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Carbon nanotubes (CNTs) and graphane the two most conductive members
among carbon nanomaterialsfFor industrial applications, these nanomaterials are
attracting great attention for fabrication of flexible conducting fillHewever, the
electronic performance of either CNT or graphéime has yetto reachtheir theoretical
expectationsdue to high resistance and tunneling/Schottky barriers at the junctions
between nanotubes betweengraphene sheet®ne of the important @ervationsvas
that CNTs and graphene sheets can be crosslinked during and/or after film fabrication,
which largely decrease int&ube or intersheet resistance. Howeyéte current solution
procesBg techniques for the film fabrication, such apin cating, layerby-layer
assemblyand vacuum filtration havelisadvantages and limitations. In this thesis, we

develomd anrefficientfilm assembly approacks well as a facile transfer process.



The first chapter of this thesis provid®s overviewon structire and properties of
CNTs and graphene.

In the second chaptenve used our newly developed microwaamabled
dispersion technique to synthesize highly conductive dispersible CNTs and graphene with
low-density of oxygercontaininggroups, without a need surfactant/stabilizer. As we
fabricatedMicrowaveenabled lowoxygen multiwalled nanotube onlyME-LOMWNT -
only), Microwaveenabled lowoxygen graphene onlyME-LOGr-only), and ME
LOMWNT/ME-LOGr hybrid films using vacuum filtration, & foundthat the hybrid
films are highly conductive relative to eithitie ME-LOMWNT -only or ME-LOGr-only
film. The conductivity of the hybrid films depends onitlmmposition, whera weight
ratio of 97/3 between MWNTSs and graphene reachedigtest conductivity 0247812
S m?, whichis two times higher than thos# SWNT/graphene hybrid films reported by
Coleman et al.In this work, we foundrosslinks between MWNTSs and graphene, which
couldbe further promoteth acidic environmentThese crosslinrkbetween MWCNT and
graphene enhanced the film conductivity.

The aim of the third chaptevasto fabricate high quality graphene films and
MWNT/graphenehybrid films using interfacial selassembly approackive observedhe
different assembly behavior of MEOMWNT and MELOGr due to their different
shapeand surface energy. Theme optimizedthe parameters to fabricategh quality of
ME-LOMWNT/ME-LOGr hybrid films. Moreovetr we developedraefficient approach
to transfer the selassembledilm at this water/oil interfaceonto substrates fofuture

electrical characterizatiomd device fabrications
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CHAPTER 1 Introduction

1.1  Carbon-basedmaterials

Carbon is onefahe most abundant elementsiature which is capable of
forming compounds withliverse orbital hybridizations such as sg, smd sp. In
nanoscience, the Shybridized carbon system is the subject of much attention among the
possible orbital hybridizations of carbon due to its capability of forming different
architectures with various chemi@nd physical propertie8Vith the discovery of g
Buckminsterfullerene, a cadi&ke carbon molecule, in 198%ig. 1a) a new allotrope of
carbon was introduce'd:® This discovery greatly stimulated the creativity and synthesis
of novel nanoscalerystallinecarbonforms. Over the past few decades, carbased
nanomaterials with various allotropes exhibiting each possible dimensionality have been
revealed:>®"® Examples are fullerene molecsi®D) (Fig 1.1a) nanotube$Fig 1.1b)
and graphene ribbons (1[Big 1.1c) graphensheetg2D) (Fig 1.1d) and graphite (3D)
(Fig 1.1e) Owing to the extraordinary versatility of dimensionality and structure, each
nanomaterial has its unique optical, electrical, mechanical, and thermal properties. With
their unique andavel properties, carbebased materials are powerful prospects of

materials science and condensedlter physics.
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Fig 1.1 Schematic illustrations afi?-like hybridized carbon nanostructures
different dimensionalities, 0D, 1D, 2D, and 3D: (gy@uckminsterfullerene; (b)
carbon nanotube; (c) graphenanoribbons(d) graphene surface; (e) 3D graphite
crystal. Reproduced froddanoToday 52010 352.

1.2 Graphene

Graphene is a twdimensional single layer consisting of $fybridized carbon
atoms in a perfect hexagonally honeycomb laftideong the variety of céwon
nanomaterials, graphenetigfirst materialthat has been isolated in sufficient quantity
from the environment to be considered freestanding which is negegremendous
interest®!* In addition, graphene has retly arisen as a novehrbon allotrope for a
range ofpotentialapplications because of its giant intrinsic charge mobility, incredible
thermal and electrical conductivity, and superior mechasteahgth'>+314151617
Graphene also has acted as an idealdin@ensioml building block to describe and
predict the formation and properties of other carbased nanomaterials, including
graphite, nanotubes, ribbons, and fullerefiésdditionally, graphea has unexpected

reactivity with hydrogen to form graphane, a fully hydrogenated graphenetsla¢egn

be usedasinsulator for hydrogen storage, or in astrochemistty.
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Fig 1.2 Schematic illustrations of: (a)basiectors in the hexagonal lattice of
graphenand(b)thecorrespondindrillouin zone. Reproduced frofur. Phys. JB.
2009

In the reported work of Charlier and-emrkers, the electronic properties of
graphene are well describ&dThe crysthstructure of a single laygraphene sheet with
typical thickness of approximately OMn has a unique electronic structure, a zero-band
gap. In a hexagonal lattice, there are two atoms per unit cell (A andBhagis vectors
Apand Ap(Fig 1.23), which form two AB sublattices. When electrons are migrating
between thesetwo-Bsubl atti ces, the graphene °~ and
are symmetric with respect to the valence and conduction bandsraef which
intersect at Di r a&3.Lipearielectromic bard disparsionthé@ ( Fi ¢
formed near the Dirac point results in zero effective mass excitons called Fermions,
which can be described by the Dirac equation. The energy dispersiommratdow

energies near the Dirac is represented in the following equation:

L~

WE FE > p TAT B— AT & 1Al 6— (1.1)

where k and k are wavevectors, is a transfer integral, and a is the lattice constant.



