable power supply for wearable electronics.
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CHAPTER 3: THERMAL DECOMPOSITION OF

GRAPHENE OXIDE IN AIR VIA IN-SITU X-RAY

DIFFRACTION ANALYSIS

3.1Introduction

Graphene, a monolayer ofsparbon atoms, has shown excellent performance in
transistors, sensors, supercapacjtdoatteries,electrocatalystsand solar cells due to its
excellent electrical, optical, thermal and mechanical propeftigs? A lot of effort has been
made toward the larggcale production of graphene through various approaches after it was
first exfoliated from graphite, among which conversion of graphene oxide (GO) has attracted
enormousattention due to its large scale accessibility and versdtifity?® *4GO, typically
madevia chemical oxidation of graphif&,is a nonstoichiometric compound, with oxygenated
groups, such as hydroxyl, epoxy, ester, lactol and carboxyl groups, attached on the surfaces
and peripheries of the basal plahe$3When dispersed in water, GO hydrolyzes and bares
negative charges on its surface, thus GO flakes are well exfoliated into single®{ayers.
Chemical reduction of GO dispersion along with some surfactants, can lead to large quantities
of monolayer graphene in water, whicthardly available through any other protocets/ 8
In addition, thermal conversion of GO back to graphene also attracted considerable attention
S i n c esimpleaddsnordgoxic process with great potentialawering the cost of graphene
production3® 9101 GO decomposes easily upon heating, resulting in the loss of oxygenated
groups and the evolution of 8, CO and C@%> @193 However, all of the reported
conversions only result in partial recovery of thé sprbon lattice, and the conversion

mechanisms remain elusive 104
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The extent of GO conversion to graphene can be characterized by the color, microscale
morphology, carborto-oxygen (C/O) ratio, electrical conductivity, and dispersibility of the
resulted products. These analyses can offer detailed information of structural changes in GO
before and after decomposition, but are quite limited in providing a dgrecheme of the
reaction.In-situ characterization techniques can observe the entire reaction process directly
and would therefore be able to collect r@ade data for mechanistic and kinetic studies.
However, very few studies have been reported toaa@O decompositionia in-situanalysis
techniques. Sampatt al. analyzed the electrochemical reduction of @®in-situ Raman
spectroscopy measurements, and confirmed that GO can be reduced electrochemically in
deaerated KN@solutions starting from0.2 V vs. saturated calomel electrode (SE%).
However, the reduction kinetics was not meméd. Ruoffet al.investigated the mechanism
and kinetics of thermal reduction of GO plateleid monitoring its resistivity at different
stages of reduction in high vacudfi.They reported an estimated value of reaction order of
2.2 and activation energy ofx p kcal/mol for the thermal decomposition of a single GO
platelet in high vacuumbut did not discuss other important factors that will influence the
kinetics, such as reaction atmosphere and sample morphology. Huh characterized the thermal
decomposition process of GO from room temperature to 2000 € unggadflow with the
in-situ XRD techniquée® He qualitatively studied the thermal decomposition proces3®f
by establishing the correlation between the position of the (002) diffraction peak and the
corresponding stage of decomposition. Although the change in the peak intensity was briefly

mentioned, no further quantitative analysis was presented.

In this gudy, thermal decomposition of GO in different morphologies and reaction

atmospheres have been investigatadn-situ XRD measurements. Due to its high sensitivity
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to structural changes in crystals, timesitu XRD technique is particularly useful in the
elucidation of reaction mechanisms during alloying, decomposition and [Hioiim
intercalationt®1% |n the case of GO thermal decomposition, ithsitu XRD measurements
clearly revealed the evolution of theavall decomposition process, involving the escape of
intercalated water, removal of oxygenated groups and the formation of defects on the graphene
basal planes, through the shift of the (002) peak position from 11.5°%0 23; corresponding to
the d-spacingbetween GO flakes decreasing from 7.7 A to 3.9 A. Meanwhile, the intensity
decrease of the (002) diffraction peak, as the result of the removal of functional groups and the
defects formation on the graphene basal planes, served as the basis for datigaamtalysis

of the reaction kinetics. Oum-situ XRD analysis was further used to understand the effects of
reaction atmosphere (air vs. nitrogen) and GO morphologies (powders v&afmdang films)

on the kinetics of GO thermal decomposition.

