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Composite materials are employed in a wide variety of markets, including aerospace, architecture, au-
tomotive, energy, infrastructure, marine, military, and sports and recreation, due to the significantly
different and advanced physical or chemical properties, compared with the individual components used
for making the composites. Based on the desire products, focusing on strength and conductivity, func-
tional graphene is used to combine with polyurethane (PUR) to make a new composite material for
industries. Two types of functional graphene were discussed and studied in this thesis, which are ren-
dered from exfoliated graphene (EG) and fluorographene (FG) methods. In EG, the functional graphene
was produced in only one step by using chemical exfoliation with diazonium salts in the electrolyte,
which was employed as the functional groups on graphene sheets. However, functional graphene from
FG was prepared within two steps, consisting of cyanidation fluorographene and amine conversion.
The yield of functionalization of FG is much higher than the functionalization of EG.

To utilize the graphene properties in the composites, growing polymer brushes from functional groups
on graphene is suggested and carried out for the EG; the process called as polymerization. The compo-
site material samples with graphene presence is stiffer than the pure PUR sample, meaning the effi-
ciency of graphene. In particular, the functional graphene presents the highest quality in the composite,
while the composite from polymerized graphene is a bit stronger than the one mixed only with graphene.
Besides, the concentration of graphene content in composite could influence the strength of the com-
posite, in which the higher the concentration of the graphene content is, the stiffer the composite be-
comes.
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AFM
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EG-CI
EG-EOH
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EG-P
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FG-CN
FG-L
FG-NH:
FG-S
FG-TBA
FG-wet
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MNP
PUR
SET-LRP
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XPS

Atomic Force Microscopy

Atom transfer radical polymerization

Dimethylformamide

Exfoliated graphene

Functional graphene with chloride group

Functional graphene with ethanol group

Functional graphene with hydroxide group

Functional graphene with brushes

Flourographene

Functional flourographene with cyano group

Functional fluorographene undergone with long sonication
Functional flourographene with amine group

Functional fluorographene undergone with short sonication
Functional fluorographene undergone with Tetrabutylammonium cyanine
Functional fluorographene undergone with wet solvent
(Hydroxyethyl)methacrylate

Infrared spectroscopy

Lithium aluminum hydride

N-Methyl-2-pyrrolidone

Polyurethane

Single electron transfer — living radical polymer
Tetrabutylammonium cyanine

X-ray Photoelectron Spectroscopy
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1 INTRODUCTION

Living in the modern and developed world, every superior and innovative gadgets / machines are in-
vented and manufactured, leading to the request of new advanced materials, which possess such prop-
erties, such as less weight, higher conductivity, greater strength and so on. By fusing different com-
pounds to one, composite materials, also known as submaterials, are employed as the material source in
industries to render goods and products, which have better performance than the previous material (van
Suchtelen 1972) due to their all possible physical quantities from participating materials. Graphene is
one of outstanding candidates for composite material, due to its prominent properties, including high
strength, high conductivity, lightweight, and flexibility (Brownson and Banks 2014; Lee. 2008a;
Stormer, KimSikes, Fudenberg, Hone, Bolotin, Jiang, Klima. 2008; Yingchang. 2019). By combining
graphene and polymers for making composite materials, these types of materials could provide diverse
features used in various applications, namely biosensors, batteries, electronics, etc. The advantages of
graphene could be exposed fully in the composite, since the graphene sheets are dispersed in the polymer
matrix (Noh. 2015). However, the graphene sheets are easy to get aggregated into many layers and form
back to graphite, hence functionalizing moieties on graphene sheets is suggested and carried out, in order

to separate and maintain the graphene sheets.

In this project, functionalization graphene was targeted and prepared as the key material for making
composite material by mixing with the commercial polymer, polyurethane (PUR). By using functional
graphene in composites, the composite material could be improved and enhanced in strength. Two func-
tionalization graphene methods were focused and implemented, namely exfoliated graphene (EG) from
graphite and derivation of cyanographene from fluorographene (FG). The reason of using EG is because
it has been reported successfully in producing large scale with low cost and simple, while FG is prom-
ising in a high yield in functionalization on graphene. In EG, by employing electrochemistry, graphite
could be exfoliated to graphene and functionalized benzyl alcohol group from the pursuant diazonium
salt, all in one step. In another method, graphite fluoride was undergone in sonication for the pretreat-
ment step to produce FG. Then, the FG was transferred to defluorination and functionalization process,
where both happened simultaneously, by reacting with cyanide salts. In anime conversion process the
cyanided fluorographene (FG-CN) was treated with lithium aluminum hydride (LAH) to reduce nitrile

to amine.

The method for graphene functionalization from FG is much more efficient than the functional graphene

from EG; however, in exchange, the properties of graphene sheet would be lower in the product from



FG, compared with the one from EG. Depending on the goal of product utilities, the number of functional
groups on graphene could be deemed as the compromise between full graphene activities or partial gra-
phene characters. Moreover, the functional graphene from EG was used to grow polymer brush, which
was supposed to support the linking between the graphene sheet and the commercial polymers in the
composite material. Hence the graphene of EG was carried out with two more processes, including chlo-

rination and polymerization, which is employed to build the brushes on functional group of graphene.

The composite material was made from the product of EG method and polyurethane (PUR). The stiffness
of composites having graphene content displays higher quality than the one with only PUR, proving the
effect of graphene to the composite material. The product from functional graphene is the stiffest mate-
rial, while the materials polymerized graphene is little stronger than the one mixed with blank graphene.
The concentration of graphene content in composites also effects to the hardness of the material, by
which the more graphene content in sample is the stiffer the material gains. Besides, the higher number

of functional groups on graphene is expected to render the stronger composite material.



2 BACKGROUND OF THEORIES

In this thesis work, two functionalization methods were studied and implemented, namely graphene
exfoliation and fluorographene. The products from the two methods were analyzed and compared to
show which one is more efficient in functionalization. At the end of the project, the functional graphene
was employed to make a composite material with polyurethane (PUR) a commercial polymer. The com-
posite material could be used for diverse application, such as in aircraft and car structure, in infrastruc-

ture and material for architectures

2.1 Graphene background

The graphene was discovered by Andre Geim and Konstantin Novoselov in 2004 at the University of
Manchester (Novoselov, Geim, Morozov, Jiang, Zhang, Dubonos, Grigorieva 2004); the graphene was
initially disengaged from graphite by Scotch tape and the consequence of the work was rewarded the
Nobel Prize in Physics in 2010 (Gupta and Taguchi 1982). Graphene is a 2D man-made material which
has monolayer of honeycomb lattice, having sp? hybridized carbon atoms. Graphene is one single sheet
detached from graphite, which is one of the carbon allotropes, as diamond, amorphous carbon, bucky-
balls and nanotubes, see Figure 1. Graphene has black color, distinguished from sliver-metallic color of
graphite. Graphene is known as the strongest material in 2008 with a tensile strength of 130 GPa (Lee,
Changgu, Xiaoding, Jeffrey and James Hone. 2008b), the best conductor of electricity (Stormer. 2008)
as well as the best conductivity of heat at room temperature (Teweldebrhan. 2008), besides, the flexibil-

ity of graphene is determined via the effective elastic modulus with 2.4 TPa (Hartmann. 2013).

The graphene with a few layers can still gratify the quality of the graphene properties, so that industries
and companies also could use the few-layers graphene instead of a single layer graphene, which is syn-
thesized difficultly and costly. The ideal of 2D sheet-like graphene, also called multi-layer graphene,
consists between 2 to 10 well-defined stacked layers (Enoki, Koratkar, Tascon. 2013). The properties of
graphene can be lost if the number of graphene sheets is more than 10 layers. Furthermore, based on the
distance among layers graphene planes which is 0.335 nm, the number of graphene sheets from graphene
flake can be derived from the thickness of the flake (Brownson and Banks 2014). The thickness of a

single graphene layer can be disregard due to the same as one atom diameter.



FIGURE 1: Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all
other dimensionalities(Brownson and Banks 2014).

2.2 Electrochemistry exfoliation

In the electrochemistry system, there are three component parts, namely two electrodes and electrolyte
(Oldham 2010; Hibbert 1993). The electrolyte is a conducting phase, a solution, where ions can be dis-
solved. The two electrodes are two solid plates or lumps of materials, which are introduced into the
electrolyte; these two electrodes are called as cathode and anode, wherein cathode exhibits the reduction
and anode performs the oxidation. The working principle of electrochemistry is based on electron trans-
fer behavior among molecules and ions inside the solution, by which the material from the anode is
driven to the cathode. The reaction is set off by employing an external voltage (Bond, Fleischmann, and
Robinson 1984), which play the role of electrons stimulation factor (Hibbert 1993) to trigger the move-
ment of the electrons inside the system. The ions in the electrolyte are attracted by the opposite charge
electrodes, based on faradaic current (Biesheuvel and Dykstra 2018; Wu, Jingjie, Sharma, Harris, and
Xiao. 2014).

One of the first publications of electrochemistry method for the preparation of graphite intercalation
compound was released in the early 1970s (Besenhard 1976). However, until recent years, after graphene
exploration in 2004 (Gupta and Taguchi 1982), the electrochemistry method has been focused into the
synthesis of graphene and this method has become one of the most effective graphene production meth-
ods, which is fast, simple and low-cost in exfoliated graphene production (Ling, sWestwood 2016). Un-

derlying on electrochemical techniques, namely bulk technique and interfacial technique, the graphite



can be incessantly intercalated, due to ionic species driven, under voltage impact ( Achee, Thomas C. et
al. 2018; Yang. 2019). Then, the graphite is expanded and exfoliated into the bulk of electrolyte to pro-
duce graphene. The electrochemical reactions only occur between the interfaces of electrodes and the
solution, hence, the electrodes will be reduced and worn away. During the reaction, the reactant on the

surface decreases as the product increases.