The electrorg states of thedeermions shovan unusual propertyf being not infuerced

by external sources of elastic disorder, which lead to the intrinsic electrical mobility of

graphene shegtas large as 2@n? v*s*1°

electron

7t band

Fig 1.3 Schematic illustration ajraphen€ and” Z electronic energy symmetric
bandswith respect to the valence and conducbands., intersecting at Dirac points
K and K©o6. fremeBurRinwe.d B 2009 4.

Balandin and cavorkers hae reportedthethermalconductivity of a suspended
graphene sheet obtained by mechanical exfoliation as being between (4.84 + 044) x 10
and (5.30 + 0.48) x oW m* K2 However, inamore recent measurement of
chemical vapor deposition (CVER)own suspended graphendowaer value of
approximately 2.5x 0V m™* K™ has been measuréd Yet, this value is still superior to
experimental values for carbon nanotubes and diamond.

Graphene is considered as one of the strongest materials ever tested. The breaking
strengthogr aphene (Youngés modulus of ca. 1 Ter
thatof steef’Usi ng atomic force microscope (AFM),
determined as 0.5 TPaThese two reported values are different because the

measurement varies with theamber and the defect types present within the graphene



sheet. Despite the defects within the sheet, graphene is still considered very strong and
rigid. Graphene, with such a high medical strengthis promisingfor applications such
as pressure sensomsdaresonators’

With such outstanding electrical, thermal, and mechanical properties, interest in
graphene has dramatically increased. And, as mentioned previously, graphene is
considered as an ideal building block for other cailbased nanomaterials,cuas

carbon nanotubes.

1.3  Carbon nanotubes

As the twedimensional graphene is rolled up ioylindrical structure, it forms
onedimensional carbon nanotubes (CNTs). They were first discovered and characterized
by lijima in 19917 Sincethein discovery, carbon nanotubes/eaeceived a greateal of
attention due to their unique properties, includingellent electron transfer, mechanical
flexibility, thermalstability,anda high aspect ratit. A conceptualiew of acarbon
nanotube is consated as a hexagonal lattice of carbon rolled up into a hollow cylinder.
The different combinations of the rolling angle and radius lead to different stsiatde
properties of carbon nanotub®@sFundamentally, carbon nanotubes are categorized into
two types (Fig 1.4): (1) singtevalled nanotubes (SWNTSs), and (2) multalled

nanotubes (MWNTS).
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Fig 1.4 (a)singlewalled nanotub€SWNT) and (b)multwalled nanotubgMWNT).
Reproduced from). Nucl. Med, 2007, 48(7), 1040.

Singlewalled nanotubes are made by seamlessly rolling up a single layer of
graphene into hollow cylinder ofuniform diameter with a varied tube lengMulti-
walled nanotubes are in coaxial cylindrical structure, consisting of multiple layers with an

interlayer spacing of 0.34nm, which is close to the spacing distance of gfdphite.

armchair zigzag chiral

Fig 1.5 Classifications of carbonanotubega) armchair, (b) zigzag, and (chiral
nanotubesReproduced fronfMater. Sci. and Engineering B005 119, 105.
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Fig 1.6 Schematic illustration ajraphendblue) being rolled up into cylinder
structure carbomanotubgred). A possible way of forming (5,3) zigzagnotubas
shown, by joining twarystallographicallye qui val ent s | graplwene( .
sheet bythe chiral vector (G,). Reproduced froriur. Phys. J. B2009 11.

The different rolling angles produce different classifications abh#es:
armchair, iyzag, or chiral nanotubes (Fig 1.5). In work of Dubois et al., they have
presented howa 2D graphene sheet structurally forms iatbD carbon nanotub®@.The
type of nanotubes can be specified in terms of the graphene lattice Veigtdr&
displays a possible way to forananotube by rolling up the graphene iatoylinder
structure. Two crystallographically equiva
joined by the chiral vector (f; which represents a possible pathwayadiing up the
graphene she& The relative position ahechiral vector (G = na + ma) can be

denoted by a pair of indices (n, m) and unit vectors of the graphene latiEcel (@).



Because this chiral vector defines the circumference afdhetube, the diameter of the

nanotube (g can be calculated with an equation:

Q X - £a a
where®i s t he | attice constant .

between Gand a, can be estimated.

~

we i

¢
S $ S n

The

(1.3)

chi

(1.4)

This chiral anglés intherangeof, TA s-s o # andindicates the tilt angle of the

hexagons with respect to the direction of the nanotube axis.

(5,5) (9,0) (10,0)

(8,2)

Fig 1.7 Nanotubesvith allowed kvectors.(5,5)armchair;(9,0) and (10,0¥igzag;

and (8,2)chiral nanotubesReproduced fror&ur. Phys. J. B2009 12.

r al

Zigzag and armchair nanotubes are two types of achiral nanotubes. Zigzag nanotubes

have the chiral angle at @fth chiralindices (n,0)where m=0Carbonrcarbon bonds of

this type of nanotubes are parallel to the nadmefxis exhibitinga zigzag patta along

the circumferencdn contrast, enchairnandubes have the chiral angle at 30° with the

indices (n,n), where n=m. For armchair tubes, caxdsrbon bonds are perpendicular to

the nanotube axis that they form an armchair pattern along the ciremade Unlike the

an



two types ofachiral nanotubeghiral nanotubebaveindices wheren , mi .DiieGo
the periodic boundary conditions imposed in the circumferential direction, only allowed
k-vectors around the nanotube circumference are quantized Tig 1.