3.2 Experimental Methods

3.2.1Preparation of GO Powder and Film

GO was prepared by modified HumneThés met
graphite (Micro 850) from Asbury Graphite Mills Inc., Kittanning, RAs usedFreestanding
GO films were made by vacuum filtration. For a typical film preparation, 100 ml of
homogenous GO dispersion in a concentration of 3 mg/ml waséilteith a nitrocellulose
membrane (0. 025 & m, Mi Il Ii pore) by using a Ve
freestandingf i | m i s around 20 em in thickness, 8. 7
mg by weight. GO powder is obtained by drying @i€persion in a vacuum desiccator together

with P.Os overnight. Both GO film and powder are from the same preparation batch.
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3.2.2Analytical Instrumentation

Thein-situ XRD measurements were carried out using a Panalytical Empyrean X
diffractometerwith an Anton Parr XRK 900 reactor chamber. Diffraction patterns were
acquired throughout the whole heat treat ment
pattern was measured in a step size oly. 0.026
For the thermal decomposition to determine the temperature of annealing, GO sample was
firstly heated in the chamber from 25 € to 105 € with a heating rate of 3 € /min and held at
105 € for an hour to remove all the water. After that, the sampitdicoed to be heated to
350 € with a heating rate of 3 €/min. It is observed that 150 € was the onset from which
the intensity of (002) diffraction peak began to decrease significantly, indicating the
acceleration of the thermal decomposition. Thereftire thermal decomposition of GO at a
constant temperature of 150 € was also conducted following the same heating process and

held at 150 € for 2.5 hours.

Raman spectra were obtained with a Bayspec 3 in 1 nomadic Raman microscope by
exciting a 532 nm ker. FFIR spectra (ATR) were collected with a Thermo Nicolet Nexus

470 instrument.

3.3.Results and Discussion

3.3.1In-situ X-ray Analysis of Thermal Decomposition Kinetics

Figure 28 (a) showed the shift of XRD patterns of a GO fsg&nding film in the
temperature range between 25 € and 350 € in air. The temperature profile consisting of three
stages was shown in Figuz8(b). When temperature was firstly elevated from 25 € to 105 C,

the (002) peak position shifted from 10.8%o 13.17 indicatirgetinterlayer distance decreased
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from 8.2 A to 6.8 A. In this stage, tltespacing decline was mainly due to the evaporation of
physically adsorbed water molecules intercalated between GO layerd:-spaeing of GO

can vary from 5 A to 9 A, depending ohet number of intercalated water molectfgs°
Considering that water molecules play an important role in the change of interlayer distance in
GO, the GO film was held at 105 € for 1 hour to ensure all the physiealsorbed water
molecules were removed from GO layers. In the enthiefprocess, the (002) peak position

and intensity remained almost constant. As we set the temperature to increase from 105 €,
the (002) diffraction peak continued to shift to a higher andlie & 150 €, the peak intensity
started to drop extensively, indicating the accelerated decomposition process at this
temperature. The (002) peak degraded into a very broad bump at around 200 €. During this
process, the decline of the interlayer distaimn mainly due to the removal of oxygenated
groups including hydroxyl, epoxy and carboxyl groups as well as some carbon atoms on the
graphene basal planes. In addition, the decrease in the peak intensity implieghldree in
defects, such as pinholes, gested in the Splattice. The resulted carbon structure was
partially amorphous and comprised of many defects with tReasg sp carbon atoms
coexisting in the structure. The broad bump slowly raised up above 200 €, which might
attribute to the furtheremoval of more oxygenated groups that extended &easpon lattice.
Finally, the diffraction peak shifted to ~23.5° corresponding todtspacing of 3.8 A, which

is approaching the typicalspacing in graphitega. 3.4 A via traditional wideangle XRD
analysist® The thermally decomposed GO can never retrieve the perfect gragthititure,

thus bares a slightly highdrspacing of 3.6 A. This is mainly due to the residue functionalities
and the lattice defects formed during thermal annealing procéssa#though high

temperature and chemicalfgducing atmosphere are preferred for the conversion of GO to
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graphene, our experimental condition, 350 € in @rgood enough to push thesnversion to

a reasonable extent.
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Figure 28 Evolution of the (002) XRD peak of a frstanding GO film, during the thermal
annealing from 25 € to 350 € in air(a) the contour plot of (002) peak in tHe 2range from

5°to 30°throughout the thermal annealing process, when the (002) peak position gradually
shifted from 11%o 23°as the temperature increased following a temperature profile as shown
in (b). (b) Temperature vs. time profile of the programnieating process: temperature was
raised from 25 € to 105 € at the ramping rate of 3 €/min, then held at 105 € for 1 hour to
remove all the intercalated water molecules, and finally increased to 350 € at the ramping rate

of 3 €/min.