2.3 Analysis techniques

There are mainly three technique employed to identify the success of the reactions and experiments. Due
to the special physical properties of graphene, there are not many spectroscopies that can be used for
characterizing the graphene products. Thus, in this report, Raman spectroscopy and X-ray Photoelectron

spectroscopy are employed for the measurement.

2.3.1 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique which is based on inelastic scattering of monochro-
matic light. Laser sources is usually employed as the source light for Raman machine; the Raman tech-
nique is used to observe the rotation and vibration of molecules to identify the sample contents. In Raman
spectroscopy concept, the inelastic scattering of monochromatic light is illustrated by the change phe-
nomenon of photons frequency in monochromatic light, when the light is scattered by molecules (Bum-
brah and Sharma 2016).

Raman light /
scattered light

monochromatic e transmitted

light o light
00?

—

FIGURE 2: Demonstration of Raman principle (Bumbrah and Sharma 2016)

In detail of Raman principle, a monochromatic laser beam is used to illuminate into the sample which

hits to the molecules of sample and originates a scattered light. Due to the different frequency from that



incident light, the Raman spectrum can be constructed (Bumbrah and Sharma 2016). In Figure 2, the
Raman effect is depicted as the idea of Raman light collection, where the monochromatic light is intro-
duced into the sample, the light will get absorbed; only the major portion could pass through, called
transmitted light. The absorbed light in the end will be released and scattered by the sample in all the
directions; those scattered lights are collected by detectors/sensors at the right angle and compared with
the incident light, see in Figure 3. The incident light provides a source into the sample, then the molecules
in the sample will get excited from ground state and up virtual state. At this state, the light is scattered
back either the same energy to the ground state, called Rayleigh scattering, or less energy and end up in
Stoke line, where Stoke photon is measured. This is caused by the molecule which absorbed the light;
by that the molecule is identified by subtraction between incident light and Stoke photon. There is also
Anti-Stoke line, which is created when the molecule in Stoke line get excited by a new incident light
raises up to the higher virtual state and goes back to the ground state (Flemban 2017).

Virtual
energy
states

A A

Vibrational
energy states

4 v r Y

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering

O N WHMA

FIGURE 3: In Raman spectroscopy different scattering displays, where Stokes scattering is the one,

providing the desire information (Flemban 2017).

Raman spectroscopy is a powerful tool for characterizing the structures of graphene. The Raman tech-
nique includes quantifying the number of defects on the graphene sheet and the number of graphene
layers. The functional compounds embedded into the graphene will appear as an increase in sp® hybrid-
ized carbon; this change can be identified in a Raman spectrum as defects. Due to the electronic structure
of graphene, which can be captured by Raman, the increase of layers of graphene causes to the changes

in spectrum, leading to establishing the number of single layers graphene (Flemban 2017).



In Figure 4, all sp? carbon lattice have some common characteristics in Raman spectroscopy, due to its
pi bonds, by which the disorder in sp? network could be detected ( Dresselhaus, Mildred, Jorio, Hofmann,
Dresselhaus, and Saito. 2010). The two dominant peaks in graphene are the G and G’ peaks. The G band
is demonstrated by the stretches of C-C around wavenumber 1584 cm™ which is influenced sensitively
by chemically doping the graphene, resulting to straining and upshifting which is another important
aspect of characterizing this band (Englert, Jan , Vecera, Knirsch, Schafer, Hauke, and Hirsch. 2013).
While the G’ peak, also called as 2D peak, is located in range 2500-2800 cm™ and it is helpful for
determination of graphene layers by probing for differences in sp? carbon systems. That shows the
changes in both shape and position depending on number of layers Dresselhaus. 2009). The 2D peaks is
formed by the second order of zone-boundary phonons, which is necessary to provide to the measure-
ment of graphene layers (thickness). Because the first order zone-boundary phonon is low and not suf-
ficient for the Raman fundamental selection rule. Finally, there one more concerned peak in graphene is
the D band, spotted around 1345 cm, which shows the quantity of defects on graphene or disorder of
the sample (Dresselhaus et al. 2010). In addition, there are also peaks called D’ and D+D’, which are

which are overtones.



G G’
A ~ graphene
A A HOPG
10LG

Intensity

5LG

damaged graphene

Intensity (a.u.)

2LG

SWNH

1LG
| ]amo.rphm.lls cafbon

0 . 1000 . 2000 3000 400( 2r600 | 2r7TOO | 2,800

. - . _']
Raman Shift (cm™) Raman shift (cm™)
FIGURE 4: Left: Difference in Raman spectra from different kinds of graphene/graphite (Dresselhaus

et al. 2010). Right: The changes in the 2D peak as a function of layers of graphene (LG). These meas-

urements are done with a laser with a wavelength of 514 nm (Ferrari and Basko 2013).

The defects in sp? carbon systems using Raman Spectroscopy is quantified by comparing the intensity
of the defect-induced D band (Ip) with the intensity of the G band (lg), i.e. the Ip/lg ratio. The more
disorder and defects on graphene is, the larger D peak is showed; this leads to the higher in ratio of two
intensity peaks (Dresselhaus et al. 2010). A model found by Luchese et al is applied to determine the

quantity of the defects on graphene induced by ion bombardment ( Jorio, Ado, Ferreira, Cancado,

Achete, and Capaz. 2009) by observing a damage region with radius 's and a second region with radius

I'a, see in Figure 5, the defect is defined by the method.



FIGURE 5: The definition of the '
(green), provided from .( Jorio, Ferreira, Stavale, Achete, Capaz, Moutinho, Lombardo, Kulmala, and
Ferrari. 2011).

-region(red) and the "activated" Aregion

The damaged region is presented as using two regions, namely the "structurally disordered™ S-region
with the radius I's and the "activated™ A-region with radius r'a; the A region is structurally intact, how-
ever, it gets effected by the damage done to the S region. The model lately was expanded by (Kuila et
al. 2012) to work on covalent functionalization of graphene by adjusting smaller the two radii I's and ra,
because there is much less damage on graphene by covalent bonding rather than ion bombardment. The
calculation, in equation 1, is used to estimate the defects; where rs = 0.07 nm and ra = 1.0 nm, which

are adjusted values used in this report.

s G S o (~12) - exp (<24 s 1 - e ()]

D D D

Furthermore, the number of graphene layers in the samples could be counted in Raman spectroscopy by
using a model made by (Paton, Keith R., Eswaraiah Varrla, Claudia Backes, Ronan J. Smith, Umar
Khan, Arlene O’Neill, Conor Boland, et al. 2014). The formula for Raman metric, M, is depicted from

the intensity ratios of two positions on the 2D-peaks, show in equation 2

!
M = Igraphene /1 graphene (2)
Igraphite /I’graphite
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where, | is intensity of the 2D peak position in the samples and, I’ is the intensity peak at position P
before 2D peak, where P position equals the subtracted 2D position with 30 cm™. The number of gra-
phene layers, Ng, can be estimated using the equation (3).

N, = 1(00-84M+0.45M? 3)

2.3.2 Sub-heading X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique, measuring the ele-
mental composition based on their electronic properties, with a depth of investigation from 1 to 10 nm
on the surface of the material. XPS measurement not only shows all chemical element presence in the
material, but also indicate the chemical bonds, exiting among these elements, except hydrogen and he-
lium. By irradiating X-ray beams to the sample in ultrahigh vacuum, the light is absorbed completely by
the core electron of an atom. Then some of the core electrons are escaped out of the material if the photon
energy (h) is large enough, due to the photoelectric effect(Greczynski and Hultman 2019). The binding

energy of the core electron is given by the Einstein relationship, see in equation 4.
Epina = hv — Eyin — (Dspec (4)

Where hv is the X-ray energy, ® spec is the work function of the spectrometer used in the measurement
and EKin is the kinetic energy of photoelectron. The binding energy depends mostly on the Z number of
the atom and abundant chemical for determining both elemental composition and chemical state of the
elements. The binding energy should be calibrated with an internal reference peak, when the core binding
energies shifts to higher values; the C 1s peak with the binding energy of 284.8eV is commonly used as
the reference for calibration. There are two section in XPS measurement, including XPS survey spectrum
and high-resolution XPS scan spectra. In XPS survey, the quantity and identity of each element can be
defined by specific peak from spectra. While the high-resolution scan spectra could verify the types of
bonds among elements in the samples by fitting peaks into the graph and recognized the position of those
peaks(Kaciulis. 2014).
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2.3.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a sensitive surface probe type of scanning probe microscopy for
studying samples from microscale, e.g. bacteria, DNA chains, to nanoscale, such as graphene. There are
three types of AFM mode, namely contact mode, non-contact mode and tapping mode which is em-
ployed in this project. The AFM probes samples by a cantilever with a sharp tip which surfs and sweeps
over the surface of samples. The tip, at first, is lowered down to proximity of a sample surface. when
the tip crossing the surface, a deflection from the cantilever oscillation is created based on Hooke’s law,

resulting to sketching the image of the surface through a laser beam, see in Figure 6.