Thekey factor that determinesdlelectronic proper¢sof carbon nanbes is
their chiral vector, €= (n,m), because it determines the helicity and tube diameter, which
influence the energy band gap of the nanotdb&nerally,ifrm = 3 &, where &
integer, then the corresponding carbon nanotube is considered as a metal; otherwise, it is

asemiconductor.

(a) (b)
| \L E j #J E
s ML | 2N !
i ~ M ¥

Fig 1.8(a) Metallic nanotubeshowing linear dispersion relation; (8gmiconducting
nanotubeshowing energy gapReproduced frorkur. Phys. J. B2009 12.

All the armchair and the subset of (n,0) zigzag nanotubes satisfy the condition
withnm = 3 &, esthémachhavemekallic property>° The allowed kvectors of
these metallic nanotubes include the K point of the graphene Brillouin zone, and they
present a linear energgomentum relation close to the Fermi level(fHg 1.8a)" These
metallicnanotubes carry an electric current density of 48/6m?, which is more than

thousands times greater than that of copper.
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On the other hand, carbon nanotubes witha conditionn= 3a N 1 repr es
semiconducting behavior. For the semiconducting tdoes, the K point on the graphene
Brillouin zone is not an allowed vector, which shows an energy gap (Fig 1.8b) with

estimated value of:

) 2
s s

Y% (1.5)
As it was briefly mentioned before, the chiral vector also determines the tube
diameter, which also influences the electric property of the nanotubes. Following the
equation above, the energy gap decreases with the inverse of the tube diameter d
(A ¢ $7). Since the energy gap is inversely proportional to the tube diameter, a
semiconducting nanotube witrery smallenergygap would have a very large diameter.
Although the theoretical carbon nanotubes possess these amazing intrinsic
electrical, mechanical, and thermal properties, in redhse properties are limitéxy

236373839404142 7 deal withthat problem,

defectsin synthesized carbon nanotu&¥:

high-temperature thermal annealing has been widely isexdiuce the defects on the

nanotube$® However, this process is inefficient due to its cost and time requirement
Fortunately, there has been a finding that carbon nanotubes have strong

microwave absorptiof{:*>*® Microwaveirradiationhas been used to anneal CNTs

which showed great improvement in mechanical and electrical properties.

1.4  Microwave chemistry
In the past decades, microwaassisted reactions attractgeat attention in
nanostructure chemistry due to the strong microwave al@oqgtcarbon

nanostructure$**® Many microwaveassistedtudieshave alreadyeenperformed on
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carbon materials, sucls &ullerene$? carbon nanotube€>*°2°® and carbon nanohorns.
Compared to conventional heating, microwagsistecdhemistryoften lowergeaction

time, increases yield while redng side reactions, and thus produces cleaner prodfucts.

electric component )
£ = electric field

H = magnetic field
c = speed of light
A= wavelength

ELTTELTITTY Y

& magnetic
component .
i'-’."

L

Il.."‘"

C

B4 8 S

—— L —

245 GHz=12.25cm

Fig 1.9Microwave irradiation wave, showing electric and magnetic components.

Reproduced from Practical Microwave Synthesis of Org@hiemists Wiley-VCH,
Weinheim 2009
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( T T T T | p— T
10% 101 10% 1012 T 100 108
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Fig 1.10 Microwave irradiation frequency range on electromagnetic spectrum.
Reproduced from Practical Microwave Synthesis of Organic Chemists. Wiley-VCH,
Weinheim, 2009.

Microwaveirradiation is a form of electromagnetic waves, which is in an electric
and magnetic field component (Fig 1°9)ts frequency ranges from 300 MHz to 300

GHz, which represents frequency between infrared and radio frequencies (Fig 1.10).
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There are two maigeffects of microwave irradiation on molecules: (1) thermal effects
and (2) electrostatic polar effects.

There are many reviews and articles that describe the basic overview of the
microwave heating®>"**>° The thermal effectsesultfrom dipolar polarization and ionic
conduction. These two mechanisms allow the electric component of the electromagnetic
waves to cause heating. Dipolar polarization mechanism is when there is an interaction
betweertheelectric field component and thelapmolecules. In an electric field,
molecules with a permanent dipole momargaligned to the applied field. When the
electric field oscillates, the orientation of molecules also changes in response to each
oscillation. During this process, the energyast in the form of heat due to molecular
friction and dielectric lossThe amount of heat generated deandthe abilityof the
molecules to aligthemselvesvith the frequency fothe applied field. For most
microwave ovensafrequencyof 2.45 GHz is applied. lonic conduction occurs when
there is an interaction between the dissolved charged particles in a sample and their
neighboring molecules. The electric component of microwave irradiation causes the
dissolved charged particles in a sdo oscillate and collide with surrounded molecules,
which creates heat. The second effect of microwave irradiatibe &ectrostatic polar
effect. This effect results in dipetiipole-type interactions between the dipolar molecules
and the charges &lectric field, where more polar states are more stable in the electric

field.
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Fig 1.11 (a) Conventional heatinghowingthe temperature dahe vesselall is
greater than theemperature of reaction solutio¢b) Microwave heatingshowing
localized superheatingReproducedrom Future Med. Chen01Q 2(2),153.