Ourin-situ XRD measurements characterized the evolution of interlayer spacing in GO

throughout different thermal decomposition processes. More importantly, they provided
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information about the redime intensity of the (002) peak, allowing us to analyze the reaction
kinetics with this unique set of diffraction data. Quantitative analysis of peak intensities has
been well developed in clay mineral studi&slt has been proven that the intensity ratio of
different diffraction peaks is proportional to the weight percentage of their corresponding
phases®14In the case of GO thermal decomposition, the (002) diffraction signals come from
the Xray diffraction from sicked GO platelets within various GO samples. When GO
decomposes, the intensity of (002) diffraction peak decreases dramatically, because the
evolution of oxygenated groups also carries with them some carbon atoms from the graphitic
plane, leaving behindacancies in the $garbon latticé!® These pinholes on ¢hgraphene

basal plane lead to lessray diffraction signals, thus lower the intensity of the (002) peak.
Consequently, the peak intensity here is correlated with the progress of GO thermal
decomposition. In other words, the intensity is indirectly cateel to the concentration of-un
decomposed oxygenated groups on GO at every-addiecting point within a certain
temperature range (< 200 €). As the temperature goes highgr>00 €), the variation in

the peak intensity becomes less prominent,thadsp2 carbon domain starts to dominate the
XRD signals at higherf2(above 20j. Therefore, our kinetic analysis here will only focus on

the decomposition process at 150 €, when the correlation between the peak intensity and
functionalgroup concentratin in GO exists. Although the nunie correlation inRbetween is

still hard to clarify, it is reasonable to assume that the reaction rate equation, commonly known
asO Ew (wherevrepresents the reaction rate, k refers to the reaction rate cansttans

to the concentration of reactants, and n refers to the reaction order), can be transformed into a
similar equation to describe the reaction rate of GO thermal decompo&igort “Q , where

i is the intensity of (002) diffraction peak@ V' refers to the rate of intensity dease (V'
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Q@mp . I n this equation, ké and ndé play the
reaction order (n). Hi gher k& indicates fast
meclanism. Based on the calculation of these two key parameters, we analyzed the effects of
different reaction atmosphere (air and nitrogen) and GO morphologies{@reding films and
powders) on the rate of thermal decomposition. FigarEhdws the decompgiion process of
GO to graphene and summarizes the kinetic studies on the basistohesgtensity changes

of the (002) peak obtained with-situ XRD measurements.
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Figure 29 Structural changes during the thermal evolufrom GO to graphene a) schematics

showing the interlayedistance decrease in GO due to the removal of water and oxygenated

groups upon heating from 25 € to 350 €; b) kinetics of tmesitu XRD data indicating the

significant influences of atmospheredasample morphology on the reaction rates and

mechanisms of thermal decomposition at 150 C.

3.3.2Effect of Atmosphere

To further investigate the effect of atmosphere on the decomposition process, thermal

annealing of a GO frestanding film at a constatemperature of 150 € in air and pure
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nitrogen atmospheréas beenconducted. Previous reports indicated that GO started to
decompose above 150 €.In our experiments, 150 € was chosen to ensure that the
decomposition was slow enough for us to observe and charact@&izir in-situ XRD

instrument.

Figure30 (a) demonstratd the typical decline in the peak intensitytbé GO film in
both air and nitrogen atmosphere upon heating.dBoesase was slightly faster in air than that
in the nitrogen atmosphere. This implies a higher decomposition rate of GO film in air, as
demonstreed by the kinetic analysis results shown in Figg0€b). Thenatural logarithnof
intensity decreasate(d € QX §) was plotted against the logarithm of peak intensitgQ),
whereintensity decrease rafe Q X pwas determined by takg the firstorder derivative of
the curves in Figure®(a). A goodlinear fit was achieved betweéne QLR oL Bx £€Qin
bothatmospheredhe values o 6and @werecalculatedaccording tdheslopes of the linear
fitting andthe inerceps with they-axis.For the thermal decomposition of GO film at 150
in air, @wascalculated to be® p 1 i ha bit larger thartin nitrogen p& p T i ),
which may be due to the oxygen On air accelerahg the decomposibn by eliminatingthe
carbon atoms in G@ the form ofcarbon oxide (CO and Cg).!**However both atmospheric
environmentssharel a similar €6 of ca. @, indicating he mechanism ofthermal
decomposition in air and nitrogen was almost the same. The valti@isobignificantly
different fromthat in Ruoffés calculation §  ¢&),1° which can be attributed to three
possiblereasons: 1) althah & Gplayed a similar role akerealreaction ordein the equation
of O E'Q, correctios arestill neededo correlate it with the real and validatets physical
significance since the intensity but not the concentratdroxygenated growgwas used for