L Position
’ _“)aser Detector

A 4

FIGURE 6: Illustration of the laser beam deflection for atomic force microscopes (Nanoscience instruc-

ment)

In this project, the usage of AFM is to measure the thickness of the flakes, which can represent approx-
imately the number of layers of the graphene after exfoliation process; the samples are often prepared
by either spin coating or dipping substrate. The thickness of multiple graphene layers includes both
number of functional graphene layers and potential solvent contaminating among layers, hence the thick-
ness of one single layer from functional graphene is more than 0.34 nm (theoretical pure one graphene
layer) (Dorn, Lange, Chekushin, Severin, and Rabe. 2010). Besides, there are some other complications
influencing to the measurement (Jussila, Henri, Owen, Yang, Hu, Aksimsek, Granqvist, Lipsanen,
Howe, Sun, and Hasan. 2017) and also the methods and types of AFM are taken into account of estimat-
ing the true thickness of single graphene layer (Stapleton, Andrew, Shearer, Gibson, Slattery, and
Shapter. 2016).
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2.4 Graphene exfoliation

Graphene studies has been focused intensively for a decade. There are many different methods and tech-
niques published such as liquid-phase exfoliation (Hernandez, Yenny, Nicolosi, Lotya, Blighe, Sun, De,
McGovern. 2008), chemical vapor deposition (Jacobberger, Robert, Machhi, Wroblewski, Taylor,
Daniel, and Arnold. 2015) and electrochemical exfoliation (Achee et al. 2018; Parvez, Khaled, Wu, Li,
Liu, Graf, Feng, and Mullen. 2014; Yingchang Yang et al. 2019). Unfortunately, graphene is a low
reactive material, thus, it is difficult to make the connection between graphene sheets with other materi-
als, due to graphene inertness character. Therefore, functionalizing graphene with and active compound
is attracting to the scientist, because it is not only support graphene to associate with other material,
functional group can also enhance the properties for the materials cooperation. Due to economic consid-
eration, there are only some outstanding methods that can exfoliate the graphite to graphene and func-
tionalize them as the same pot, such as mechanism method from (Wu, Hang, Weifeng Zhao, Huawen
Hu, and Chen. 2011), and electrochemical exfoliation method from (Ossonon and Bélanger 2016), which

is also the main idea for EG in this project.

2.4.1 Functionalizing graphene

The electrochemistry exfoliation technique was employed for exfoliating and functionalizing graphene
at the same time by using a diazonium salt, inspired by an article from Professor Daniel Belangér from
Université du Québec a Montréal (Ossonon and Bélanger 2016). The procedure is similar with the nor-
mal graphene exfoliation process, in which 0.1 M of H2SO4 solution is used as electrolyte and a constant
10V DC potential is applied to transmit the anions in solution into grain boundaries (Shang, Westwood
2016; Parvez, Khaled, Yang, Feng, and Mullen. 2015), see in Figure 7. Because of the positive charge
on graphene, the sulphate ion with negative charge could easily intrude to among graphene layers and

intercalate graphite to the graphene platelets. Thus, the reaction is in an oxidative environment.
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FIGURE 7: Electrochemical exfoliation mechanism to obtain graphene from graphite (Parvez et al.
2015).

The key for functionalization on graphene is adding an amount of diazonium salt into the electrolyte to
react with the exfoliated graphene sheets; the idea also was applied in different type of salt, for instance
amino group, reported by (Gu, Yong, Hsieh, Yuan, Hsueh, and Gandomi. 2018). The diazonium salt
with tetrafluoroborate anion were used in the experiments. The idea using the diazonium salt is to apply
the aryl radical at the dinitrogen position on the benzene ring after reducing the group dinitrogen by
providing a free electron to the salt solution; the process known as dediazonation, see in Figure 8. This
radical is very reactive, and it can incorporate spontaneously with the delocalized electron on the surface
of graphene and that creates a covalent bond (Ossonon and Bélanger 2017), making the defect, on the
graphene structure. In the reaction, graphene plays as the reduction agent role. Furthermore, due to the
presence of functional salt on the graphene, the graphene sheet will be kept separately to each other and
against the Van der Waals force, which force causes graphene layers to be packed together to form
graphite. However, the mechanism of functionalization of diazonium salts is not totally understood, be-
cause the diazonium salts are grafted in reductive environments (Allongue et al. 1997), contracting with

the condition for the process.
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FIGURE 8: Proposed scheme of functionalization on graphene, where the diazonium salt releases nitro-

gen bond to localizes on graphene surface, based on the article reaction (Gu et al. 2018)

Besides, the benzyl chloride diazonium salt was not employed, due to the risk of the aryl radicals doing
a chloride abstraction from the benzyl moiety during the exfoliation step, making the benzyl functional
group on graphene sheet, undesired product from the functionalization process. Therefore, the tedious
process, which employed benzyl alcohol in functionalization and chlorination for converting hydroxide
(OH) to chloride (CI') on functional group, was suggested and implemented. In the sequence, the func-
tional group on graphene could be used for the polymerization process before employing in composite

materials production.

2.4.2 Chlorination for functional graphene

Chloride is one of the crucial intermediates in organic synthesis and the chlorination process for the
chlorine conversion is an important synthetic procedure. In this project, chlorine is, then, nominated to
play the initiator role for the polymer reaction. The conversion of chlorine into the corresponding alcohol
group on benzyl alcohol from functional graphene was investigated. There are many reagents, such as
hydrochloric acid, phosphorus halides, cyanuric chloride and thionyl chloride, could be used to the chlo-
rination from alcohols in compounds (Sun, Peng, Niu, Wang, Li. 2008), however on the surface reaction,
it is harsh to get the success. Thus, the thionyl chloride reaction is used to chlorinate the functional
graphene, inspired by the report succeeding in brominating alcohol on surface via thionyl bromide (

Nielsen, Koefoed, Lund, Daasbjerg and Pedersen. 2016).

Chlorination by thionyl chloride is one of the basic conversion techniques available in most of organic
chemistry textbooks. A possible mechanism for the formation of benzyl chlorides from benzyl alcohol

is depicted in the Figure 9. The first step is the displacement between nucleophilic oxygen atom of the
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alcohol and chloride ion from thionyl chloride, forming a protonated alkyl chlorosulfite intermediate.
Due to the improvement from the nucleophilic of the oxygen caused by S=O bond from thionyl chloride,
the hydrogen atom of O-H bond gives up its electron and leaves the compound to connect with the
leaving chloride ion in the first step; producing the hydrochloric acid. In the next stage, the graphene is
suggested to be the electron donor temporarily, which provides an electron to forsake the SO from the
thionyl chloride compound and prepare a new chloride ion. This new chloride ion is attracted back to
the benzyl on graphene as a nucleophile, because of the cutback from graphene. That finally forms ben-

zyl chloride.

FIGURE 9: Possible mechanism for the benzyl chlorides formation, based on a similar conversion from

an ether benzyl alcohol (Rodriguez and Priefer 2014).

2.4.3 Single-electron transfer living radical polymerization

For the enhancement of the association between graphene and other material, surface polymerization of
graphene was studied to grow polymers brushes on the graphene sample. The graphene oxide has been
reported successfully in polymerization using single-electron transfer living radical polymerization
(SET-LRP), in which the covalent anchoring of bromine-containing initiator was used onto the surface
of graphene oxide (Chen, Xiaoyi, Yuan, Yang, Hu, and Yang. 2011; Lligadas, Grama, and Percec 2017).
Beside the SET-LRP method, the brushes can also be obtained by the original atom transfer radical
polymerization (ATRP) (Zheng, Shen, and Zhai 2013) process, which is similar with SET-LRP. How-
ever, ATRP needs to be under some conditions, such as more time and metal catalyst for the reaction
(Matyjaszewski 2012). While SET-LRP is more efficient and simpler since the reaction can be done in

ambient environment and short time.
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SET-LRP can be employed in a great variety of monomers and be tolerant for air and radical scavengers
(Lligadas, Grama, and Percec 2017). The mechanism of SER-LRP is not entirely understood today,
however, the mechanism proposed in Figure 10 is widely accepted (Levere, Martin, Nguyen, Leng, and
Percec. 2013). The disproportionation of the copper(l) halide (CuX) generated by activation with pure
copper (Cu®), which is from wire or powder, is the crucial step in SET-LRP. Based on heterogeneous
single-electron transfer (SET) mechanism, nascent Cu® activates the initiator and dominant chain, then
starts the polymerization. During the polymerization, the propagating radical, P»*, is formed by the ac-
tivation step of Cu® with electro-acceptor alkyl halide initiator to generate CuX. The two possibility
results for the radical-anion, which is concreted or stepwise, are depended on the substrate and the nature
of the leaving group. The disproportionation of Cu'X/L into Cu® and Cu""X,/L is the most important step,
where reduction and oxidation happen instantaneously; Cu''X,/L deactivates the propagating radical
whereas Cu® activates the dormant species. This is facilitated by the presence of strong Cu(ll)-binding
ligands such as Mes-TREN and PMDETA. This ligand solvent-mediated disproportionation of CuX
prevents the undesirable bimolecular termination to accumulate the excess of CuX> deactivator and
thereby reduces the risk of termination. Due to the responsibilities to series of “environmental condi-
tions”, including solvent polarity, the extent of disproportionation, nature of ligand and its concentration,
the mechanism of SET-LRP can be deemed as a complex system, leading not fully understanding today
(Levere et al. 2013).

Cu'X/L
A

Kd/sp

FIGURE 10: Proposed mechanism of SET-LRP (Levere et al. 2013)

In this project, the chlorine on functional graphene was used to be as the initiator for the polymerization

process. Because the benzyl bromide could cause the over-polymerizing to the solution, leading to the
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difficulty for controlling the process. While benzy! fluoride might could be tough to be activated for the

polymerization, due to its strong bond with the benzyl group.