As previously mentioned, microwave heating generally offers several advantages
compared to conventional heating, such as shorter reaction time, better yield with less
side eactions, and cleaner products. The conventional heating i£¢ing&iming and
inefficient®® It requires an external heating source and it requires heat to first go through
the walls of the reaction vessel to be transferred to the reactants, which laduigter
temperature of the reaction vessel than that of the reactants (Fig 1.11a). The microwave
heating avoids these problems. Typically, the reaction vessels for microwave heating are
made of microwawransparent materials such as glass and Teflathat the radiation
passes directly into the reactants and resuks inverted temperature gradiéht’ Also,
since the microwave process is not limited by thermal conductivityesfessel, it leads
to an instantaneous localized superheating datanioes (Fig 1.11b) that respond to either
dipole rotation or ionic conduction. The difference between a temperature gradient and an
inverted temperature gradient are represented in the schematic illustration below (Fig

1.12).
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Fig 1.12(a)Microwave heating, showing inverteemperature gradient; (b)Gbkath
heating, showing temperature gradient. Reproduced from Interaction of Microwa
Irradiation with Material.Microwaves in Organic and Medicinal ChemistWiley
VCH, Weinheim 2005

Due to these advantagesg tmicrowave heating has developed into a powerful
tool in Chemistry, including in carbon nanoscience. Particularly, microwave heating has
been a valuable tool for functionalizing carbon nanotGb&§3646566676869 Befgre
microwavefunctionalization was developed, the conventional methods were used, which
were timeconsuming and inefficief€ Fortunately, the discovery of microwave
chemistry in carbon nanotube functionalization has shedtér® reaction time, and
increased the product yield and purity. Owing to all the benefitajrimvork, microwave
heating habeen used on graphesieeets and carbon nanotulbea mixture with acids

to rapidly and simultaneously oxidize them, thereby producingdwygen contaiimg

graphene (MELOGr) and lowoxygen containing nanotubes (MBWNTS).

1.5 Sonochemistry
Over thepastseveral decades, nanoscience and nanotechnology has been rapidly

growing. For nanostructured materials, a decisiothesynthetic route to prepare the
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products is the key for their properties and applicatiBAs a result oextensive studies

over many years, sonochemistry is considered as one of the most useful tools to

synthesize nanostructured materidls.

Compared to traditional types of energy sources, sonocherrsiides high
energies and pressures within the short duration (Fig 1.13), without direct contact
between ultrasound and reactaftBecause of its extraordinary conditions, the use of

ultrasound has a broad range of applications in chemistry, such as synthesis,

environmental protection, and process engine€fing.

S
S -5 5 =

Prossure [Amaspheres)

- -
=

Fig 1.13 Schematic illustration showing different types of energg &sction of
time, pressure, anehergy. Reproduced fro8tiencel99Q 247, 1439.
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Fig 1.14 Transient acousticavitation Reproduced frorMRS Bull.1995 20, 29.

Ultrasound is a sound energy with frequency of between 20 kHz and beyond 100
MHz and sonochmistry generally uses frequenciésden 20 and 40 kHz for laboratory
equipment purposé€s$ Similar to other sound energy, ultrasound contains a series of
compression and rarefaction waves that move through a medium. As these waves
alternate upon the ultrasound irradiation, cavitation keghte formed and they
oscillate’® These oscillating bubbles grow in size as they accumulate ultrasonic energy,
and they eventually collapse and release the energy that was accumulated in the bubble
within a very short duration (Fig 1.74)This cavitatimal implosion releases tremendous
amountf heat and energgiving temperaturgof around 5000 K with a pressure of
1000 bar?®

As thesource of ultrasound, alhe commercial instruments use an ultrasonic

transducer for generating energy, which convagshanical or electrical energy to
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sound energyThere are three main types of ultrasonic transdutquid-driven,
magnetostrictive, and piezoelectffddowever, the piezoelectricansduction is the

widely used for the current equipments. For the laboratory chemistry purpose, the
ultrasonic cleaning bath and the ultrasonic horn are the most common Soiitves.
ultrasonic cleaning baiffrig 1.158) has advantages for its availability and cheap ¢ast.
typical uses, a standard glass vessel is immersed into the bath, which requires acoustic
energy to transfer through the water in the tank and the reaction vessel walls. Fortunately
a fairly even distributin of energy is providet the mediumandanenergy between 1

and 5 W crif reachs the reaction mixtureHowever control over the temperatui®poor

thus it may require additional thermostatic control. Besides the ultrasonic bath, ultrasonic
horn (Fig 1.15b) is also widely usé&Ult directly deliversacoustic energy into the system
which allowsthe reaction system to receivp to several hundred W émHowever, it is

relatively expensive and inefficient for some reactions.

W |
l 1 transducer i

reaction mixture housing
e 3 waterf detergent generator
1- | upper (fixed)
i / | horn

| screw fitting
3: at null point

stainless \
steel tank

—s

Loptional | yetachable hom
heater To—t |

% 1 - | [ [
N o \ 4
-~ T " \ [ y
trahsducers replacable \ u /
\"*-_ -

bonded to base tip

Fig 1.15(a)Ultrasonic cleaning bath and (b)ultrasonic horn. Reprodiroed
Chemical Society Reviewk)97, 26,444.
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Because use afltrasound is a powerfuhethodin nanomaterial synthesespuch
efforts was puinto studyng chemical effect of the ultrasoun@’>"®"" In water,
ultrasound irradiation produces H- and OH- radi¢aEhese radicals can combine to
produce its original form or Fand HO,. In anoxygenenvironment, these radicals can
form HO;-. In aqueous solutions, all the duects can further react asong oxidants and
reductants.

Throughout our wik, we have extensivelgppliedultrasound irradiation usingn
ultrasonic cleaning bath. It fleena useful tool for many purposes, such as for

dispersion and for mixing.
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CHAPTER 2 Improvement onConductivity of Multi -walled Carbon