the calculation 2) R u od daléulation was based on thernaainealing GOat a higher
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temperature of 20@ ; 3) their GO sample were thermally decomposed in high vacuum

instead of any atmosphere.
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Figure 30 Time-dependent evolution of the intensity of (002) diffraction peak in a-free
standing GO film at 150 € in air and nitrogen atmosphéag¢ All peak intensity was
normalized with an external standdtide intensity of the same GO film measured at 25 € as
the sandard) Kinetic analysis of thermal evolution of GO film at 150 € in air and nitrogen
atmospherégb). A good linear fit wa achievedn the logarithmplot of the rate of intensity
decreases.the intensity itselfa € Qj@ oL B £€'Q for both decomposition processes.

and@were obtained through the slopes arakis intercepts.

3.3.3Effect of Morphology

In addition tathereaction atmosphere, theorphology of GO samples also impacts the
kinetics of thermal decomposition. FigldEcomparedhe kinetics of50 film and GO powder
samplesannealedt 150C in the same atmospherar], which shovedan obvious difference
in the rate of decompositidretweerthe two samplesThe asmade GO powder, as shown in

the inset picture of Figur&l (a), consist of smallGO flakes, while the frestandingGO film
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hasa smooth andontinuous surfacaoth of themexhibited significant decline in the (002)
peak intensitygdemonstrating their evolution to graphend 50C . There is a small differece
between the& dvalues of GO film(¢ m® and GO powdefea @) samples
which may bedue to more edges irthe GO powdersample exposingnore dangling
oxygenated groups tilne heat On the other handhe GO film wasmuchmore sensitive to

thermal treatmenthan powder as shown in Figudd (b). The®@e (as mentionedbove,
¢®& p i )was more tharhree timesigher tharthat of B , Whichwas calculated

tobex® p m i .Therasonforthamaylieint he f i | Ioetter heaigdnse&ation
andhigherheat transferatecompared witlihat of theGO powdersThe decomposition of GO

is highly exothermat!® The heatelease during thermal decomposition of GO can be divided
into two parts:1l) thermal convection ahe GO/air interfaces ar) heat tranter inside GO
samplesGO powder, due to its higher surface area, can dissipate the generated heat into the
environment more rapidlgnd efficientlythan GO film.Therefore, thehermal energyrom
GOdecompositionvasaccumulate@nd transported directly within the GO filmvhich in turn
boosted its thermal decompositiorate This can be considered as saibmoted
decomposition, and due to the better accumulation and utilization of that thermal energy in GO
films, we observed a faster decomposition in film samples as compared to powder samples.
Moreover, it is expected that GIm has a higher heat transfieteas compared to randomly
stacked GO powderEreestanding GO film was highly oriented and tightly stactagkther
because of its seissembly during vacuum filtratiggmoceses2° However the naturallydried

GO powder has randomlyriented GO flakes with much larger amount of gaps in between. It
has been pointed out thihie effects ophononboundary or defect scatterimgereamong the

significant factors that limited thgermal transport in feMayer graphenét’In GO powder,
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the loosely stacked and disordered flakes generate® boundaries. These boundaries
overlapped with each other in uncontrolled anglesfaoels which scattered the phonons and
limited heat transfeinside GO Neverthelesssuch boundary effectseremostly eliminated

in free-standingGO films, because thdense stacking of GO flakes at the microscale generated
semtordered structures that suppresttetmal lossAs a resultthe efficiency oheat transfer
inside thefree-standingGO film washigher than that of powdewhichalsoprovided stronger

driving force forits fastthermal decomposition.
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Figure 31Kinetic analysis of thermal decomposition of GO powder anddtarding GO film
at 150€ in air. (a) timedependent evolution of the intensity of (002) diffraction peak
throughout the entire process. Insets are photographic images ofitfaglagreestanding GO
film and GO powdes at 25C for testing; (b)ad € QAR 0L Bx £€'Qplots and the linear
fittings of the data points in (ayhe tested film and powder samplesre from the same

