Development of Graphene Synthesis in Plasma

by Xiuqi Fang

B.S. in Mechanical Engineering, June 2012, East China University of Sci. & Tech

A Thesis Submitted to

The Faculty of
The School of Engineering and Applied Science
of The George Washington University
in partial satisfaction fulfillment of the requirement
for the degree of Master of Science

May 18, 2014

Thesis directed by

Michael Keidar
Professor of Engineering and Applied Science
Alex Shashurin
Research Scientist of Engineering and Applied Science



© Copyright 2014 by Xiuqi Fang
All rights reserved

ii



Dedication

To my family and friends

il



Acknowledgments

First of all, I would like to express my deep gratitude towards my research
adviser, Professor Michael Keidar, for giving me this opportunity to join his awesome
research group. He introduced me to an exciting area of plasma engineering and
nano-material science which opened up my mind and provoked my interest in this
area. During my experience in the MPNL research group, I have had the benefit to
learn a lot from him in both research and attitude towards things.

Secondly, I would like to thank my research co-adviser Dr. Alexey Shashurin for
his guidance and support of my research and thesis. His expertise in plasma
engineering and experimental devices has added a lot to my academic experience. I
really appreciate his help for not only his constant support and encouragement, but
also for his critical comments and advice towards my research. This has greatly
influenced my overall research experience.

I highly appreciate Prof. Zhang to be my committee member. Many thanks to
Prof. Zhang for her time and support for my thesis. I also would like to thank Patrick
Jonson for training me on the Raman spectrometer for this study, and Mark Wangner
for training me on the AFM.

I would also like to thank all the members in the MPNL group, Jian Li, Taisen
Zhuang, George Teel, Xiaogian Cheng, Joe Lukas, John Donahue, Dereck Chiu and
Laura Rose, which are all currently, or previously of GWU, for their help and support.

Finally, I would like to express my gratitude for my parents without whom I

iv



would never get the chance to study in the US and with the support from them I could
be able to finish my master degree smoothly. My mom and dad have helped me
through the hard work in the lab and the emotionally supported me while I am away

from home. Thank you for giving me this great opportunity!



Abstract

Development of Graphene Synthesis in Plasma

Graphene, as an advanced carbon nano-structure, has attracted a deluge of
interest of scholars recently because of its outstanding mechanical, electrical and
thermal properties. There are several different ways to synthesis graphene in practical
ways, such as Mechanical Exfoliation, Chemical Vapor Deposition (CVD), and
Anodic Arc discharge. In this thesis a method of graphene synthesis in plasma will be
discussed, in which this synthesis method is supported by the erosion of the anode
material. This graphene synthesis method is one of the most practical methods which
can provide high production rate.

High purity of graphene flakes have been synthesized with an anodic arc method
under certain pressure (about 500 torr). Raman spectrometer, Scanning Electron
Microscope (SEM), Atomic Force Microscopy (AFM) and Transmission Electron
Microscopy (TEM) have been utilized for characterization of the synthesis products.
Arc produced graphene and commercially available graphene was compared by those
machines and the differences lie in the number of layers, the thicknesses of each layer
and the shape of the structure itself.

Temperature dependence of the synthesis procedure has been studied. It has been
found that the graphene can be produced on a copper foil substrate under temperatures
near the melting point of copper. However, with a decrease in substrate temperature

yields a transformation of the synthesized graphene into amorphous carbon.
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Glow discharge was utilized to functionalize grapheme. SEM and EDS
observation indicated increases of oxygen content in the graphene after its exposure to

glow discharge.
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Chapter 1 Introduction

1.1 First 2-D Material------ Graphene

Graphene is a flat, atomic-scale, honeycomb lattice, which is made of carbon
atoms with a flat hexagonal atomic structure. It is the world’s first 2D material which
extends only in length and width. This gives graphene a set of unique properties. It
can be wrapped up into 0D fullerenes, rolled into 1D nanotubes (CNT) or stacked into
3D graphite.! This new material has caught a lot of researcher’s attention because it
combines the properties of both semiconductors and metals. It can dramatically
improve the thermal and electrical conductivity of the medium it is added to, and
significantly increases strength. For these reasons graphene is currently being
researched for a wide range of electrical and material applications. This new material
could be a leading candidate to replace silicon in applications of high-speed computer
chips and biochemical sensors due to it’s tremendous electrical and thermal properties.
Since 1959, many scientists attempted to use a variety of complex experiments to
synthesis graphene. The first graphene was found in 2004 by Andre Geim and

Konstantin Novoselov using a simple and effective method called “Scotch tape”. 2
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Figure 1.1: Carbon allotropes in different dimensions'

1.2 Properties of Graphene

Graphene is the strongest, yet the lightest 2D material in the world. It is an
allotrope of carbon, which is stronger than diamond, and 300 times harder than steel.
This results from the covalent Sp2 bonds formed between the individual carbon atoms.
The Young’s modulus of Graphene is about 0.95 to 1.1 Tpa which is ten times the
Young’s modulus of aluminum.? Graphene is also a transparent and bendable material,
and has better electricity conductibility than copper.