Nanotube/Graphene Hybrid Film by Crosslinking

2.1  Introduction

Since the first discovery bijima in 1992, carbon nanotubes (CNTs) received
great attention due to their extraordinary properties such as outstanding chemical stability,
electron transfer, mechanical strength, high aspect ratio, and litgxdtBecause of their
unique properties, CNTs haveeen considered as most promising nanomaterial for
fabricating flexible electric devices, such as field effect transidtSr$here is increasing
enthusiasm for the use of carbon nanotube network féi®sconductive flexible
electrodes and sensing materials due to the following advaritagd. films can be
readily fabricated by several room temperature solution based processes, such as spray
coating’® and deposition through a filtdf. The obtained networks are highly
reproducible due to statisticaveraging effects and exhibit percolatidte electrical
conductivity. SWNT networks have been demonstrated to function for a variety of
applications including electrodes for solar c@listganic light entiing diode® smart
windows! sensor$ and transparent transistér§here have been several reports on the
conductivity of CNT networks, with values ranging from 12.5 S/mm~ 6600 S/cni*°,
which are significantly lower tharhé conductivity of a CNT rop&™ due to the
existence of high resistance andhrigling/Schottky barriers at the intertube junctions,

which dominates the overall film resistance in the network film.
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Graphene, a single layer of carbon, as a rising star in material science, exhibits

remarkable properties for various novel applicatioBsaphene is essentially a single

walled carbon nanotube (SWNT) cut along its axis and unrolled to lay flat. Conductive

films from graphene sheets share the same advantages as CNTs for conductive and

transparent electrodes as mentioned above. Howevels inhuch cheaper. More

importantly, it can provide conduction pathways to a greater area per unit mass than

SWNTs, which should translate into dramatically improved conductivity and high
transparency’ Nevertheless, the electronic performance of thin films fr@itherCNTs
nor graphene has reached their theoretical expecsat

Recently, several reports have proposed to fabrachidorid film by combining
the merit ofthe carbon nanotubes and graphene to have further improved conductivity.
Yang and ceworkers successfully synthesized hydrazieduced hybrid films of single
walled nanotubes (SWNT) and graphene oxide (GO), which showed improved sheet
resistance and transmittance compared to either SWfiiyTor graphenenly films.*°
They use dry powders of GO that was synthesized from a modified Hummers method
and slightly oxidized SWNTs to combine them together in anhydrous hydrazine by
sonication. The resulted film displayed a sheet resistafized 0 sqat B6%
transmittance. However, fandustrial applications, the cost ftire hydrazine reduction
process is relatively expensive and the toxicity of hydrazine i©yanptoblem. Another
attemptat preparing transparent conducting SWNT/graphene hybrid film has been made
by Colman and cavorkers® Unlike Yang et al., they prepared stihn-processable
graphene and SWNTs by adding sodium cholate (MaGhesurfactant. Then, they

sonicated them together, followed by vacuum filtration to fabricate the hybridTiay.
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have optimized the welg fraction of graphene for electrical and optical properties and
found that 3 wt% graphene provides the film with the highest sheet conductance®1.2x10
S/m, without reducing the optical transmittafiddthough this process avoided the use

of hazardousydrazine by using surfactant to disperse the graphite, the residual
surfactants can dramatically decrease the overall electrical conductivity by increasing the
resistance between the individual graphene sheets. While Yang et al. and Colmen et al.
used SWNT for fabrication of hybrid films, Kim and emorkers used mukwalled

nanotubes (MWNTS) to combine with reduced graphene oxide (RGO) for synthesizing
transparent, flexible conducting hybrid multilayer thin films using ldyelayer (LBL)
assembly! Electrostatic interactions between negatively charged RGO and positively
charged MWNTs were the driving force in their film fabtioa process, which produced
ahybridfimwi t h s heet r gatiBls¥ teammittance &nd 8verkgg film
thickness ofL1 nm, after thermal treatmertThis method allowed excellent control over

the optical and electrical properties of the hybrid film. However, this method was rather
time-consuming and costly, since it requires many chemicals to synthesize charged RGO
and MWNTSs.

In the present study, we presémfabrication of conducting MWNTs/graphene
hybrid films using microwavwenabled lowoxygen MWNTs (MELOMWNTS) and
microwaveenabled lowoxygen graphene (MEEOGr), which was introduced in our
previous work® By using microwave heating mmixture of concentrated acids (HNO
and BSO, in 1:1 volume ratio), large and highly conductive solujwacessable ME
LOGr, are directly formed without need of a reduction procHss.combination of

microwave heating anaromatic oxidation by nitronium ions allows producang
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minimum concentration of oxygen moieties required for separation of graphene sheets by
simultaneous oxidation of carbon atorRiy 2.1a shows result of-Kay photoelectron
spectroscopy (XPS) for MEOGr. The spectrum shows the percentages of graphitic
carbon, noroxidized carbon, on the MEOGr sample. A 79% of the spectrighowsthe
oxygenfree carbon of MELOGr, which indicates that the MEOGr contains only small
amount of oxygertontaining group&’ This process does not involve either hydrazine or
surfactant, since it does not require a reduction process to restore the conductivity of the
graphene. Using very similar procedures and parameters, we directly disperseBsMWN
into water solutions (Fig.2). Following the terminology amicrowaveenabled low

oxygen graphene (MEOGr), wereferto the dispersed MWNTSs asicrowaveenabled
low-oxygen MWNTS(ME-LOMWNTS). With a help from colleague, XPS spectrum of
ME-LOMWNT was obtained, in which the oxygémee carbon of MELOMWNT makes

up 74% of the spectrum (Fig 2.1b). A detailed study on determining the oxygen

containing groups of MEEOMWNT is still in progress.
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Fig 2.1 XPS spectra of (a) MIEEOGr and (b) MELOMWNT
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Fig 2.2 Digital photographs of: (a)MWNTsonicatedn water for 1 hour; (b)ME

LOMWNTSs, before the dispersion; (c)MEOMWNTSs, after the dispersion in bath
sonicationfor 1 hour; (d)dispersed MEOMWNTSs, after 5 days at room temperatur:

Using the MELOMWNT and MELOGt, this work aims to improve the
conductivity and mechanical integrity of hybrid carbon nanotube and graphene films.
Within the work, we discovereithatthe microwavesnabled low oxygen containing
carbon nanomateriatgecrosslinked, whiclerhance the conductivity and mechanical
strength of the hybrid films. Therefore, the main key to further improve the electrical and
mechanical properties of the films is to encourage the crosslinking between ME
LOMWNTs and MELOGt. As away to increase the degree of crosslinking, we
introduced concentrated acidic environment during the film fabrication. This new
approached was inspired by a reported work of graphene oxide decompaosition into tiny
fragments of soluble polycyclic aromatigdrocarbons (PAHs) ahsynthesis of
fullerenesand nanotubes from these PAHs by sonication in dehydrated acidic
environment? The mechanismehind the PAHs forming fulleres and nanotubes by
sonication in the acidic medium was that biaryl coupling an¢eation were favored by

intramolecular or intermolecular dehydration reactions between the edges of these PAHSs.
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We expected these dehydration reactions to occur between the edges of MWNTs and
graphene sheets as we introduce the acidic environment, sodlusgree of

crosdinking increasesrad therefore enhances the conductivity and mechanical strength
of the MELOMWNT/ME-LOGr hylrxid films. Our results suppottis hypothesis and

the hybrid films show a conductivity of 24,979 S mwhich is two times higer than

those reported by Colman andworkers® The capability to extremely rapid(30s) and
cost effectively fabricate large amosof high quality dispersed MWNTSs and graphene
sheets, and the capability to form highly conductive hybridsffhmm these carbon

nanomagrialsshould enable a broad range of readrld applications.

2.2  Experimental procedure

2.2.1 Chemicals

Graphite powder (~20 em) was purchased fro
Multi-walled Nanotube powder was received frGhmina and also used as received. ACS

grade concentrated sulfuric acid (98%5K,) and concentrated nitric acid (70% HHO

were purchased from Pharm@&PER and usedsr ecei ved. Deioni zed w
(Nanopore water, Barnstead) was used to prepaselations, as well as to rinse and

clean the samples.

2.2.2 Direct synthesis of microwaveenabled lowoxygen graphene (MELOGT)
In a roundbottomed flask, 20 mg of the-asirchased graphite (Sigrfal d r i ¢ h, ~20 ¢
were suspended in 1:1 98%30,/70 %HNQ; (total volume of 10 mL), and swirled to

mix. Then, the mixture was placed into a microwave reactor (Cidover) chamber.
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The placed flask was connected to a reflux condenser and reacted with the power set at

300 W for 30 sec. In order to directly obtairrolloidal MELOGr solution, the formed

suspension was filtered through a polycarbonatetatkc h f i | t er membr ane
size; Watman Ltd.), and was washed three times with deionized water (20&mtinea)

to remove the excesgid. Then, the firand was redispersed into water gonicatingfor

30 minutes in @onicationbath The obtained grey MEEOGr dispersion was set at room

temperature for at least 48 hours before it was used.

2.2.3 Direct synthesis of microwaveenabled lowoxygen MWNT (ME-LOMWNTS)
The same procedure for synthesizingMBGr was performed with 5mg of MWNTSs

(received from China).

2.2.4 Synthesis and optimization of MELOMWNTSs/ME -LOGr hybrid films

For each composite solution in this experiment, the total weight of cassmmaterials
(ME-LOMWNTSs or ME-LOG) in the solution was maintained at 0.5 mg.

The total weight of carbon nanomaterials was obtained by obtaining calibration curve of
optical absorption as a function of weight of the MEBMWNTs and MELOG,

respectively During the synthesis of MEOGr, the dry filtrand after acid clearp was
collected and the weight was measured. A known amount of water was added to calculate
the concentration (concentration = mass of solute/total volume of solvent). After 30
minutesof bath sonicatingheabsorption spectrum of dispersed MBGr solution with

known concentration was taken and recorded on a Cary 5edsJVIR

spectrophotometer in doubllam mode using 1 cm quartz cuvettes. The range of
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wavelength taken was betwee®08hm and 200 nm. The UWs spectrum of the ME

LOGr solution displayed an absorption maximum at 267 nm. By diluting the solution
with known amount of water, UVis spectra were recorded for five different
concentrations of the solution. When all the spaeatere recordedhe absorbance at the
absorption maximum (267 nm) for each spectrum was obtained. Then, a graph of
absorbance versus concentration was plotted. On the plot, data was fitted with a straight
line to determine the slope and its uncertaivijth the determined slope and uncertainty,
an equation was formulatedtimefollowing format: y = mx + b, where m is the slope and
b is the uncedinty. For MELOGT, the resulhg equation was, y = 8.3348x + 0.019.

With this equation, as we synthesize ME-LOGr solution with unknown concentration,
we recorded UWis spectrum to determine the absorbance at the absorption maximum
wavelength. As the absorbance was determined, it was plugged into the equation as a'y
value, and the concentration, x, was aidted. Then, with the calculated concentration,
the required volume of solution to get certain weight of carbon nanomaterials was
calculated with the concentration equation.

The volume of MELOMWNT solution needed was determined in the same manner,
where the absorption maximum or MEOMWNT is at 262 nm. The resuigy equation

for ME-LOMWNT was: y = 87.835x + 0.1142.

Using this procedure, the appropriate volume of synthesizeddl @¥WNT solution and
ME-LOGr solution were added in each vial with follmgiratios by carbon

nanomaterials weight: (MEOMWNT/ME-LOGr) 100/0, 90/10, 50/50, 25/75. Each
solution with diferent ratio was mixed insonicationbathfor an hour. The composite

solutions were set at room temperature for 24 hours. Then, each filobteased by
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filtering through an Isopore, polycarbonatetrack ch f i | t er membr ane (|
Millipore). The fabricated films on the filter membrane were dried in oven for 2 hours (at

~80 °C).

The ratio of MEMWNT and MELOGr in the mixture soltion was further optimized

with ratio of 95/5 and 97/3 by carbon weight. The procedure of synthesizing mixture

solutions in these ratios was conducted in the same way.