synthesidatch andverecomparablen weight
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To further clarify the differences between GO film and powderses, spectroscopic
analyss such as Raman and FTIR were conducted. FRftif&) compares the Raman spectra
of the GO film and powder samples. Both GO film and powder exhibited twe peaR50
cmit and 1580 cm, which are associated with tdéesordeed (D) and graphitic (G) bandd
carbonmaterialsrespectively**® The D peak camédrom the structural imperfectiorsn the
carbon basal plane due to the oxygenated groups, while the Gmeaspodedto the first
order scattering of the.Emode?’ A small butperceptibledifference inD-to-G ratio existed
between GO film and powd€eéO FO'O wast@ ¢ for the free-standing film, a bit smaller
than that forthe powdersample,which was calculated to bb&® x,tindicating the stacking
structure of GO flakes in the frestanding filmallowed less defects to be exposed and detected
in Ramant® This indirectly supported that the seordered structures of GO fikrleadto
higher thermal conductivity. Figur&2 (b) display the FT-IR spectraof the GO film and
powdersamplesBoth of themhavethe bands of arourtD60cm™ (n c.o), 1220cm™ (N phenoic),
1620cm™ (N HoH bending in watdr and 1720 cm (n c=0), corresponding withhe adsorbed water
and the oxygenated groupstachedincluding hydroxyl, carboxyl, epoxy, ester and lactol
groups® No evident differencén the peak positionsan be observedndicating that the
chemicalstructures of GQOn films and powdes are similar which corroborateswith the
previous discussiorDespite of reaction atmospheres or sample morpholatieshermal
decomposition of GO shared a simia@due to thecommonreactionmechanisnthat mainly

involved the removal of water and oxygenated groups.
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Figure 32 Comparison ofa) Raman spectrahowing a bit loweb-to-G ratio of freestanding
GO film 1@ @ tthan that of GO powdsr @ X 1 (b) FT-IR spectra presenting bands
around1060cm? (n c.o), 1220cm™ (N phenoic), 1620cm™? (N HoH bendng in wate) and 1720 crm

(n c=0) for both GO freestanding film and powder.

3.4 Conclusion

In conclusionjn-situ XRD characterizationf thermal decompositioprocesses i6O
shows that he temperaturaependent evolution from GO to graphene invslveater
evaporation, oxygenated groupscdmposition and recovery of hexagonal carbon network
with defects. A new protocol of kinetic analyhias beemevelopedased on the quantitative
analysisof theintensityof (002) diffraction peakb  @'Q . For the thermal annealing of
GO films at 150C , the apparent reaction ordadwas calculatedé@ m#). GO powders in
air exhibited a slightly higher$(0.8), probably due to the more exposed edge structures. The
effects of atmosphemnd GOmorphology on the decomposition kineticave beemnalyzed.

In air,"® was calculated to b&& p mi , larger than® (p&o prt i ),
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probably becaus®; helpseliminatethecarbon atoms from the grapbiplanes and accelerate

the pyrolysis. On the other hand® was calculated to bg®& p 1 i , much smaller
than'® (¢c® pmt i ), perhaps due to the slower thermal transport inside the GO powder
matrix and more heat dissifjoninto the environmenfhis protocol can be further developed

to analyze theeal reaction ratecoefficient reaction order and the activation energy of GO
thermal decompositiowhenthe numericalcorelation betweetthe (002) peak intensitgnd

the rumber of oxygenated groups is establishegdfar as we know, this is the first report that
has elaborated on the kinetic analysis of GO thermal decomposition inssitg XRD
technique.The resultgprovided a new perspective for quantitatie@alysisbased onin-situ

XRD method, as well asiseful insights fomassndustrial production offraphendoy thermal

annealing.
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CHAPTER 4: CONDUCTIVE GRAPHENE/POLYMER

COMPOSITES VIA COATING AND COMPOUNDING

4.1 Introduction

Conductve polymercompositedave reeived significant attention from both scee
and engineering communitigtue to its widespread applicationsamtistatis, electromagnetic
shielding corrosion inhibitorsgisposalelectronic gooddight emitting diodesenergy storage
devicesetcl2%122Sych conductive polymecsin be fabricateda the incorporation of additive
materials into polymericmatrices such as graphenAt certain critical concentration
(percolation thresho)d graphene can form aslectrontransportpathway resulting in the
transition from inslators to electrical conductot$® So far, thdowest thresholdeportedfor
graphenepolymer composites B8t p xwit.% by Wanget al'?* Most polymeric matrices
involved so far are bulk polymer films, electrospun nets, woven or knitted polymeric fabrics,
etc Nonwovenfabrics, on the other hand, have rarely been reported as the basic host of
conductive additives. nwovensystemsusually as 3D porous matrices made from molten
polymers or entangled fibers, hawetableadvantages ovéraditionalwoven or knitted fabrics
as the matrices ofonductivetextiles, due to their betteabsorbency of adiives, higher
porosity, more stretchiness and laav cost?>126 Melt-blowing and spun bounding, both as
novd and economic techniques recently developed to mass produce nonwoven fabrics, have