In the aspect of electrical properties, graphene is a semi-metal or zero-gap

semiconductor. Experimental results show that graphene has remarkable electron



mobility at room temperature and the corresponding resistivity of a graphene sheet is
less than the resistivity of silver.!

Because of its 2D structure, graphene carbon atoms are exposed for chemical
reaction from two sides. For this specific 2-dimensional feature, the carbon atoms at
the edge have special chemical reactivity. Oxygen- and nitrogen-, containing
functional groups, always appear at the edge of graphene flakes. The graphene flakes
with functional groups could be analyzed by infrared spectroscopy and X-ray

photoelectron spectroscopy (XPS).
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Figure 1.2: Graphene functionalized with O and OH groups.*

1.3 Overview of synthesis methods

Single-layer graphene was first found on regular Scotch tape by mechanical
exfoliation from bulk graphite. The creators®, Geim and Novoselov, were awarded the
Nobel Prize in Physics “for groundbreaking experiments regarding the

two-dimensional material graphene”.® Among other methods created after 2010, one



can mention epitaxial growth on SiC, chemical vapor deposition (CVD) and colloidal
suspensions.

Generally there are 2 types of graphene, namely large-area pristine graphene
films and micro-sized graphene platelets (bulk graphene).

First type of graphene, namely large-area uniform graphene films, are
synthesized using epitaxial growth and CVD. These films are applied to
ultra-high-speed, low-power graphene-channel field effect transistors and transparent
electrodes.”1°

The second type of graphene, the bulk graphene (graphene platelets, flakes), is
usually characterized by several layers (2-20 nm) of graphene pieces having

characteristics sizes of about microns.!!-1%13

Potential applications of bulk graphene
include plastic reinforcement and electrochemical energy storage devices, such as
ultra-capacitors, fuel cells, etc. Currently the main method for synthesis of bulk
graphene is chemical exfoliation, where chemicals are utilized to separate the

graphene sheets from graphite pieces. Current production capabilities are quite limited

and estimated to be around several tens of tons of material annually worldwide.'4

1.3.1 Mechanical exfoliation synthesis

The mechanical exfoliation synthesis method was discovered in 2004 by Geim
and Novoselov by mechanically exfoliating graphite and then transfer it onto a silicon
dioxide substrate.! A piece of scotch tape was applied to cleave the graphite, which

was then slowly removed in order to maximize graphene deposition. The graphene



was then characterized by AFM (Atomic Force Microscopy). However, this method is
extremely expensive and characterized by low output. This has stimulated researchers

to find more efficient ways to synthesize graphene.

1.3.2 Chemical vapor deposition synthesis

The Chemical Vapor Deposition (CVD) can be wused to synthesize
nano-structures including SWNT and graphene. The graphene films are first
synthesized on the hot metal substrates and then transferred to a final substrate such as
a Si or Cu wafer. One of the central challenges of the CVD method is to produce large
area (>8 inch) high quality continuous graphene films larger and simultaneously

preventing damage to the graphene film during transfer.'>

1.3.3 Arc discharge synthesis

Plasma-enhanced and plasma-assisted CVD techniques is a well-known tool to
improve the properties of the CVD grown films.!®!” The benefits of this method are
that it resulted from significant enhancement of the reactivity of species without using
plasma-enhanced method. In addition, the arc discharge method is an
environment-friendly technique of synthesis that does not generate any by-products of
toxic gases or hazardous chemical components. Generally this approach allows a
reduction of synthesis temperature, while also improving adhesion of the film to the
substrate and providing higher deposition rates.?>** This was recently demonstrated

and was shown that the temperature of synthesis can be reduced by several hundred



°C, from about 1000 °C at conventional CVD to about 500-650 °C with
plasma-enhanced CVD. %1

Recently, a new method of graphene synthesis in magnetically controlled anodic
arc discharge was discovered by Prof. Michael Keidar’s team at the George
Washington University.?’ Pure carbon vapor from, by ablation solid carbon electrode
(arc discharge) in a helium atmosphere, has been delivered to a heated substrate. The
current studies show that few-layers of graphene of superior quality can be
synthesized with high efficiency in this method. The experiments were conducted in
presence of the external magnetic field created by a cuboid permanent magnet with
dimensions of 25%x25x100 mm. The magnet was placed inside the chamber at about
30 mm distance from the interelectrode axis and created magnetic field B in the range
from 0.02 to 0.1 Tesla. The surface of magnet facing the arc was covered with
molybdenum sheet serving as a substrate. The magnetic field was adjusted by varying
position of the magnet along z-axis. Fig. 1.3(a) shows the case when the interelectrode
gap was placed at a distance, of about d=75 mm, from the bottom of permanent
magnet and presents the magnetic field distribution simulated by FEMM 4.2 software.
Fig. 1.3(d) shows a different configuration, when the interelectrode gap was located at
a distance about d=95 mm from the bottom of permanent magnet. The direction of
magnetic field at the electrodes periphery is illustrated in Fig. 1.3 (c, f) corresponding

to the magnetic configurations d= 75 and 95 mm, respectively.
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Figure 1.32!: (a) Distribution of magnetic field, (b, g) photographs of arc plasmas jet
and (c) schematic diagram of electrodes position and direction magnetic field in the
gap for the case when the interelectrode gap is positioned about 75 mm above the
bottom of permanent magnet. (d, e, 1, f) The same images for the interelectrode gap 95
mm above the bottom of permanent magnet. (h, j) Typical SEM images of graphene
flakes produced in arc plasma jets.