2.5 Fluorographene

Fluorographene (FG) is a new up-rising member in graphene family, which was reported as a stable
graphene derivative by Sofo et al (Sofo, Chaudhari, and Barber 2007) and exploited more in later years
(Robinson et al. 2010). FG possesses 2D layer structure and only have carbon fluorine bonds on the
surface of graphene (Dubecky, Matus, Otyepkova, Lazar, Karlicky, Petr, Cépe, Pvel Banas, Zbofil, and
Otyepka. 2015; Feng, Wei, Long, Feng, and Li. 2016; Karlicky, Zbofil, and Otyepka 2012), leading to
loss of delocalized electron on graphene surface; this is the reason fluorographene has a wide band gap,
7-8 eV, presenting as an insulator (Dubecky et al. 2015). Besides, FG possesses a high stability, thus,
there a few solvents can be used to disperse FG. However, the dispersions of FG generally present in
short-term stability (Zhu et al. 2013), limiting its manipulation and processing. FG can be prepared by
fluorinating graphene (Robinson et al. 2010) or chemical/mechanical exfoliation of graphite fluoride
(Dubecky et al. 2015; Zhu et al. 2013; Withers, Dubois, and Savchenko 2010). Due to these features,
FG is used for insulating materials generally, besides, FG has been also undergone in various chemical
reaction under ambient environment (Chronopoulos, Demetrios, Bakandritsos, Pykal, Zbofil, and
Otyepka. 2017) to explore new graphene derivatives. In this project, FG is treated and used as the mate-
rial for producing a high yield and selective functionalization of graphene by reacting with cyanine salt
(Bakandritsos et al. 2017). The functional graphene from FG can be also used for making polymer

brushes and composite material.

2.5.1 Cyanidation fluorographene

Due to the chemical inertness on the surface of graphene and graphene oxide, graphene derivatives are
suggested to enhance the yield in functionalization of graphene. Because the graphene’s surface and
electronic properties is easier to be adjusted and manipulated with covalent derivatization graphene ra-
ther than immaculate graphene. A high functionalization degree on graphene was reported by Z. Radek
and O. Michal et al (Bakandritsos et al. 2017), in which FG was treated with nitrile group (also known
as cyano group), -C=N or -CN, toward a broad scale. From this, the project got inspired to work on

cyanographene.
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Understanding the properties of chemicals is the key for predicting and controlling the reactions and
direction for the goal of the project, thus, the FG characters in the reaction should be acknowledged. The
supreme factor of FG is the high bond dissociation energy of C-F bond with 108-130 kcal/mol (Dubecky
et al. 2015; Matochov4 et al. 2018), hence FG is an unreactive material mostly (Lemal 2004); conse-
quently, direct cleavage C-F bond reaction is disfavored. However, there some methods and procedures
have been studied and published about defluorination FG, which is based on the thermal stability of FG.
In a report by O. Michal et al (Barés et al. 2019) in 2019, defluorinated FG was prepared by a high
temperature, at 550°C, and sonochemistry, then the product could be ready for forward steps. Neverthe-
less, beside physical method for detaching C-F bonds, a bimolecular nucleophilic substitution reaction
mechanism (Sn2) was also proposed, where simultaneous formation between carbon and a nucleophilic
bond was used to cleave the C-F bonds and replace a new nucleophile at the leaving fluoride atom
position as the same time (Dubecky et al. 2015). Feasible pathways for FG defluorination were demon-
strated recently (Medved’ et al. 2018), in which that reaction happens simultaneously with substitution
and pointed the role of solvent. However, despite many reports in this field, there no conclusive mecha-

nism of FG reactivity has been accomplished.

There are two types of nucleophilic (Nu) species are used recently, namely hydroxide (OH-) and cyano
(CN-). They have been reported to successfully react with FG (Bakandritsos et al. 2017). Relying on
theoretical calculation of the Sn2 reaction of FG (Matochova et al. 2018), the nucleophiles reaction with
FG cannot be elucidated. However, the reaction could be commenced with single electron transfer (SET)
from a nucleophile to FG, suggested by Lai et al (Lai et al. 2017), where a radical site on a carbon atom
was created after the C-F bond gets ruptured by Nu- attack, see in Figure 11. Due to the negative charge
of Nu species, the FG receives a negative charge. Then, the “next door” C-F bonds are more susceptible
for heterolytic cleavage, giving up fluoride ions to the environment; particularly, the C-F at ortho posi-
tion was favored to get triggered in the breaking chain for all cases. After the F~ detachment, a newborn
radical center is made and attacked by another Nu, and the process keep going on. This repetition causes
functionalization on graphene sheets and also releases fluorine atoms to restore the delocalized electrons

system on graphene again, reviving conductivity on graphene.
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FIGURE 11: Suggestion of Nucleophilic attack on FG and CF bonds rupture (Matochov4 et al. 2018).

2.5.2 Amine conversion from cyanographene

Because of the limit reactions from nitrile functional group in cyanographene with other chemicals,
conversion —CN group to other activating functional groups such as acid (~-COOH), hydroxide (-OH) or
amine (—CH2NHy) is suggested and studied; because those active groups can connect easily with other
compounds to build network systems. The conversion of COOH"™ from CN- on fluorographene has been
reported successfully by (Bakandritsos et al. 2017), besides, the acid functional groups on graphene can
be found in many literatures from graphene oxide. Due to the basic properties of amine, this moiety is
proposed to replace the cyano group on graphene. Another direction of using functional graphene could
be opened via this amine functional group, which can be used to react with many compounds/polymers
possessing acid group or with active oxygen from various compounds such as ketone, acryl, aldehyde,

epoxy, isocyanate (Jaker and Baile 1957).

Lithium aluminum hydride (LAH), LiAlHa, is employed for the nitrile to amine conversion reaction.
This reaction is well-known as hydrogen reduction for amine, introduced in many synthesis organic
chemistry textbooks. The LAH is usually used to convert from nitrile to amine at the according position
for many compounds such as alkene, benzene or cyclopentane. Thus, LAH is promising to convert nitrile
on graphene to amine group and the reaction is based on the very basic of reduction of nitrile with LAH,

referred to the first report of a C-CN bond cleavage (Mattalia, Samat, and Chanon 1991).
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FIGURE 12: Proposed mechanism of amine conversion on graphene, based on mechanism nitrile to 1°
amine (Steven Farmer 2019)

By surveying the reactions of amine conversion from various compounds, it is noticeable that the hy-
drogen reduction is happened at only nitrile group without any impact or influence from the main com-
pound, on which the nitrile is attached. Therefore, a proposed mechanism of the reaction on the graphene
is depicted in the Figure 12. There are two steps in the mechanism, first step is double addition of hydride
and second step is aqueous workup. In the first stage, the hydrogen from LAH attacks to the polarized
carbon of nitrile at the = bond of —CN via nucleophilic addition. An intermediate is formed after the
nucleophilic addition and which is complexed with AlHz- instantly. This sequence is repeated with an-
other LAH to break the second  bond in —CN, then a complex between CN™ and two AlH3 is made and
the sequence is stopped, ending the first step. Moving on the second step, the hydrogen of water is
attracted by the nucleophilic nitrogen from the —CN and replaces the AlH3, resulting the amine group
formation. The side products from the reaction includes lithium hydroxide (LiOH), aluminum hydroxide
(AI(OH)3) and hydrogen gas (H2).
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3 EXPERIMENTAL

There are two main experiments, namely graphene exfoliation and fluorographene, which are studied
and developed extensively in this project. The detail procedures of both topics will be shown vividly.
Besides, some important choices of chemical during the experiment will be explained explicitly.

3.1 Graphene exfoliation

There were three experiments in this topic which was aiming to build brushes on the graphene from the
raw material, graphite. The approach of brushes graphene is followed order from producing functional
graphene, then chlorination hydroxide group and lastly building brushes.

3.1.1 Procedure of electrolysis

The apparatus is shown in Figure 13, where the cathodes were two platinum (Pt) plates with size 9 x 3
cmand a highly oriented pyrolytic graphite (HOPG) (99.8%, Alfa Aesar), which was measured approx-
imately with the size of the Pt plates, was used as the anode. The mass of graphite was measured to
calculate the yield in the end. The electrolyte was made from 100 ml of 0.1 M sulfuric acid. The func-
tional group, 0.05 g of benzyl alcohol diazonium salt, was added into the electrolyte. The reason using
this be benzyl alcohol diazonium salts was to utilize the single carbon from alcohol group, which is
promoted by the active of the benzene ring; and later for the CI- ion in polymerization step is also sup-
ported from the benzyl. The gaps between cathodes and anode were around 2 cm. A power source with
DC of 10 V was employed to initiate the electrolysis process, the reaction duration was circa 1 hour.
After the reaction, both cathodes and anode were rinsed with demineralized water to collect all the prod-
uct on the surface of electrodes. The remained graphite, which was not emerged into the electrolyte, was
dried, in oven with 100°C in 24h, and weighted to find out the amount of participated graphite in the

reaction. The functional graphene was called EG-OH as a short name in this project.
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FIGURE 13: Apparatus of electrolysis: the anode is the red clip, and in the middle. The two cathodes

are the black clips in the both ends of the sides.

A 0.45 pm nylon membrane was employed as the filter for the filtration. The bulk in electrolyte was
filtrated and rinsed with acetone nitrile, which was used to wash off the excess salt in the bulk, and later
with water. The product, then, was dissolved back into N-Methyl-2-pyrrolidone (NMP) with the support
of sonication tip (BRANSON, frequency 50/60 kHz, power 550 W), which was set 175 W as the effec-
tive power within 10 minutes. After that, the dispersed graphene was transferred to centrifugation step.
The first time of centrifugation was used with 1000 rmp in 10 minutes to remove the leftover graphite
(big part) which was not exfoliated completely in electrolysis process. The fine graphene was collected
with centrifugation with 4000 rmp in 2 hours. Water was also employed to clean NMP by the same
centrifugation with 4000 rmp and in more 2 hours. The collected graphene could be either dissolved
back into water for storage by using freeze drying method or used forward for the next steps. After the

freeze-drying process, the product looked like aerogel, see in Figure 14.