received enormous attention in the textile industry in the past dé&Catié!?®

Researchers have demonstrated three nmagtitodsto fabricatecondictive polymers
including coating, blending, ando-polymerization Among them, coating turns out to be the

most efficient, lowcost and easio-process protocol that requires relatively low loading of
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additives to achieve high elecial conductivitymore compatible with industrial practicd®
ensure the uniform coating with good affinity, the wettability of the polymer matrix with the

coating bath is of great significance, which is mostly determined by their surface free®&nergy.

46

Hydrophilic polymerssuch ass nylon 6 can be completexttable bythewaterbased
GO dispersion, therefore itdéds easy to coat
high electrical conductivityWhereas most otonductive nylorb/graphene composites
reportedwere preparedia in-situ polymerization or solution blendingor instanceZhenget
al. p ol y ncaprolactaendnondmer in the presence of GO, followed by thermal reduction
of GO within the composite. They obtained a low percolation threshotd®f unvt.% anda
high electrical conductivity oD 18t ¢ § nit at ~ ¢80 xwt.% of GO1?° Pantet al blended
nylon-6 with GO in the solution of C4#£OOH/HCOOH, ancemployedthe electrospinning
and hydrothermal treatment to obtain ny®igraphene spidevave-like nanenets.However,
their highest electrical conductivity was omy¢ mS m! at the graphene loadingf ¢&
wt%.” Compared with treecomplicated recipegngineering nylomonwoven structuresnd
infiltrating them withGO in aqueous dispersidurns out to be a much simpfaocessyhich

is also more efficient ancbmpatible withmdustrial practices

On the other handmany industrial polymers such as polypropylene (RR
hydrophobic, whth poses huge challenges in surface coating. Therefore, conventional recipes
to fabricate conductive PP composites include melting/solution blending, irasidu
polymerizatiorwith various carbon materialall of which are quite complex in protocols and
less effective in conductivity enhancem&ht.For instance, Taipalust al blended carbon

fibers with molten PP matrix, and obtained a conductivity ofp 1 Sm™ for the composite
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when the loading of carbon fiber reaclu®s vol.%.1%° Kalaitzidou et al mixed PP powder

with exfdiated graphite nanoplatelaiadersonication in isopropyl alcohdbut a high loading

of graphite ag 1vol.% is needed to achieve high conductivity of ™6 ni.”” Huanget al.

firstly prepared PRS0 nanocompositeby in-situ ZieglerNatta mlymerization which gives

the electrial conductivity ofr® S nt at the GO loading of 8owt.% 13! Direct coating of PP

with conductive carbon materials was rarely reported, probably due to its hydrophobic nature
leading to the poor wettg and interface adhesion in betwe&herefore, engineering the
interfaces between PP matrix and GO to improve the afftoitys out a possible way to

fabricate conductive graphene/PP composites.

Here wedevelop simple coating methods to coat graphene wylon (hydrophilic)
and PP (hydrophobic) nonwoverighe obtained graphene/nonwoven composites show very
low percolation threshold, high conductivitgeanwhile maintain good wash fastness and
mechanical propertiesThe effects of nonwoven structure anchghene additives to the
composite properties have been discussed in debail both experimental and theoretical
modeling views To compare with coating process, melt/solution compounding of graphite/PP
composites have also been investigated, which shoush lower effiacy regarding to
imparting conductivityThe effects of graphite on the thermal and crystallization behafior

the compositewere also investigated in detail.
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4.2 Experiments

4.2.1Preparation of Nylon and Polypropylene Nonwovens

Nylon-6, Ultramid® B27E (supplied by BASEFWwas made intmonwovenfabricsby
meltingblow method at the Nonwovens Institute Pilot Facility (North Carolina State
University Raleigh, NC)Fabrics with different fiber diameters were prepabsgdsetting
constantdie-to-collector distance of T mm and throughput ai® ghm (gram per hole per

minute) but different air flow rates of 1, ™ Tandp v TMh™.