Among various types of arc discharge the anodic arc is the most widely used arc
mode for carbon nano-structures synthesis, compared to the cathodic arc mode. The
anodic arc is characterized primarily by anode ablation during the arc process, in
contrast to cathodic arcs, in which cathode ablation prevails. When an anodic arc is
implemented for graphene synthesis, the arc is sustained by the ablation of anode
material. A substantial portion of the ablated material, about 70%, is deposited on the
cathode. Additionally, the probability of graphene production by arc discharge

depends on the background gas and arc conditions present.



1.4 Application of graphene

Graphene has an incredible high tensile strength, measured in the Tera-Pascal
(1012) range. It also has high thermal conductivity, approximately 5.0 kilo
(W*m*K"), and electrical conductivity in the range of 10® Ohms per centimeter.
These tremendous properties make graphene a very desirable alloy additive in a
variety of applications such as biomedical sensors, electronics, ultrafiltration, energy
storage and composite materials.

First, large-area graphene films are of enormous interest for electronic and
optical applications. Recently, potential for large-area graphene films has been

)?2:23.24.25.26.27 i particular for transistors

demonstrated for field effect transistors (FETs
operating at GHz frequencies?®. These graphene films have also been exhibited for
conductive films on transparent plastic electrodes, which are required for the
development for flexible and stretchable electronics.?®-30-31:32

Second, as graphene offers high electrical conductivity, with small thicknesses
yet high strength, it may help develop efficient bioelectric sensors. Due to the
molecular make-up properties and the potential biocompatibility, graphene can also be
used in the process of tissue regeneration.

Third, graphene has outstanding mechanical properties. Researchers are studying
ways to utilize graphene as a plastic additive to improve mechanical, electrical, and
thermal properties.

Yoo et al.?® fabricated an ultrathin ultra-capacitor based on continuous single

and few-layer graphene films. This fabrication technique was done by a chemical

8



vapor deposition technique on polycrystalline Cu foils using liquid precursor hexane.
This in-plane design was straightforward and the surface of the graphene layer was

efficiently for energy storage.*

1.5 Objective and motivation

The first objective of this thesis is to find an efficient way to synthesize graphene
with the arc discharge method, and to use effective ways to characterize it. To study
properties of arc-produced graphene and compare them with that of NOO6-P Polar
Graphene Powder and pristine graphene. The second objective is to find the range of
temperatures favorable for graphene growing. COMSOL 4.1 software has been used
to simulate the temperature diffraction of the copper foil substrate. The third objective
is to evaluate efficiency of utilizing glow discharge for adding functional groups to
the graphene.

Although arc discharge method for carbon nano-structures synthesis has its
advantages, several challenges and obstacles will need to be overcome. Still an open
question remains: What is the definitive role of plasma in the area of synthesizing
nano-structures with an arc discharge method? As such, the arc discharge-based
approach remains among the most advanced and versatile technique suitable for

large-scale, high-quality carbon nano-structures.



Chapter 2 Experimental techniques

In this chapter, experimental setups and nano-characterization equipment such as
the Scanning Electron Microscope (SEM), Transmission Electron Microscopy (TEM),
RAMAN Spectrometer and Atomic Force Microscopy (AFM) will be discussed, and

have been used in this work.

2.1 Experimental setup

Arc discharge is one of the three popular methods used for nano-particle
synthesis, while the other two methods are mechanical exfoliation and chemical vapor
deposition. Figure 2.1 shows an image of the schematic of the arc discharge set-up.
This setup was used for synthesis of nano-structures such as single wall nanotube
(SWNT) and simultaneous synthesis of SWNT and graphene. The arc discharge
system consists of a stainless steel cylindrical vacuum chamber (Digital image shown
in Fig.2.2) with a total volume of 4500cm? (27 c¢m in length and 14.5 cm diameter). A
pair of electrodes, a cathode and anode, is installed along the vertical axis of the
chamber. The cathode is a stainless steel rod while the anode is a thin, pure, graphite

rod.

10
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Figure 2.1: Schematic of arc discharge chamber for nano-particle synthesis*?
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Figure 2.2: Digital photo of the arc discharge system

A 1.5 x 14 mm?®, 0.1 mm thick, copper foil, was used as a substrate to collect the
graphene sample. A long NiCr wire was twined into a spring and the copper foil was
then inserted inside. Voltage source generated by Varic was applied to this NiCr coil

11



during the synthesis procedure. Figure 2.3 shows the schematic of the substrate. The
distance between the substrate and the cathode-anode was about 1.5-2cm. A shutter
made of stainless steel, with a quarter section cutout, was kept between the substrate
and arc. This allowed a variable control to the shields exposure to the arc. Figure 2.5

shows the total schematic of the entire set up of the arc discharge method.