FIGURE 14: Graphene products from exfoliation method
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3.1.2 Chlorination

100 mg of the functional graphene was dispersed in 100 ml of dry toluene. 1 ml of Thionyl Chloride was
added in the solution. The reaction was carried out in nitrogen atmosphere and room temperature and
was left for reacting in different duration time, 24 hours to 72 hours. After the reaction, the chlorinated
functional graphene (EG-CI) was collected by filtration and rinsed with different solvent, following the
order, hexane, water and acetone; by which the excess thionyl chlorine was washed away by hexane, the
water was aimed to clean hexane. Due to the hydrophobic property of graphene, some of product were
stuck on the wall of funnel, hence acetone was employed to gather entire graphene on the filter. The EG-

Cl was dissolved back in water and stored via freeze-drying process.

3.1.3 Polymerization

6 mg of chlorinated functional graphene (EG-CI) was dispersed in mix solvent, made of 12 ml of water
and 6 ml of methanol. 220 ul of N,N,N’,N”,N’”’-Pentamethyldiethylenetriamine (PM DETA) was added
in the solution. The solution was also purged by argon (Ar) gas to ensure the reaction occurring in inert
environment. Because the nascent copper (Cu®) can be active with oxygen to produce copper oxide
which could stop the SET-LRP process. 12 ml of monomer (Hydroxyethyl)methacrylate, called as
HEMA, was introduced in the solution. Copper wire was used as the copper source for the reaction,
which was wrapped around a magnetic bar, dubbed as copper magnet. The copper magnet was the key
of reaction commencement; hence it was dropped in the solution at the last. The reaction was stirred in
Ar environment, maintaining the inert condition, within 1 hour. The product was filtrated and rinsed
with water and ethanol. The polymerized graphene (EG-P), then, was dispersed in water to process the

freeze-drying method for collection and storage.

3.2 Fluorographene

There were two experiments carried out in this section, including cyanidation fluorographene and amine

conversion. The goal of the experiments was about to transform fluorographene to an employable func-

tional graphene, helping the project.



24

3.2.1 Cyanidation fluorographene

The procedure was based on a paper from (Bakandritsos et al. 2017) and it was changed a few factors,
because of facilities availability. There are two parts in the procedure, including sonication step and
cyanide salt reaction. In sonication stage, 0.06 g of graphite monofluoride was dispersed in 60 ml DMF
in two different procedure by two different sonication types, namely sonication tip and sonication bath,
within specific times which was relied on the effective power used in each sonication. To differentiate
two procedures, they were called as the long-term process (L), which was run by sonication bath, and
short-term process (S), in which the sonication tip was employed, and the samples from these processes
were named FG-L and FG-S, respectively. The reasons for the names was about the duration of the
sonication; the sonication bath used longer time to disperse FG, due to its low power output, while the
tip one set at high effective power was used in short time. Due to the low power (BRANSONIC, 90 W,
50-60 Hz) of the sonication bath, the time for reaction was up to 7 hours, and during the sonication, the
solution was under nitrogen atmosphere. While the tip sonication (550 W, 50/60 Hz) was used 324.5 W

within 30 minutes in ambient condition.

After the sonication, FG was treated with 0.52 g of potassium cyanine (KCN), according to mole ratio
1:4 between FG and cyanine, in a round flask. The reaction was heated at 130°C and stirred 500 rpm
under a condenser and in oxygen free condition during various time, from 22 to 25 hours. The solution
was cooled down at room temperature before treating with a massive washing step. The FG was trans-
ferred to centrifugation for washing step with different solvents, namely Dimethylformamide (DMF),
Dichloride methane (DCM), acetone, ethanol. After that, 80°C of DMF and water were used for the last
washing stage. The centrifugation was adjusted at 4000 rpm and ran in 30 minutes during the washing
process. The conductivity of the FG was checked to ensure there was no KCN remained; if the conduc-
tivity was higher than 200 uS/cm, the FG had to be washed more. The main idea in this washing step is
to eliminate the excess KCN salt, which is a toxic compound. After the washing, FG size was classified
with centrifugated at 1000 rpm in 10 minutes, in which the big part assumed as graphite was discarded.

Then, the product from the process, called as FG-CN was stored by freeze-drying technique.

In the reaction with cyanide salt (all samples were run with short-term process in sonication step), there
also different ways were performed. Tetrabutylammonium cyanine (TBA) was replaced for KCN and
the ratio moles between cyanine and FG was remained, and the sampled was called FG-TBA. Another
procedure, which employed mixed solvent, containing DMF and water with the ratio 6:1 (v/v); this mix

solvent was supposed to maintain cyanide salt dissolving during the reaction; the sample was named as
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FG-wet. In excess-cyanine removal step, the washing step with centrifugation using diverse solvents
was swapped with filtration and rinse with acetone and water; it is worth to use an extra of water in this
step. Particularly, in filtration step, a 0.45 um filter was used and acetone was firstly used to collect all
FG-CN in the flask, then water was introduced to clean the cyanide salts. The FG-CN from filter was
collected by dissolving back in DMF and using the centrifugation to wash off DMF with water. Then
the FG could be stored by freeze-drying method after the centrifugation step.

3.2.2 Amine conversion

12 mg of cyanided FG (FG-CN), which was from FG-wet, was dispersed in 25 ml of dry toluene in a 50
ml round flask. The flask was, then, placed in an ice bath before adding 10 mg of LiAIH4 (LAH). For
explosion prevention, all equipment contacting with chemicals was prepared as water free as possible
and the temperature was kept low from 0-5°C during the beginning of the reaction. The reaction was
stirred during 25h and under nitrogen atmosphere. In the quenching stage (or called as hydrolysis step),
4 ml of chloric acid 1 M was added, and the reaction was still stirred and under the inert gas. The reaction
was shown quickly and in short time aggregation and precipitation were occurred in whole the solution.
Then the solution was filtrated and rinsed with water and the product on the filter was dispersed back in

to DMF. Storing and collecting the converted FG-CN (FG-NH) could be done by freeze-drying method.



26

4 RESULT AND DISCUSSION

All the samples from both graphene exfoliation and fluorographene were characterized mainly in Raman
and XPS. The samples were prepared and deposited on substrates (SiO>), which is described in appendix
I, and filtrated through a nylon membrane for Raman and XPS analyses, respectively. In Raman analysis,
samples on SiO; plates give spectra with little noise, leading to clear and vivid peaks and accurate anal-
ysis. While in XPS, the filters were left in an oven at 100°C for at least 24 hours, before making the
analyses with the machine. Because the leftover solvents (water, NMP or DMF) on the filter need to be

evaporated completely out of the samples, otherwise analyses could be influenced and distorted.

4.1 Graphene exfoliation

The product collected in the end of the exfoliation process could achieve approximately 50% yield
(w/w), compared with the used graphite. The sample was compared with a blank pristine graphene which
was made by the same setup electrolysis without diazonium salt. The comparison, in Table 1, showed

explicitly the dissimilar intensity ratio D/G from two samples, functional and pristine (blank) graphene.

TABLE 1: Comparison ID/IG ratio between functional and pristine graphene

Sample In/lG ratio G position (cm™)
Functional graphene 1.1+£0.2 1588 +1
Blank graphene 0.5+0.1 1583+ 0

The samples analyzed by Raman, in Figure 15, showed a high D peak, evidencing for the appearance of
functional groups on graphene. Basing on the results from Ip/l ratio and spectra images, the graphene
was changed from sp? hybridized carbons to sp? hybridized, which was observed in D peak. Moreover,
the 2D peak in functional graphene indicated that there was still structure of graphene in the sample and
the functionalization occurred partially on the graphene. This was also the goal for the functionalization
on graphene, since the properties of graphene was remained and could be employed, while the functional
group on graphene supported to affiliate graphene with other materials. Due to the impact of the func-
tional group on graphene, the G band was shifted from 1583 to 1585 cm™. There was also a presence of

D’ peak, which was detected as a shoulder of G peak.
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By using the prementioned equation (1), the quantification of defects of functional graphene sample was
calculated. The Ip/lg ratio from table 1 is inserted to the equation (1) to find out the distance among
defects (Lp) and the defect density (o), the detail of calculation is shown in appendix Il: Raman Calcu-
lation. According to the result of the calculation, there are about 442 carbon atoms per a defect in the
functional graphene sample. However, it is cautionary that the Raman cannot distinguish which types of
defect on graphene sheet, therefore, the defects could include possibly both functional group and oxygen,
which was caused inevitably by oxidation on graphene from exfoliation step. This explains the 1050
carbon atoms per a defect on blank graphene sample (calculated from the intensity ratio), which is from
grain boundaries, vacancies, edges, hetero structures and interstitial impurities in graphene (Haldar and
Sanyal 2016). Thus, the calculated defect densities could not show the exact number of defects provided

from functional groups.
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FIGURE 15: Raman spectra of pristine (blue line/left) and functionalized graphene (red line/right).

Basing on the equation (2) and (3), the number of graphene layers could be estimated from Raman
analysis. In the functional graphene sample, the position of 2D peak is around 2718 cm’, hence the
intensity of I’ should be from the peak around 2688 cm™. While the 2D peak of HOPG sample is 2727
cm’, then the I’ could be found from the peak at 2697 cm'. By introducing the intensity peaks from both
functional graphene and graphite in equation (2), the M is calculated, then, replacing the M value into

equation (3), the number of layers is figured out about 6 to 7 layers.