Polypropylenewas made into nonwoven fabriatsoby meltblowing method at the
Nonwovens Institute Pilotdeility (North Carolina State University Raleigh, NC). Fabrics with
fiber diameter ob® nm were prepared by setting constant-thiecollector distance off 1T 1T

mm, throughput ofr@ ghm (gram per hole per minuta)d air flow rates o 1 Tt ht,

4.2.2 Preparation of Graphene Coated Nylorand Polypropylene

Nonwoven

GO dispersion in deionizg@®l) water was prepared by adding a certain amount of GO
(d g, p& Uy, and¢® g) intov Tt mL deionized (DI) water with vigorous sonication foh
until homogenouslispersiorwas formed GO was prepared by modi fi
as reported in the &tature®® Graphite (Micro 850as purchaseflom Asbury Graphite Mills

Inc., Kittanning, PA.

The typical process to prepar&€O coated nylon nonwoven (G@lon) was as
following: nylon-6 nonwovens, typically cut intginch x¢ inch, were dipped intohe as
preparedGO dispersions under stirring formins at¢ UC, and taken out for drying in the

oven ofy TC. This process wilbe repeated for several times until obtaining the target loading
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of GO. The GO/nylon was soakedn theuv ™wt.% hydrazine aqueous solution @
overnight. After the chemical reduction, thepmeparedgraphene coated nylon nonwoven

(G/nylon) waswashel in DI water extensively and driedtine oven ofx 1€C.

The typical process to prepare GO coated PP nonw@&iPP)was as following:
GO/DMF dispersion was prepared hgdingc® g amount of GO intw 1mmL DMF with
vigorous sonication fop h until homa@enous dispersion was form&R nonwovesitypically
cut into pieces of inchxg inch,weredirectlydipped into GO/DMF dispersions under stirring
for v mins andaken out for drying in the oven@tts . This processvas repeated for several
times until tle targeted loading of G@asachievedThen heobtainedGO/PPnonwovens are
soaked in the hydroiodic acid solutiddl{ag.v uvt.%) and heated t@ 18 for o h to reduce
GO sufficientlyand obtain graphene coated PP nonwoven (GMRR)the control groupo
comparethe ozonated PP {BP)nonwovenwas dipcoated in the GO/4D dispersion with
the same concentration and reduced in the same @zyre was produced byn ozone
generator (AtoZ ozone, In@yith pure oxygen as input. PP nonwosevere put into aflask

under continuous ozone flowatw for p& hour.

4.2.3Preparation of Graphite/PP Composites byCompounding

Both melt and solution compoundingere used to prepare graphite/PP composites.

Table7 shows the specifications of commercialized PP and graphite we use.
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Table 7 Specifications for PP and graphite

Raw materials | Supplier Specifications
United Nanotech Density: MFR (g/10 min):| CAS #: 9003
o Innovations PVT. LTD | 0.89~0.94 g/cth | 9 07-0
Graphite Asbury Graphite Mills| Typical size: 35 | Resistance: Surface area
(Micro 850) Inc. ‘m 0.088mam 13 nt/g

For melt compoundinghe minicompounder we usgas the Xplorer DSM Extruder,

with capacity of 15 g/triahndtwo screwsThe temperaturand mixing ratevascontrolled by

the program which were set to be2003 and 130 RPM for 10 minsFour samples with

different graphite lading of 2.5%, 5%, 10% and 15% wepreparedrespectively After

compounding, the composites were molded into film by hot preg&sifigrther measurements.

For solution mixing,PPwashededin xyleneat 140 € under stirringfor half to one

hour. PP can be completely dissolved and form clear solution. Graphite was dispersed in xylene

for [

ong ti

me ,

wher eas

GO

canot

be di

sper se

dispersion weremixed and stir for 30 mins. The mixture was precipitated by adititog

ethanol. After extensive washing by water and methanol, aad olr the oven of 78 , the

solution mixed composites were obtained. Same as after melt mixing, hot pressing was also

used to mold them into film for further characterizations.

4.2 .4 Materials Analysis

Scanning electron microscopy (SEM) pictures were collected with a Ph&nok

desktop SEM. Samples were sputter coated with palladium éseconds before use. Electric
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conductivity test was measured by a standardizeddount probe setup with probe spacing

of @ cm. The scheme of the foyorobe was shown in the FiguBS. Each sample was

measured three times to obtain an average value.

Conductivity in Siemens per cm=

(probe spacing in cm)(current in mA)

(voltage in mV)(width of film in cm)(film thickness in cm)

film

current
source

Figure 33 Scheme othe four-probe seup.

Probe spacing: 0.3 cm
Width of film: 2 cm

Wash fastneswas tested followinghe standards in ISO 10510622 In detail, the

G/NW conposites were washed intt mL of DI water under stirring fop Tmins atg s .