Copper foil

Figure 2.3: The schematic of the heater and the substrate part of the arc discharge
chamber for nano-particle synthesis

12



Figure 2.4: Shutter used between the substrate and arc

Shutter
\ Vacumn
= = Q1 Pump
- 1
DC DC
Source - Q2 Helium
v - T

Figure 2.5: Schematic of the set-up of the arc discharge system

2.2 Scanning electron microscope

A SZGMA VP-02-44 Scanning Electron Microscope (SEM) was utilized in this
work as a quick, non-destructive method of imaging a surface, with a minimum lateral

resolution of about 10 nm. In our experiment, an electron beam with energy of about

13



4 keV was used to focus onto sample surfaces. When the electrons penetrate the
surface of the sample, the energy from the primary beam will ionize atoms near the
surface. The high energy electrons will produce a secondary electron cascade with a
lower kinetic energy range. Because this energy is lower than 4 keV, it can be inferred
that the majority of the secondary electron signal comes from the surface of the
sample. In order to form a two dimensional map, the primary beam is moved in small
steps across specific points of the sample, and then the resulting current on the
detector will be measured and plotted with different scanning speed. In the

experiments, a beam energy of 4 keV with the scanning speed of 9 has been used.

2.3 Atomic Force Microscopy

A MFP-3D Infinity Atomic Force Microscopy (AFM) was utilized to
characterize thicknesses of the pristine grapheme flakes. This is a versatile technique
which can be used to measure the topography of both conducting and insulating
surfaces. The AFM can be run in either “contact” or “tapping” mode, and is capable of
operating in ambient conditions. In this characterization procedure, Contact mode was
used with a measurement area of 20 x 20 um?. A schematic diagram of an AFM is

shown in Figure 2.6 below.
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Figure 2.6: Diagram of the working principle of AFM

2.4 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is a very useful tool to observe an
ultra-thin specimen. The TEM uses high energy electrons which interact with the
specimen as the beam pass through it. The TEM can utilize low magnification ranges,
from 50x to 1000x, standard magnification ranges, from 600x to 300kx, and
accelerating voltage ranges, from 40kv to 120kv. In our experiment, a JEOL JEM
1200 TEM machine was used to characterize both the arc produced graphene and
NO006-P Polar Graphene Powder. This can make up for the short comings of the SEM
pictures. Due to the TEM having resolution of 0.34nm or better, this provides more
information and a clearer picture than SEM images. In this way, a high definition

graphene flake image can be seen, while more information of the property of the

15



graphene sample can be achieved. Future comparison among very small bulk
graphene could be accomplished using this method.

TEM can utilize different modes, and each of these modes offers a different
vision of the sample. The imaging mode gives a highly magnified view of the
nano-structure, while the high resolution imaging mode will show an atomic
arrangement map (high resolution EM = HREM). The diffraction mode (electron
diffraction) displays accurate information about the local crystal structure. The
nano-analytical modes (X-ray and electron spectrometry) tell researchers which
elements are present in the tiny volume of material.

These various modes of TEM operation provide scientists and engineers more

valuable information about the structure of nano-materials3®.

PE

Bremsstrahlung
X-rayso =
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TEM, HREM, ED EELS,EFTEM

Figure 2.7: Diagram of the working principle of TEM
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2.5 RAMAN Spectrometer

Carbon research and applications requires the ability to characterize and identify
all the members of the carbon family such as graphene, bulk graphite, nanotubes and
so on. Both at the lab- and at mass-production scale, characterizations are required. To
be appealing, a characterization method should be nondestructive to the sample, fast
in scanning speeds and with high resolution. Raman Spectrometer can provide all
these requirements and also gives more information about both structural and
electronic information. This method has been very popular among researchers because
of its high efficiency characterization. Most papers that are published every year on
carbon materials have RAMAN spectrum in them.

A Horiba HR 800 RAMAN Spectrometer (model: OLYMPUS BX41) was
applied in during experimentation as the fundamental tool to characterize graphene
flakes. The typical peaks detected in graphene are the G peak, and 2D peaks which are
at around 1600 cm™ and 2700 cm! respectively, and have excitation wavelengths of
514 nm. Those two peaks are the key to determine whether the material is graphene or
not, and how many layers the samples have. The G peak can be found under the
RAMAN from all sp2 carbon materials, while the 2D peak is a crucial role in the
characterization of graphene. The 2D peak is the second order of the D peak, but can
also be seen in non-disordered systems due to the forth order phonon momentum
exchange double resonance process. Monolayer graphene has the intensity I[(2D)/I(G),
which is approximately 4, and decreases as the number of layers increasing.?” This

phenomenon makes it possible to estimate the thickness of graphene. Figure 2.8
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indicates that the value of I(2D) / I(G) is around 4, which can be the evidence of
monolayer graphene. Raman spectroscopy was performed on a micro-Raman system
based on a 200 mW Lexel 3000 Ar ion laser (tunable single line output), with
holographic optics. It utilizes a 50x spectrometer and a liquid nitrogen cooled CCD
detector;*® with wavelength of 532.06 nm that corresponds to the energy of 2.33 eV.**
Raman measurements covered the range of 0 cm™ to 4000 cm™!, and were carried out

on the surface of the graphene flakes.
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Figure 2.8: Typical RAMAN spectrum of single layer graphene
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Figure 2.9: Diagram working principle of RAMAN spectrometer
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Chapter 3 Synthesis procedure