By using AFM measurement with taping mode, the number of graphene layers could be confirmed by

estimating from the thickness of the flake on the substrate. The sample for AFM was prepared the same
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way for Raman measurement; the graphene flask was on top of SiO substrate. The average thickness of
the flask ranged around 10.5 = 1.2 nm; there some flasks with 4.2 £ 0.5 nm in height, and the length of
the flasks was about 5 pum. In Figure 16, there are some white lines crossing on the graphene sheet,
which is supposed to be the wrinkles of the flakes, since the graphene somehow got folded instead of
spreading; this might be caused during the sample preparation. This also could be a problem for getting
a proper thickness of the flake. The thickness from a single graphene layer is summarized from various
AFM method, resulting the range from 0.4 to 1.7 nm (Stapleton et al. 2016). The thickness from a single
layer is essentially considered about the remained solvent compounds and defects from both functional
group and interstitial impurities between graphene layers. Therefore, the range of number of graphene
layers from the sample is from either 10 to 26 layers or 2 to 6 layers, according to the range of one single
graphene layer from the AFM measurement.
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FIGURE 16: AFM graphene image using contact mode (left) and profiles from different cross section

on the flakes (right)

4.1.1 Chlorination

Chlorination reaction only attacked on the OH™ on the functional group, leading to no influence on the
graphene sheet and no new defect creation. Therefore, only XPS was applied to check out the achieve-
ment possibility of chlorination process. The Table 2 shows that there was no different from chlorination

for functional graphene with 24h and 72h, meaning either that is the maximum the chlorine replacement
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for hydroxide group or that is the total number of functional groups on graphene, when chlorine has
exchanged for all OH- group.

TABLE 2: XPS analyses of Chlorination of functional graphene in XPS survey spectrum. Where C1s,
Cl 2p, N1s and O1s are the percent of carbon, chlorine, nitrogen and oxygen in the sample, respectively.

Chlorine Cl

Samples Carbon C 1s % 20 % Nitrogen N 1s % Oxygen O 1s %
Pristine  gra- gg o7 0 0 4.33

phene

G-OH 85.54 0 1.74 12.04

EG-Clin 24h 88.97 0.1 0.55 10.39

EG-Clin 72h 90.01 0.1 0.41 9.50

The number of chlorine atoms, relied on the results, could predict the amount of polymer brushes which
could be connected to the graphene sheet via the exchanged chlorine atoms on graphene. The number of
chlorine atoms detected is equal with the number of chlorinated functional group, and each functional
group have 7 carbon atoms, because of the benzene ring and methyl. Therefore, the potential polymer
brushes could be calculated in the equation 5 and that are about 889 carbons per brush in 24h and 899
carbons per brush in 72h.

C _Cls%-7xCl2p%

o ()

Cl Cl2p%

4.1.2 Polymerization

The same effect with chlorination reaction, polymerization process did not influence to the graphene
sheet, leading to using XPS for the analysis. Because of the similar for both chlorination reactions, one
of samples could be used for representative for all. In the appendix I table, the polymerization result
displayed the absence of chlorine in the survey spectrum on the sample; however, chlorine could be
traced by XPS with a very tiny amount, meaning that the occurrence of the polymerization process was
confirmed via this impact. The small amount traced chlorines could not be expressed, caused possibly
by the long chain of the attached polymer brush, in which, the amount of total carbon and oxygen was
enormous by far, compared with the chlorine quantity. The rise of oxygen percent in the sample was
observed and improved, due to the C-O and C=0O bonds at band around 286.7 eV and 288.98 eV, re-

spectively, from HEMA. In the high-resolution spectra, see in Graph 1 in appendix Il1, the developments
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of peaks C-O and C=0 are presented lucidly, and in Table 3, the C=0 area of EG-P was increased

significantly, compared with EG-C1 sample’s.

TABLE 3: The comparison on % area of bonds in XPS of polymerization in high-resolution XPS scan

spectra.
Samples Cc=C C-O C=0
EG-CI 41.29 22.22 3.78
Polymerization 27.78 21.62 18.73

4.2 Fluorographene

Fluorographene (FG) is recently used to enhance the strength for insulating materials, due to its proper-
ties. In recent years, the FG is undergone with many researches focusing mainly on the insulation, hy-
drophobicity, strength and thermal stability for material. However, producing functional graphene from
FG is a new and promising pathway of graphene derivatives from this FG field. By using substitution
reaction for FG, a high yield of functional groups assembled on graphene and bringing conductivity back
for graphene, simultaneously. In this project, the FG is functionalized by nitrile group and later converted
to amine group in the next level. The FG samples were analyzed and identified with XPS, where the

samples all were prepared as free-standing films on nylon membranes.

4.2.1 Cyanidation fluorographene

The pristine powder FG was firstly analyzed as the control sample for whole the FG experiments, com-
paring FG samples treated with cyanine salts. During the experiments, in both long-term process (FG-
L) and short-term process (FG-S), there was always a large amount of solid precipitated in the bottom
of flasks. Thus, coming to the suggestion that the cyanine salt was not dissolved completely in solution.
Therefore, a wet solvent in which water was mixed with DMF was used to help dissolving and prolong-
ing the cyanine presence in the solution; the sample for the reaction called FG-wet. In another reaction,
Tetrabutylammonium cyanine (TBA) was used for the reaction without water, because TBA can easily

give up its cyano group in solution and the samples of this reaction named FG-TBA.
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The cyanide groups were also chosen, because they were used to not only remove fluorine but also to
replace fluorine and play as a functional group on graphene sheet as Sn2 reaction, which is more con-
cerned. In the Table 4, the values of nitrogen (N%), fluorine (F%) and carbon (C%) of all FG samples,
comprising pristine FG, FG-S, FG-L, FG-wet and FG-TBA in XPS survey spectrum, was compared to
perceive the differences.

TABLE 4: Comparison of elements in different FG samples in XPS survey spectrum

Samples C% F% N%
Pristine FG 47.78 52.22 0
FG-S 73.11 22.49 1.8
FG-L 66.32 30.61 1.48
FG-TBA 84.48 9.86 2.24
FG-wet 71.9 23.64 1.41

The structure of fluorographene is covered full of C-F bonds(Yang Yang et al. 2013) even after the
sonication treatment from graphite fluoride, proved by the absence of conductivity and super hydropho-
bic characters on the FG samples. The FG-S and FG-wet, which have the same sonication treatment
(mentioned in experimental section 3.2.1), could achieve more than a half defluorination in total of flu-
orine atoms (F), while in FG-L just only treated about 20% of F on FG. This means the short-term
process is more effective than the long-term one, implying the sonication power could improve the suc-
cess in defluorination; in which the more power is used to the sonication step and the better defluorina-
tion is. However, the sonication type also needs to be taken in to account. Because the sonication tip was
reported as the advanced sonication method for exfoliating graphene, compared with bath type soni-
cator(Amiri et al. 2018). From the dissimilar results of defluorination from FG-S and FG-L samples in

sonication step, the quality of FG-CN could be deceived by exfoliation with sonication.

One of the reasonable suggestions for this difference is about graphene layers of FG, because the initial
material used in the experiment is graphite monofluoride. Hence after the sonication stage, the fluorog-
raphene is produced, presenting various layers flakes, meaning there are some flakes consist of few
layers and others have many layers, see in Figure 17. The samples in FG-S is supposed to have fewer
layer than the one in FG-L, due to the type of sonicator. Based on the number of graphene layers in FG
flakes, the graphene layers are insinuated like the “shields”; the less graphene layers of the flake are, the

weaker the “shield” becomes. Thus, the CN™ from the cyanide salts could expectedly attack easier to the
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FG with less layers rather than the thick FG with multilayer of graphene, hence the fluorine atoms could

be influenced from both sides by the salt.
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FIGURE 17: Proposed prediction of fluorographene treated in sonochemistry influencing to Sn2 reac-

tion. Where the less the number of graphene layer is, the more efficient the Sn2 could obtain.

Based on the XPS measurement, the FG was successfully treated with two cyanide salts, namely KCN
and TBA, which was proved by restoring the conductivity of graphene sheet. The amount of fluorine in
treated samples is apparently dropped significantly with TBA salt, which is more than 81% loss of F in
the content. The massive fluorine reduction from FG-TBA could be proposed the impact from CN" pres-
ence in the solution, where CN™ of TBA salt could be released easily; the moisture, even, could dissolve
the salt. While KCN requires a certain amount of water to be dissolved; the solubility of KCN in water
was estimated with ratio 1:2 (g/ml). Therefore, the FG-CN sample treated with TBA got more attacked
from CN", resulting losing more fluorine atom. Nevertheless, the solid part found in the end of the reac-
tions, regardless of types of salt used, could be either the reactants, including insoluble cyanide salt and
FG aggregation(which might be caused by the low Zeta potential (about -30 mV) (Zhu et al. 2013;
Bakandritsos et al. 2017), or side products, which is unknown, or both reactants and side products. No-
ticeably, the solid part could be mainly washed off by water, neither DMF nor acetone, hence that is

supposed to be ion compounds.

In nitrogen (N) comparison, the FG-TBA again is the highest amount, compared with others, however

the differences are narrow. All the samples reacted with KCN shows similar amount of N detected, while
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the one treated with TBA salt was higher, thus, that confirms the importance of CN" in the solution.
However, there an odd factor is necessary considered that is the vast gap between the number of fluorine
atoms detached and the amount of nitrogen, indicating cyanide group, replaced on the graphene. Because
according to the Sn2 reaction theory, the reaction should be carried out with ratio 1:1 between F~ and
CN-, however, in the analyses, there a few CN- successfully exchange with F~. The question for this is
more about only the defluorination possibility, rather than the way of cyanide replacement, because of
the obvious occurrence of the substitution reaction (Dubecky et al. 2015; Medved’ et al. 2018; Lai et al.
2017) for that replacement.

Rewinding back to the theory of cyanidation FG (Matochova et al. 2018), a potential pathway of defluor-
ination is illustrated in Figure 11. The fluorine atoms on the covered surface could be triggered to leave
the graphene sheet and form a radical on the surface. That radical is supposed to react with a CN in
solution to render a C-CN bond on graphene. That C-CN bond effects to the orthro carbon on the benzene
ring, by which the “next door” F~ is forced to leave and create a new radical, then the sequence is con-

tinued.