2.2.5 Synthesis of hybrid film in acidic environment

Thesame procedure was perforntedporepare the mixture solution of MEDGr and
ME-LOMWNTSs, except that the reispersion after removing the excess acid by filtration

was excluded. After removing the acid by washing the filtrand ofU@&r or ME

LOMWNT on the filtration membrane, the diiltrand of ME-LOGr and MELOMWNT

were collected. Instead of-tkspersing them in water, the collected dried products of
ME-LOGr and MELOMWNT were added in a vial at 97/3 weight ratio. The mixture of

dried products was dispersed in concentratgausng bath sonicaonfor 1 hour.

Then, the obtained dispersion was set at room temperature for 24 hours. Althest a

carbon nanomaterigfsr eci pitated on the bottom of the
film was obtained by shaking the solution
solution and filtering through an Isopore, polycarbonate tedck filter membrane (0.22

e m p e Millipsre).

A control experiment was performed by dispersing the mixture of dried products in water

with the same time (an hour) of bath sonication. Unlike the synthesized solution in acidic
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environment, onlyasmall amount of precipitation was obged. In addition, the

~

precipitated materi al was not dAfluffyo.

2.2.6 Characterizations andmeasurements

2.2.6a Electrical property of hybrid films

For the composite solutions with different weight ratios o- MBMWNT and ME

LOGr, UV-vis-NIR absorption spectra with wavelength ranging 200nm to 800nm were
obtained using a Cary 500 Ultraviolasible-nearinfrared spectrophotometer in double
beam modeFor sheet resistance measurement of the films, a manual four point
resistivity probe (Lucas Laboratories, model 302) was applied to measure the sheet
resistance of the hybrid films prepared by vacuum filtration through an Isopore,

polycarbonate tracktchf i | t er membrane (0.22 em pore si

2.2.6b Scanning electron microscope (SEM)

For characterizing the composite solutions, SEM samples were prepateddsjting

the solution ont@ SiO,/Si substrate. The substrate was first cleaned with @dhe
treatment for 10 minutes, and then in piranha solution for 15 minutes, followed by 15
minutes in water using bath sonication. Then, the substrates were modified with 2%
AminopropyltriethoxysilaneAPTES solution in toluene. The modified substratese

fully covered with each of the composite solutions by adding a drop of solution on the
substrate. Then, the substrate was dried in room temperature. High contrast SEM images
of the hybrid films with different ratio of MBEOMWNT and MELOGr were obtaiad

using a Hitachi 81800 field emission scanning electron microscope $ER&, Hitachi
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Co. Ltd. S4800) under small accelerating voltage2(KV) and a high probe current (15

20 eA) .

2.2.6c Raman spectroscopy

Raman spectroscopy was used to get informatlmout defect of carbon on the hybrid

film that was fabricated by sonicating in acid environment and its cortrotifat was

sonicated in wateSamples for Raman spectroscopy were prepared by filtering each
composite solution through an Anodisc with support ring, aluminum oxide anopore
membrane (0.2 em pore si zaovenf#8@°€C)foa2n Lt d. )
hours. Raman spectra thie deposited films on the alumina membrane were collected in

a Kaiser Optical Systems Raman Microprobe with a 785 nm solid state diode laser.

Spectra were acquired using a 30 second exposure time.

2.2.6d Atomic force microscopy (AFM)

The thickness of the hylarifilms was measured using a Nanoscope llla multimode SPM
(Digital l nstrument) with a J scanner oper
prepared by cutting the little piece of the films on Isopore, polycarbonateetetk

filter membrraenesi(z0e ;2 2Miglnm ippopore) . A 160 em |
cantilever/tip assembly (Model: MPER2100, Veeco) with a resonance frequency of 160

kHz, a spring constant of 7.7 N/m, and tip radius of less than 10nm was used for imaging.

The scanning was performatiarate of ~0.7 Hz. The thickness of the films was obtained

by measuring average height difference between film and bare filter membrane from

section analysis of the topographic images.
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2.3  Results anddiscussion
2.3.1. UV-Vis spectroscopy of MELOMWNT s and ME-LOGr
Fig 2.2 displays the UWVis-nearIR spectra of the composite solution along with

the spectra of MEOMWNT and MELOGr solution (Fig ).

1.2

97% ME-LOMWNT
—— 250 ME-LOMWNT

221 261 —— ME-LOMWNT only

—— ME-LOGr only

1.0

Abs

0.8 1

0.6 1

T T T T
200 300 400
Wavelength (nm)

Fig 2.3 UV-vis spectra of MELOGr(greer), ME-LOMWNT(blue), and composite
solutions with a weight ratio of MEOMWNTS/ME-LOGr =97/3plack) and =
25/75¢ed)

The UV-vis-nearIR spectra displayed interesting, rather important features for
optical property oME-LOGr and microwavaispersed MWNT (MELOMWNT). The
color of MELOGr suspensionis grayishblack, which qualitatively suggests that we
have directly obtained electrically conductive graphene sheets instead of the typically
brown GO solution$?** Additionally, unlike GO, theéJV-Vis-Near IR spectrum dhe
ME-LOGr solutiondisplayed relatively uniform absorption in the visible and NIR region,
which suggests that theeconjugation within the graphene sheets is largely

retained">'*** In the ultraviokt region, there are two peaks which have absorption
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maximum at 205 nm and 266 nm, respectively. It was known that graphite eRldg
plasmon bands (collectivascillations ofp electrons) in the ultrawiet frequency region,
which originae from theanisotropic optical properties of graphifé’ The imaginary

parts of the dielectric function in the direction perpendicular to-#vascof graphite