Initially the distance between the cathode and anode was about 2mm, and the
vacuum chamber was pumped to the pressure of about 107! torr. Then high purity
helium (about 99.97%) was introduced into the chamber while pressure was held
constant to around 500 Torr by an Omega CN-8502 controller. The electrodes were
connected to an external DC power source. The anode motion was controlled by a
linear drive system using personal computer equipped with National Instruments Data
Acquisition. The program was written on the LABVIEW platform*® shown in Figure
4.2. After mechanical contact of the electrodes followed by their immediate separation,

the arc was generated.*!

Vacuum
chamber I
[ = ||
Helium | 1 ] |
— 3
Valve - r
Pump 0 h
ARC
POWER
’ : L}Z‘ 3 SUPPLY
m‘éf L) [ 1
Anode T
feed ——
system 4
Stepper
motor

Figure 3.1: Schematic diagram of the arc discharge system.*!
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Experiments were conducted at fixed arc current of about 75A. Arc current was
measured by clamp probe and both arc current and arc voltage were recorded by a
digital oscilloscope. Before the experiment, voltage of 27.4V generated by a variable
auto transformer (variac) was applied through both ends of the NiCr wire. Two
minutes later the arc was manually triggered. During the synthesis procedure a camera
was used to record the whole process of the experiment. According to the video
recorded, after ignition of the arc, plasma generation through cathodes spots (CS)
occurs first, then three seconds later an anodic arc (AA) was generated. Figure 3.2
shows the temporal evolutions of Uarc and larc and relation to the CS and AA mode.
The features for CS mode include that the arc is not stable, the arc voltage fluctuates,
the spark rotates around the periphery of cathode and less mass of the cathode is
consumed. The CS modes duration lasts 3 seconds under the condition of arc current
of 75A, voltage of 35V and a pressure of 500 torr.

When the AA mode became stable, the shutter made a full revolution for one
second, and the arc was turned off. Continued heating of the NiCr wire for an
additional 3 minutes occurred before then the Variac was turned off. The total time for
heating the NiCr wire was 5 minutes. Figure 3.3 is the photo taken from the front
window of the chamber, from which a stable AA was generated by the plasma. This
ablation of the AA generated a carbon vapor between the cathode and anode, which

then was transferred to the substrate by heat flux.
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Figure 3.2: Temporal evolutions of Uarc and larc and typical images of 500 Torr
He arc in initial cathodic arc and later anodic arc modes

Figure 3.3: Video snapshot of AA mode arc plasma
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After ten minutes, the synthesized sample cool down and it was observed under

RAMAN and SEM for further characterization and analysis.
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Chapter 4 Result and Discussion

In this chapter, results on graphene synthesis conducted in this work will be
presented and discussed. In addition, graphene produced in this work will be
compared with other commercially available graphene samples namely N006-P Polar

Graphene Powder (by Angstron Materials Inc) and CVD pristine graphene film.

4.1 Result

Generally, the RAMAN Spectrometer and SEM results will be combined
together in order to get an accurate characterization result whether the material is
graphene or not. After the synthesis procedure, the sample would be taken and
observed under RAMAN spectrometer to see if it has a 2D peak on the spectrum.
After, the sample was observed under the SEM to get an image of the graphene
structure surface.

Graphene flakes on the copper substrate were analyzed by a Horiba HR 800
RAMAN spectrometer. According to Figure 4.1a), the D peak, G peak and 2D peak
located at 1330.1, 1565.8 and 2675.2 cm™!, respectively. Figure 2.2 shows single layer
graphene has a ratio of 2D peak to G peak around 4. The ratio of 2D peak and G peak
for the sample synthesized in arc discharge method is around 0.3, indicating that it is
several layers of graphene rather than a single layer graphene. Figure 4.1b is the

digital image of the sample surface.
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Figure 4.1 a) RAMAN spectrum result of the arc produced graphene sample, b)
digital image of the graphene substrate surface

SIGMA VP-02-44 SEM was used to do this further test. The figure below is the
graphene sample synthesized in arc discharge method. Large amount of square carbon
flake structures were found attached to the surface of the copper foil, while the carbon
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flakes themselves were transparent. These meet the basic features of graphene. More

SEM images can be found in Appendix A.