However, if there many fluorine atoms get attacked to leave at the commence, meaning to lots of the
CN- replacing at the same time. Thus, in the next step of the pathway, after the fluorine abandonment,
two radicals supplied from two next door carbons could arrive to a same carbon. This carbon might both
refuse CN™ localization and reinstate the delocalized electrons of benzene ring, which helps to release
other F~ from other carbons on the ring. Furthermore, another activation of CN™ on graphene is the ter-
mination each other of CN", when they locate side by side and these CN groups also could push other
fluoride atom neighbors out of graphene, see in Figure 18. When both CN™ and F" are absent, the delo-
calized electron is established back on the benzene and stops the immigration of nucleophiles. This might
explain about the return of conductivity of graphene from FG. In addition, the different time in reaction
does not influence much to the results of FG treatment in the range from 22 h to 25 h. However, if the

time is about 1h or 6h, the functionalization yield might be increased.
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FIGURE 18: Mechanism suggestion for Sn2 reaction between fluorographene and cyanine salt.

The change of the percent of carbon from cyanidation samples could again enhances the success of
functionalizing CN™ on the graphene sheet. It is undoubtedly that the number of functional groups on
graphene is the most important for the aim of the process. Thus, the number of CN- groups on graphene
could be calculated by equation in appendix Il, which is followed the same way for finding the amount
of CI" on graphene in chlorination. There are roughly 40 to 50 carbons per one the functional group, CN-
, for FG treated with KCN salt. While the FG-CN reacted with TBA could achieve more functional

group on the graphene sheet, which is 36.7 carbons per one functional group, see in Table 5.

TABLE 5: Comparison of functional group density on FG among samples

Sample FG-S FG-L FG-wet FG-TBA
number of carbons per CN-  39.6 43.81 50 36.7

Considering about the fluoride reduction, in the pristine FG, the ratio between C/F is about 1:1. After
the process, the amount of fluorine atoms is dropped and the ratio C/F is about 2.8:1, while the TBA salt
could reduce the fluorine with ratio C/F about 8.6:1. Although the decrease of F quantity is showed, that
does not show the conductivity restoration on graphene sheet via XPS survey, because they might be the
exchange between F and CN- on graphene. The evidence of the return of the conductivity could be

analyzed in high-resolution spectra, see in figures Graph 3, Graph 4, Graph 5 and Graph 6 in appendix
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I11, where the C=C area, located around 284.5 eV, raises largely and clearly in all treated samples, com-
pared with the control sample, see in Graph 2 in appendix I11. In contrary, the C-F bond declines remark-
ably, due to the loss of fluorine on FG at binding energy 289.2eV and the appearance of CN bond is
detected at 288 eV.

However, the aim of using functional groups on graphene is to enhance the connection between graphene
sheets and commercial polymers in composite materials. Thus, the properties of graphene, strength and
conductivity, are essentially taken into account of functionalization. If the functional groups cover com-
pletely the graphene sheet, the conductivity of graphene will be reduced significantly or even lost. There-
fore, the high yield of functionalization should have a compromise with the quality with graphene ca-
pacity in the composite material. Nevertheless, controlling the number of functional groups on graphene
is strong recommended, hence, understanding the mechanism behind the functionalization on FG should
be approached, in order to manipulate the yield of functionalization for the desire results in composite

material.

4.2.2 Amine conversion

Due to the first time of the experiment of amine conversion from cyanographene in the project, the XPS
measurement was used to identify all the elements presenting in the sample. In the XPS survey spectrum,
see in Table 6, it is worth to notice that the aluminum presence in the sample. Because the aluminum
should be reduced complete in the hydrolysis step, resulting the unaccomplished hydrolysis reaction;
even an extreme chloric acid solution added, compared with the amount of LAH and cyanographene.
This might be caused by impediment of aggregation and precipitation in hydrolysis reaction, by which
the compounds quickly gathered to each other and lessened the reaction area of the unreacted com-
pounds, resulting to the low yield in hydrolysis. The aggregation and precipitation were mainly formed
by lithium chloride (LiCl) which is insoluble in toluene and aluminum chloride is also very hard to
dissolved in toluene (Pruntsev, Arkhipov, and Mikheeva 1972). Besides, the huge amount of LiCl could
be produced from the excess amount of LAH at the beginning; the LAH is neither dissolved well in
toluene (V. I. Mikheeva, S. M. Arkhipov 1972). Therefore, the hydrolysis was not performed completely

when the clusters developing.



36

TABLE 6: Elements presenting in the sample from anime conversion, analyzed by XPS survey spectrum

Oxygen Nitrogen Fluorine Aluminum
Elements Carbon (Cls) (Ols) (N1s) (F1s) (Al2p)
Percentage of 59 64 12.97 1.33 24.59 1.47

Area (%)

The reason toluene employed in the reaction is because the graphene can easily be dispersed well in the
solvent, giving more area for the reaction between CN and LiAlH4. Besides, unlike THF used in the
literature (Mattalia, Samat, and Chanon 1991), toluene does not polymerize during the reaction, reducing
risk of impurities in the sample. The solution for hydrolysis reaction improvement is suggested to add a
large amount of water or chloric acid solution to the reaction in order to dissolve the salts in solution and
keep the hydrolysis reaction continuing. The amount of the suggesting addition water might be one
fourth amount of toluene volume. Because there 4 ml of the acid was used in 25 ml of toluene and the
hydrolysis reaction was approximately carried out a halfway, based on the ratio of AI/N about 1.1 in the
sample (derived from Table 6), while the ratio Al/N before the hydrolysis step should be 2 (see mecha-
nism in Figure 12). Furthermore, the pH of the acid should be probed due to the agglomeration of gra-

phene in water, caused by low Zeta potential (He. 2017).

If the extra water in the suggestion for hydrolysis worked, it would be excellent choice to use chloric
acid instead of water, as the article (Mattalia, Samat, and Chanon 1991). Because the AI(OH)3, one of
side products from the hydrolysis with water, is insoluble in water, which is not able to be wash off in
filtration step. Besides, it is apparently that the LiOH and Al(OH)s cannot be dissolved in toluene be-
cause toluene is a nonpolar solvent. Thus, the side products from chloric acid solution, including lithium
chloride (LiCl) and aluminum chloride (AICIs), can be dissolved well in water, refraining precipitation

and aggregation in the solution, resulting to the continuation of hydrolysis reaction.

In the high-resolution XPS spectra in N1s, see in Figure 19, the peaks of amine (CH2-NH.) and nitrile
(C=N) have the same position at 399.3 eV (Sylvestre et al. 2004; Moulijn and Building 1995; Hellgren
et al. 2005), and the peak at 402.9 eV is belonging to ammonium ion (-NHsz*) or hydroxylamine (Hellgren
et al. 2005; Chang et al. 2013). The NHs" peak could be observed, due to the protonation with the acid
during the hydrolysis. Even though chloric acid was employed in the reaction, however, the chloride ion
attached on the ammonium was exchanged by hydroxide ion (OH") during the filtration and rinse pro-

cess; that explains the absence of chlorine on XPS survey.
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In general, the anime conversion was successfully proceeded, with the evidence from the presence of Al
in XPS survey and the hydroxylamine in high-resolution XPS. Although the hydrolysis was not com-
pletely exploited in the process, the amine product could be achieved lager by adding extra chloric acid
solution in the step, as a suggestion. Nevertheless, the number of amine group, achieved in the conver-
sion reaction, could be identified and quantified by either titration method or IR analysis, as a suggestion.
In addition, the dissimilarities between FG-CN and FG-NH> samples are compared via the signals from
high-resolution XPS in both C1s and N1s, see in figure Graph 8 and Graph 9 in appendix Ill, respec-
tively; these figures present visibly the impact from amine conversion, which is observed as a lump in

Clsand aramp in N1s.
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FIGURE 19: Sample from amine conversion in high-resolution XPS in N1s
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5 COMPOSITE MATERIAL OF GRAPHENE AND POLYURETHANE

The interest and purpose of the project is to combine the functional graphene with polyurethane (PUR)
for a new advanced material in strength and conductivity in the future work. There are three components
in PUR, containing polyol, isocyanate and a catalyst. In the incorporation materials process, the func-
tional graphene powder was firstly dispersed in polyol before adding in isocyanate and a catalyst. The
composite material, then, was molded as small bones, see in Figure 20, and they were characterized in
the mechanical test by checking the E modulus (Young’s modulus) and the ultimate tensile strength
(UTS). The E modulus is quantity determining object resistance as the slope of its stress—strain curve;
in which the stepper of the slope is, the bigger value of E modulus gain, meaning the stiffness improve-
ment of the material. While the UTS is defined by the maximum stress of the material under a load
before the object is broken.

P e >

FIGURE 20: The bones samples of pure PUR (upper) and composite material with 0.1% graphene

(lower)

The tensile strength test of all samples, including exfoliated graphene (EG), benzyl ethanol functional
graphene (EG-EOH) and graphene with brushes (EG-P), are compared with the control sample made
from pure polyurethane (PUR), see in Figure 21, in which only 0.1% of graphene in mass was used for
molding. Due to the limit time of the project and the similar property in strength of methanol and ethanol,
the sample with phenethyl alcohol as the functional group on graphene was used, because of its earlier
success in growing brushes on graphene. The benzyl alcohol composite is expected to have a little higher

quality than the phenethyl alcohol composite. Furthermore, the graphene with polymer brushes (EG-P)
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would have same features, regardless of the group from benzyl diazonium salt. Because of the over-
whelmingly amount of the monomer grown from the functional groups, the polymer brush would give

the effect to the composite material, instead of impact by the functional group.
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FIGURE 21: Tensile strength comparison of all samples, pure PUR (PUR), exfoliated graphene (EG),
benzyl ethanol functional graphene (EG-EOH) and graphene with brushes (EG-P). The green line is

ultimate tensile strength and the red line is E modulus (Young’s modulus)

The graphene content supports for the material strength. Based on the survey, the strength of sample
EG-EOH is the highest one. While the EG-P sample has a similar strength with EG, meaning that the
polymer bush might either lower the strength of the composite or have less graphene sheet than EG-
EOH, due to its high molecular mass, provided from the brushes. By the direct connection, the properties
of graphene sheet could influence the composite straightly via functional groups and polymer brushes.
In EG sample, because there is no “bridge” connecting between graphene and the mixture polymer,
hence the graphene could support the material lightly. While in EG-P, beside the similar effect of gra-
phene to isocyanate like in EG sample, the polymer could link the graphene with isocyanate and lead
the impact of graphene directly through brushes. That is also applied to EG-OH the connection could be

transferred through the functional groups, however the results of EG-OH and EG-P were different.