After washng, the fabrics were dried in the ovenypfrs and then measured their electrical

conductivity againFT-IR spectra (ATR) were collected with a Thermo Nicolet Nexus 470

instrumentTensile strength was measdiey MTS tensile tester ATSM D5@3Contact angle

was measuck with the OCA 15 contact angel goniometérquid interfacial tension of

GO/HO and GO/DMF dispersion was measlukga pendant drop method using the same
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goniometer. The surface tension of the hanging liquid was calculateddwdsth and Adam

Equatiors:

_ 0 - C, Equationl

where B is:

" y

Equation2

where’ s the liquid surface tensiobmis the difference between the density of the
drop and its environment (air or another liquiglls the gravitational acceleratiofijs the
radius of curvature at the ap&Uand3 are the coordinates of the drop as showihén

Figure34.

™

—————————— el

Figure 34 Geometricacomponent of gendantdrop.
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The modeling of graphene/nylon nonwoven was conducted with the sofBgarict
FiberGeomodule was used teimulateand createghe nonwoven structusebased on the
structures of theylon meltblown nonwovensas preparedn Chapter 4.2.1ConductoDict

module was used to calculate theoreticakconductivity of theG/nylon nonwoven.

4.3 Results and Discussion

4.3.1Graphene/Nylon NonwoverComposites as Highly Conductive
Fabrics

The nylor6 nonwoven fabrics were prepandd the meltblowing method at aiflow
rates ofu 1,70 Tt MANdp v TR W%, respectivelyWith the increasing aiflow rates, the
average fiber diametelecreasgéfrom p ® nm, to & nm and eventually tog nm, since the
faster air flow applid higher shear force to the fibers during its flight from the spinneret to the
collector(Figure35(a) to (c)) Finer fibers, due to their higher specific surface area, have been
proven to take up more GO under the same condiieiggire36). Since nylon is hydrophilic,
the hydrogen bonding between nylon fibers and GO flakes ehthegood affinity between
them. The mass loading of GO can be controlled through the number of anyaties; After
chemical reduction with 50 wt.% hydrazine, tp@phene/nylon nonwover{&/nylon) with

different loading ofgraphenean be obtained.
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Figure 35 SEM images of the nyle nonwoven fabrics prepared the melt blowrmethod

at different aifflow rates of(a) 500,(b) 1000 andc) 1500 ni h'l, respectively.
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Figure 36 The correlation between the weight percentage of loaded GO and the cycle number

during the dipcoating process of the nyl@nonwoven fabrics with different fiber diameters

of 3.2 &em

dispersionwas0.5 wt%.
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Figure 37 shows the morphology d@&/nylon with increasinggraphendoading from

TP wt.% to @® wt.%. Pure nylon fibers exhibit quite smooth surfaces, with obvious
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entanglement and localized alignment between individual f{Bégare 35).This is one of the
key characteristics of nonwoven fabrics, which enhances the capillary flow of GO iispers
through the intefiber spaces during dip coating, also known as the wicking ability, and thus
improves the coating effectivené$dWhen thegraphendoadng was as low as@ wt.%, the
grapheneflakes forned ultra-thin layers covering the surfaces of nylon fibers as shown in
Figure37 (a). These thin layers tued out to be larger sheets that eitingappedaround the
buddle of nylon fibers or spread outthe gaps between individual fibers, when the loading
rise top® and¢& wt.% shown in Figurg7 (b) and (c). At the highest loading @® wt.%,

the graphenatself formed a continuous network inside the matrix and the fibers penétrate
through the netark of grapheneas shown in Figure37 (d). The loadingdependent
morphology inG/nylon samples indicatethe formation of different conductive pathways
inside the nonwoven fabric, which significantly influeddbe electrical conductivity of the

G/nylon
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Figure 37 SEM images ofs/nylonwith differentgraphenemass loading of 0.1 wt.% (a), 1.3

wt.% (b), 2.8 wt.% (c) and 6.5 wt.% (d).

Previous studies have proved that chemiesdguced GQrGO) showed very high
electrical conductiity, indicating its potential as an effective additive to impart conduct¥ity.
26 Figure38 (a) shovedthe increase in the conductivity @fnylonas a function o§raphene
weight fracion. The electrical conductivity was measured by a-fmint-probe method. Our
G/nylonsample offeedthe conductivity off@t oS m* at the low loading ofigt @wt.%, which
excee@dthe required valuep( Tt S nit) for antistatic applications of thin films? This also

indicatal that an infinite network of connected pathwaygEphendormedat an ultralow
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