EHT = 4.00 kV Signal A = InLens Date :4 Apr 2013
WD = 6.0 mm Photo No. = 2492 Time :15:47:05

Figure 4.2: SEM result of the sample

TEM image of surface morphology on the probe, with voltage bias of 100V, is
shown in Figure 4.3. It was observed that several layers of transparent flake structures
were deposited on the probe surface. According to the inset figure at the top right of
Figure 4.3, the diffraction pattern was arrayed in a hexagonal manner, and dots are
visible. These dots present evidence of well-ordered crystal structures. More TEM

images could be found in Appendix A.
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Figure 4.3: Joel-1200 TEM images of graphene flake synthesized by arc discharge
captured by the probe with a 100V bias. The inset image is the selected area electron
diffraction pattern of graphene flakes

4.2 Simulation of sample temperature

By using the arc discharge graphene generation mentioned in chapter 3, graphene
synthesized on the copper foil was confirmed by the Horiba HR 800 RAMAN
Spectrometer and SZGMA VP-02-44 SEM together around the melted point of the
substrate. During the general observation under RAMAN, we found the 2D peak
faded away when the laser beam was moved along the copper foil away from the
melted point. The 2D peak disappeared completely after 2 mm. The SEM result-----
when the beam was moved away from the melted point, the flake structure vanished.

In order to obtain the temperature and species distribution, a numerical
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simulation of temperature radiation of the substrate was carried out by COMSOL 4.1
software. One side of the substrate is melted while the other is not. The substrate itself
had heat radiation with the ambient temperature. A model of heat radiation in the
copper substrate was created by using the heat transfer equation:
pCou, VT =V-(KVT)+O0+W,+Q. 4.1)
Initial value is the room temperature which is 293.15K and the boundary
temperature is 1357.77K, which is the melting temperature of copper. Surface to the
ambient radiation can be calculated by using the equation where ¢ is the emissivity of
copper:
-n-(=kVT) =0 (T*am —T*) 4.2)
During the heat radiation process, the copper substrate not only has the heat
exchange with the ambient temperature, but also oxidizes. So we choose €=0.87 in

this simulation process.*> The heat transfer parameters of copper are shown in Table 1

below.
Table 1: Heat transfer parameters of copper
Property Name Value Unit
Thermal Conductivity k 405.5 W/(m.K)
Density p 8933 Kg/m”3
Heat Capacity C 386.75 J/K

The calculated heat distributions 3D model and the 1D plot of the substrate are
shown in Figure 4.4 and Figure 4.5. The highest temperature is 1357.77K which
equals the melting point of copper, and the lowest temperature is 1019K due to the

heat radiation.
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Figure 4.4: 3D model of temperature distribution of copper substrate during the
synthesis in arc discharge method.
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Figure 4.5: 1D plot of temperature distribution along the Y-Z line of the copper
substrate during the synthesis procedure.
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4.3 Temperature dependence of the synthesis procedure

6 points on the sample were chosen along the substrate from 0 mm to 14 mm
with RAMAN spectrum and SEM images being taken at those points. The ratio of
I(2D)/I(G) can tell the layers of graphene flakes and whether the flake is graphene or
amorphous carbon. Table 2 below shows the results of the I(2D)/I(G) related with the

distance from the melted point (z) and temperature (T).

Table 2: I(2D)/1(G) ratio related to z and T

Number z/mm T/K 12D)/1(G)
1 0 1357.8 0.5
2 0.5 1356.4 0.4
3 1 1352.9 0.25
4 2 1340 0.1
5 6 1239 0
6 14 1019 0

When the temperature of the substrate lowered from 1357.8 K to 1019 K, both
the 2D peak from RAMAN spectrum and graphene flake structure from SEM faded
away. Figure 4.5 and Figure 4.6 below show both SEM and RAMAN results relating
to the temperature of each point on the sample.

According to Table 1 and Figure 4.6, both the RAMAN spectrum 2D peak and
the ratio of I(2D)/I(G) decrease when the temperature drops off from around 1300K to
1200K. Point 1 has the highest 2D peak and the ratio of I(2D)/I(G) is around 0.5.

Both slowly decrease from Point 1 to Point 2.
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Figure 4.6: RAMAN spectrum along the substrate with different length from the
melted point

Figure 4.7 shows that the amount of flake structures slowly decrease from point
1 to point 4, and then completely disappear after point 4. As the temperature decreases

from the copper melting point, graphene layers slowly increase and they became

amorphous carbon. Then, at some point, the flake structure disappears.

31



Signal A = InLens
| WD = 60mm Photo No. » 2492 Time 15:4705

Signal A = InLens Date 4 Apr 2013 ZEISS |
i WD = 60mm Photo No. = 2488 Time 1533:41

s

2pm EHT = 4.00kV Signal A= InLens Date :4 Apr 2013 Sigrat A lolens Dste :4 Apr 2013
F———  wos=60mm ok Mo S 7803 Thne 116:1248 A WD = 6.1 mm Photo No, = 2526 Time 175336

ZoneMag= 120KX

10 pm EHT = 400KV Signal A= InLens. Date 4 Apr 2013 10pm EHT = 4.00kV Signal A = InLens Date :4 Apr 2013
A W= 68mm Photo No, = 2551 Time 223855 F——— wo=72mm Photo No. = 2568 Time 2250:14

Figure 4.7: SEM images along the arc produced graphene sample copper substrate
with different length from the melted point.