One of the possibilities that EG-P has lower strength than EG-OH is the length of the direct connection
between graphene and the isocyanate. In EG-P sample, the long brushes on the graphene tend to lessen
the impact from the graphene sheet to the polymeric network, due to the long chain carbon, causing loss

of the connection. In contrary, the EG-EOH with a short connection between graphene and isocyanate,
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this could develop the association of graphene and the commercial polymer. In a consideration, if
brushes are grown with an optimal length on graphene, the connection from the graphene to the poly-
meric network could be improved and that might be better than the impact of functional graphene to the
composites. Because a brush could offer multiple bonds with isocyanate, and that is the way graphene
can influence to the polymeric network directly, leading to a high quality of the product. However, the
differences between samples with graphene content, comprising EG, EG-EOH and EG-P, are similar to
each other, hence the functional group and polymer brushes from those samples could not strengthen

much for the composite material.

Nevertheless, due to the small number of functional groups on graphene, the difference is not large in
comparison between EG-EOH and EG. From that the higher functionalization on graphene is expected
to give a higher strength for the composite material. Furthermore, the concentration of graphene in com-
posite material also effects to the strength of composite material. In EG samples, the higher concentration
of graphene put in, the harder the material is in both E modulus and Ultimate tensile. While in EG-OH

the E modulus is increased, however the Ultimate tensile is decreased, see in Graph 7 in appendix I1I.
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6 CONCLUSION AND PROSPECTS

As the main idea of making a new composite material based on graphene and polyurethane (PUR). There
are two methods of functional graphene production, namely graphene exfoliation (EG) and fluorogra-
phene (FG), which have been focused and learned in this project. The functional graphene from EG was
processed forward to mix with PUR.

In the study of EG, functionalization was carried out successfully in one-pot process where the benzyl
alcohol diazonium salt was dissolved in electrolyte. Due to the oxidative electrochemical exfoliation,
the graphene was influenced and that caused many defects on graphene by impurities instead of the
functional groups. The defects measured by Raman presented roughly 442 carbon atoms per defect,
including functional groups impurities and other defect factors on the graphene. Chlorination reaction
was employed to convert the OH™ group of functional groups to CI', the result is steady for 24 hour of
reaction time. Moreover, by counting the chlorine content after the chlorination experiment, the number
of potential brushes could be calculated by the XPS analysis which indicated one latent functional group
per around 900 carbons. The XPS technique was applied again to define the content of polymerized
sample (EG-P), in which the chlorine content was lost, due to its very tiny amount. The thermal gravity

analysis is recommended to determine the presence of polymer brushes on functional graphene in future.

In FG experimental, the cyanidation FG process consists of two processes, pretreatment with sonication
and functionalization by cyanide salt reaction. In the sonication stage, the graphite fluoride could be
treated to prepare FG. It is noticeable that the more FG could be produced, the better the reaction with
cyanide salt become. By choosing the type of the sonicator, controlling a low FG concentration in DMF
and operating a high output power for sonication, these adjustments could give more FG product, which
could support in the cyanine reaction in producing FG-CN. In the functionalization, two types of cyanide
salts, KCN and TBA, were used in this reaction. Basing on the data from XPS analysis, the TBA salt,
achieving 36.7 carbon atoms per functional group, showing the higher efficiency than KCN, attaining
40 to 50 carbon atoms per functional group. In defluorination, TBA salt could reduce a larger amount of
fluorine atom out of FG, suggesting that due to the willing-leaving CN™ group in TBA, the reaction is
developed. Therefore, the survival of CN™ in solution is supposed to be the key the efficiency of the
reaction, which could prolong or give more chance for the Sn2 reaction occurrence on FG. Furthermore,
the changing procedure in washing step, by using filtration, was more efficient and more yield than the

original procedure, using centrifugation with various solvents.
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The amine conversion for FG-CN was successfully implemented; however, the hydrolysis step should
be improved to obtain more FG-NH: product. During the hydrolysis stage, an addition water or acid
solution might be charged in the reaction, so that the compounds could avoid the aggregation and pre-
cipitation, prolonging the survival of chemicals for the reaction. The IR-FTR with Germanium crystal
should be employed to distinguish cyano group and amine group, besides, titration method is suggested
to estimate the number of amine groups on the sample, also confirm the success of the conversion reac-

tion.

In comparison between two functionalization methods, the number of functional groups from FG is
much higher than the EG, however, both the condition and time for reactions in EG is faster and simpler.
Both methods could be developed to obtain more product in functionalization by modifying some factors
in the reactions. Particularly, the reductive exfoliation (Ejigu, Kinloch, and Dryfe 2017) could be em-
ployed in EG to avoid the defects from oxidation and the applied voltage could also be adjusted to gain
the optimal functional group on graphene. While in FG, the reaction with cyanide salts, the survival of
reactants should be considered, due to the sediment in the end of reaction. Hence, new solvents which

could dissolve both FG and salt are commended, or an ideal mixed solvent also is an option.

In composite materials, the appearance of graphene content in composite samples influences explicitly
to the hardness of the material, compared with the pure PUR sample. In detail, the composite from
functional graphene (EG-EOH) shows the highest tensile strength, while the one mixed with polymer-
ized graphene (EG-P) is a bit lower in tensile strength. This proves that the brushes might not help to
improve the higher strength for composites, however, the length of the brushes should be considered for
the stronger composites. Because the connection of graphene sheets with polymeric network is suggested
to be decreased, due to the long brushes. Besides, due of the better quality of the composite from EG-
EOH and EG-P, compared with the composite from EG, the functional groups on graphene could rein-
force the stiffness of the composite material, leading to the more functional groups on graphene, the
better quality of composite. Nevertheless, depending on the desired products, the yield of functionaliza-

tion might obstruct graphene properties to the composites, resulting to the low quality of the product.

Moreover, the addition concentration of graphene content in composite material could increase the ten-
sile strength of the material; however, the change is slightly. In industrial, the concentration of graphene
content should be taken into account of the cost effect, in which the product quality is not worth as its
cost. Therefore, all features of the composite material, containing the number of functional groups on

graphene, the length of brushes and the concentration of graphene content in composites, should be
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adjusted and modified to gain the optimal value for the desire products in the end. In the future, the
functional graphene could be undergone conductivity tests for employing in conductive material for

electronic devices.
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APPENDICES

Appendix I: Procedure and table

Raman Sample Preparation

A small amount of graphene powder around 1 mg is dispersed in 10 ml DMF to have a fine suspension
of graphene. A petri dish glass is used to contain MilliQ water, filled more than a half height of the glass.
1 ml of graphene solution is injected to the MilliQ water from the bottom of the glass by a syringe and
a needle. Then, a few dropwise of ethyl acetate is carefully pipetted from the walls of the glass, so that
the ethyl acetate can slide and spread over on the top of the surface of water. The acetone helps to cool
down the top surface and transferred downward, due to the convection, while the graphene in solution
is shifted to the top surface of water and form a thin firm on the surface. A small fragment of SiO2 is

used to pick up the graphene, being ready for analysis.

Comparison the amount of oxygen and chlorine among samples from processes EG, chlorination
and polymerization in XPS survey spectrum

Samples Oxygen (%) Chlorine (%)
EG-OH 12.04 0
EG-CI 9.98 0.1

EG-P 114 0
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Appendix Il: Equations and calculations

Raman Calculation

Exchanging all available value to the equation to calculate the Lp

e, L2007 710.072 (12 — 0.072)
ST 0072 |TP\ T T2 exp 12

70.072
+086x |1 —exp|—

The Lp result:
Lp = 3.36 (nm) = 3.36 x 107 (cm)

Finding o
1 12 2
Lp = <=> 0 =886x10" (¢cm™*)

Vo

o converted to mol/cm by dividing by Avogadro’s number, Na (6.02 x 10?3 mol/cm):
o =147 x 10! (mol/cm™?)

Inferring the number of carbons per a defect is calculated by dividing the atom surface density of carbon:
6.5x107°

. = 442 carbons atoms per defect

Equation for calculating the number of functional groups on fluorographene

C_Cls%— N1s %
N N1s %
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Where C is number of carbon atoms and N is number of nitrogen atoms on sample. Because, the cyano
group have one carbon atom is the group, hence the number of carbon atom on graphene is equal to the
subtraction of total carbon and carbon from nitrile.
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Appendix I11: Graphs and figures

Graph 1: Polymer bush on graphene in high-resolution XPS
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Graph 2: Graphite fluoride control sample in high-resolution XPS
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Graph 3: Graph of cyanographene from short-term process in high-resolution XPS
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Graph 4: Graph of cyanographene from long-term process in high-resolution XPS
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Graph 5: Graph of cyanographene from wet solvent in high-resolution XPS
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Graph 6: Graph of cyanographene from reaction with Tetrabutylammonium cyanine in high-
resolution XPS
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Graph 7: The comparison of the tensile strength of EG and EG-EOH in different concentration
of graphene in the composite material. The red lines are from EG and the blue lines are from
EG-EOH
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Graph 8: Graph of C1s signals from FG-CN and FG-NHz: in high-resolution XPS
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Graph 9: Graph of N1s signals from FG-CN and FG-NH: in high-resolution XPS
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