(Im{e}) has a maximum at 4.5 eV (275.8 nm) and the other in the direction parallel to
the caxis (h{-e} is at ~ 5.25 eV (236 nnM)These two peaks are commonly observed

in many materials, such as carbon nanotubgsa@d amorphous

carbon!®192021.22232425 \Whjle the peak positions may vary depending on the geometries
of the carbon materials and the existence of defects in the carbon realérel

absorption maximum at 20hm and 266 nm in the MEOGr may originate from the
I{-ez'} and k{e:}, respectively. The position of thg{le:} peak has been widely used

to qualitatively evaluate the oxidation level of graphene sheets. For example, the
graphene sheets peeled by a Scotch tape, exhibit a peak at 275.8 nm, similar to the
position in graphite.rl contract, the peak in graphene oxide (GO) obtained from Hummer
or modified Hummers method is around 237 nm. The peak woulshiédvith chemical

or thermal reduction. ie MELOGtr solution displged an absorption maximum at&26

nm without requiremerfor any chemical and grmal reduction, indicatinthe existence

of some defects such as oxygen containing
conjugation within the graphene sheets is largely retaieddid not find any literature
repors about the peak of.{-eg'} in graphene. It is not clear yet at this stage how the

peak position of { -z} would change with itexidation level. We hypothesizkat the

large blue shift also relates to the oxidation level of the graphene sheets.
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Using the same parameters to disperse MWNTs, MWNT suspension was also
obtained. ThéJV-Vis spectrum othe MWNT solutions displayed in kg 2.3 (blue
curve). The MWNTshows dairly strong absorbance in the visible region, which is
typical of MWNT dispersed in aqueous and organic soluti®msilar to the MELOGr
solution, the MWNT solutiolso shows two peaks in the ultraviolet region, which also
originate from the maxima in.{e-} and k{-eg"} and correspond to orientations parallel
and perpendicular to the MWNT axis, respectively. However, compared to those
exhibited in MELOGt, the maximum absorption far{l-ez '} was slightly red shifted to

218 nm, and the maximum absorption fgfd-} wasslightly blue shifted to 262 nm.

2.3.2. Fabrication of ME-LOMWNT/ME -LOGr hybrid films and electronic

characterization of the fabricated films.

€Y (b) (© (d)

Fig 2.4 Digital photographs of MEEOMWNTs/ME-LOGr hybrid films in weight
ratio of (MEELOMWNT/ME-LOGTY): (a)100/0, (b)90/10, (c)50/50, (d)25/75, and
(e)0/100

As briefly mentioned above, the MEDMWNT/ME-LOGr hybrid films were
obtained by typical vacuum filtration axdying in anoven for 2 hours at around 80 °C.
In atypical experiment, colloidal solutions of MEOMWNT and MELOGr are

combined using bath sonication in water. The sonication process produced the dispersed
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suspensions that were used to fabricate daitk ME-LOMWNT/ME-LOGr hybrid
films via ample vacuum filtration (Fig 2).

The sheet resistancestbé corresponding hybrid films were measured. In order
to calculate the sheet conductance, the thicknetsge 6fm was measured using AFM.
Based on theollected AFM images, the surfacedgtre films were very roughsthe
height of films was uneven. Therefotke average height difference between the film

and the bare filter membrane was ug®dhe film thickness (Fig 8).

-]

400 | |

00 Bare |
200 membrf:me

100 !

-100

nm- 4 2 3 4 5 6 7 8 9 um

Fig 2.5 Image of filmthickness
measurement. usiriganoscope.15.
a)AFM image of hybrid film (wt% ME
LOMWNTS/ME-LOGr= 90/10)
deposited on a polycarbonate filter
membrane; (b)graph that represents the
surface height

1
0.0 1: Height 10.0 ym

Once the sheet resistanand film thickness were measured, the sheet
conductance of the corresponding film was determined by using the following equation:
Sheet conductaec( S/ m) = 1/ [ Sdu)e &l thickeess{mg].tTherresudts i /
Fig 26a revealed that MEOMWNT/ME-LOGr hybrid film displayed improved sheet
conductance relative to either MEOMWNT-only or MELOGr-only films. Compared
to the MELOMWNT -only film, the most conductive film with a composition of ME

LOMWNT/ME-LOGr = 97/3, showed 35% of improvement on theet conductance.



While, compared to the MEOGr-only film, the conductance of the hybrid film

increased more than 30 times. Interestingly, the result was similar to the work reported

by Coleman et &where 3 wt% of graphene had resuliethe mostcorductive hybrid

film, but our sheet conductance is two times higher thiaat oftheir SWNT/graphene

hybrid films.
(@) ME-LOMWNT/ Avg sheet Avg sheet Film
ME-LOGr Resistance (2/sq) | Conductance (S/m) | Thickness (nm)

100/0 354 183937 154
97/3 282 247812 143
95/5 288 234965 148
90/10 28.7 220604 158
50/50 69.0 58507 248
25/75 125 34168 235
0/100 754 83336 16l
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films. (b)Sheet conductance of the hybrid films as a function of the weight
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Fig 2.6 (a)Sheet resistance and conductance oflNMIBMWNTS/ME-LOGr hybrid

percentage of MEOMWNTSs
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2.3.3 Characterization of the hybrid films by Scanning Electron Microscope (SEM)
With these results in mind, we were curi@muthow the carbon nanotubes and
graphenarearranged in the films. Using SEM, we imaged the hybrid films which were
prepared o the alumina membranes (FigR.The SEM images displayed percolation
structures within the films, where MEOMWNTs and MELOGr are highly entangled
with each other. Also, the ratio of MEOMWNTSs to ME-LOGr contents on the images

roughly represented the actual weight ratio of the films

(b)

(d)

Fig 2.7 SEM images of hybrid films deposited on alumina membrane with a weig
ratio of (MEELOMWNTS/ME-LOGY): (a)25/75, (b)50/50, (c)90/10, and (d) SEM
image of bare alumina membrane.

Most importantly, we have found that the some of-MBEMWNTs ard ME-LOGr

crosslinkedwith each other(Fig 28, indicated |y red circles). The crosslislappeared in



























































































