From all the results presented above, a conclusion can be made for the best
grapheme synthesis temperature with arc discharge method. This optimal temperature
is around the melting point of the copper foil substrate and the increase range is

around 1340-1360K.
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4.4 Comparison of arc produced graphene with commercially available graphene

product

After the whole process of characterization and analysis, one can say that the
graphene produced by arc methods was bulk structure graphene. This kind of
graphene is commonly used in biomedical and ultra-capacitor research. In order to get
more property information about these kinds of graphene flakes, a comparison of two
different commercialized products of graphene were studied: one being the pristine
graphene from a Japanese company called Graphene Platform, and the other a bulk
graphene called “N006-P Polar Graphene Powder” from the Angstron Company. Both

grephene products were produced by Chemical Vapor Deposition.

4.4.1 NOO6-P Polar Graphene Powder characterization

NO06-P Polar Graphene Powder was chosen on behalf of the bulk structure
graphene flakes. The graphene powder has a thickness of 10-20 nm and consists of
several layers. Angstron graphene was produced by a CVD method with the
approximate x-y dimensions of 14.0 um. The carbon content is around 97% and the
oxygen content is approximately 1.5%. This product is suitable for barriers,
conductive composites, conductive rubber and so on. Figure 4.8 a) below is the bottle
of the N006-P Polar Graphene Powder which was bought from the Angstron company.
Figure 4.8 b) is the SEM image of the N0O0O6-P Polar Graphene Powder which is also
a flake structure with transparent properties. Figure 4.9 is the RAMAN spectrum of

the NOO6-P Polar Graphene Powder and has the manifested 2D peak at around
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2700cm!. The ratio of I(2D)/I(G) is about 0.4. Figure 4.10 below is the typical TEM
image for NOO6-P Polar Graphene Powder. This shows that the grapheme powder is a
flake structure with good crystal lines, and also has the transparency of a typical

graphene feature.

2um EHT = 4.00kV Signal A= InLens Date :19 Mar 2014 W

WD = 6.3 mm Photo No. = 8713 Time :20:36:14

Figure 4.8: a)NO06-P Polar Graphene Powder from the Angstron Graphene website. b)
SEM image of NO006-P Polar Graphene Powder
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Figure 4.9:RAMAN spectrum of N006-P Polar Graphene Powder from the Angstron
Graphene website
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Figure 4.10: Typical TEM images of N006-P Polar Graphene Powder took from JOEL
JEM 1200 with the bias of 100v

4.4.2 Pristine graphene

Pristine graphene was synthesized by a CVD method and has a typical large area,
single layer, pristine graphene structure. The Figure 4.11 shows the SEM images of
the pristine graphene. From the picture below, no flake structure could be found on
the copper foil. After scratching the sample with a razor blade, the upheaved structure
with transparent properties could be observed on the second SEM image. One can
note that it looks like one layer of pristine graphene is folded over the other. After the
observation under SEM, RAMAN spectrometer was used for analysis. The RAMAN
spectrometer shows a clear and high 2D peak on the spectrum. From Figure 4.12 the

ratio of I(2D)/I(G) is about 2 and shows a 2-layered pristine graphene structure.
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Figure 4.11: SEM image of pristine graphene purchased from Platform Graphene’s
website with and without the scratch by razor blade.
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Figure 4.12: RAMAN spectrum of the pristine graphene purchased from Platform
Graphene’s website

Vi)

Figure 4.13: RAMAN optical microscope image of the pristine graphene purchased
from Platform Graphene’s website.

Besides SEM and RAMAN, the AFM could also be applied as an additional
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method in the characterization of the pristine graphene. Figure 4.14 a) is the MFP-3D
Infinity AFM image which provides 3D information of the pristine graphene surface.
Figure 4.14 b) and c) shows the 2D information of the 2-layer ultra-flat graphene on a
copper surface. The flakes mainly appear as flat areas that have a height of roughly 25
nm, which was measured with a software called “Gwyddion”. Figure 4.15 shows the

height measurement of the pristine graphene by the Gwyddion software.

b)

Figure 4.14 a) Typical 3D AFM image of the ultra-thin pristine graphene purchased
from Platform Graphene’s website and it’s b)diffraction and c)height 2D image
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Figure 4.15: The height measurement of the pristine graphene sample surface by
Gwyddion software.
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4.4.3 Comparison

Arc produced graphene and N0OO6-P Polar Graphene Powder share similar flake
structure according to the SEM images above. They are both bulk graphene flakes,
but the flake structure for arc discharge graphene is much smaller than the N0OO6-P
Polar Graphene Powder. One can observe the differences as they are shown under the
same magnification from the SEM. Pristine graphene, however, has no flake structure
on the SEM images and only ripple lines can be observed.

The ratio of I(2D)/I(G) for arc produced graphene and NOO6-P Polar Graphene
Powder are around 0.5 (as they are several layers of graphene) while the pristine
graphene has the ratio of 2 (2-layer graphene). Besides, the RAMAN spectrum for
both arc produced graphene and NOO6-P Polar Graphene Powder are similar to each
other, while the 2D peak for pristine graphene is much higher than they are.

Figure 4.16 a) and b) are the TEM images for arc produced graphene and N006-P
Polar Graphene Powder respectively. Both images were taken by JOEL JEM 1200
TEM with bias of 100 V under different magnifications. Arc produced graphene has a
much smaller flake structure than the N0O6-P Polar Graphene Powder. However, the
layers of each graphene flakes could not be compared in this way because the sample
are prepared in different ways. The arc produced graphene sample for TEM was
prepared by mechanical scratching method, while the NOO6-P Polar Graphene Powder
sample was prepared by methanol solution and a Sonicator. The different sample
preparation methods are why the NOO6-P Polar Graphene Powder sample has less

layers than the arc produced method, while the I(2D)/I(G) ratios are the same.
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Figure 4.16: TEM images for a) arc produced graphene sample flake by
mechanical scratch method and b) N0O06-P Polar Graphene Powder

From all the comparison in this section more information about different kinds of
graphene, both bulk graphene and pristine grapheme, were gathered. The information
achieved furthers perfection of the arc produced graphene and further applications of

arc produced graphene can be predicted.
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Chapter 5 Graphene Functionalization

Graphene on its own does not always bond correctly with the matrix; for this
reason, functional groups must be added. This research also attempted to add
functional groups to the surface of graphene to allow it to more effectively bond

within a plastic or metal.

5.1 method of graphene functionalization

The objective was to find a way of adding functional oxygen groups to
graphene’s surface using a plasma technique. Preliminary research indicated that the
best way to do this was using a high density, low ion energy plasma. In order to
simplify the experiment, a glow discharge technique was attempted to add functional
groups to the graphene.

Glow discharge is a plasma generated by the transition of current in low pressure
atmosphere.> When a high voltage was applied between cathode and anode, the
positive ions in the low-pressure gas were accelerated in an electric field. If the
positive ions have enough kinetic energy, some of the ions will strike the cathode
directly. This impact will generate secondary electrons and produce more positive
ions. Generally, the positive ions present in the plasma will strike other neutral gas
atoms, known as “neutrals”, and the neutrals with more energy may strike the cathode.
In whichever way atoms strike the cathode, through this process, the cathode can

receive gas atoms from the conductive gas. Successful work has been done to
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functionalize SWNT through glow discharge method.**

During experimentation, copper wire was chosen as the substrate. The gas that
was present in the vacuum chamber was pumped to a low pressure. In later
experiments, pure oxygen could be pumped into the tank, but this first examination
was to determine if glow discharge is an effective means for graphene
functionalization. In order to eliminate possible variables, N0O06-P Polar Graphene
Powder was employed. It was assumed that all the graphene that was utilized shared
the same properties.

Glow discharge plasma occurs between two high voltage electrodes in low
pressure. The Paschen curve demonstrates where breakdown voltage can occur

depending on the pressure. The Paschen curve for air can be seen in Figure 5.1 below.
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Figure 5.1: Paschen curve for air
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In order to attain plasma, the voltage needs to be higher than the blue line for the
given operating pressure. If the voltage and pressure are both high, sparking will
occur. If the pressure is too low, there are very few electrons to facilitate a current
between the two electrodes. This experiment utilized the setup seen in Figure 5.3. A
vacuum chamber was used to create low enough pressures to facilitate breakdown. A
110 volt AC power source was used in series with a step-up transformer. The chamber
itself was grounded, and considered to be one of the electrodes. The second electrode
was the copper substrate where the graphene was placed. Using the substrate as an
electrode ensured that the highest density of plasma in the chamber was surrounding
the graphene samples. A variac was put between the AC power source and the
transformer in order to adjust the voltage as necessary. The design of the experiment

can be seen in Figure 5.2.

Substrate
Chamber Wire

AC
Source
110v

Figure 5.2: 120 volts Experimental setup.

The pressure sensor used in the vacuum chamber was slightly inaccurate.
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Therefore, instead of relying primarily on the Paschen curve the electrodes were
brought up to 300 volts then pressure was decreased until glow discharge appeared.
According to the pressure sensor glow discharge occurred around 1.2 *10°'. In Figure

5.3 glow discharge can be seen occurring around the copper substrate.

Figure 5.3: Glow discharge on a copper substrate.

Once the experiment has been run, the graphene had to be analyzed in order to
determine quantitative results concerning additional functional groups. The two major
concerns for post processing are: determining if additional oxygen groups have been
added to the graphene, and if the remaining carbon is still graphene itself. In order to
determine if oxygen has been added to the surface, the EDS scanner was used within
the SEM, because SEM allows high levels of magnification. A single flake of
graphene oxide can be seen in Figure 5.4. The microscope can go to a much higher
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magnification then the picture below, but often these photos do not describe the

properties of the flake.

EHT = 4.00 kV Signal A = SE2 Date :1 Aug 2013
WD =213 mm Photo No. = 4825 Time :11:10:22

Figure 5.4: Company produced graphene oxide flake

In this experiment, an OXFORD INCA x-act ADD0048 EDS in the SZGMA
VP-02-44 SEM was applied to determine the elemental composition and the element
content of the sample. Figure 5.5 is EDS Atomic content mapping of N006-P Polar
Graphene Powder, and shows the different elemental compositions of the sample. In
the CKal 2 example you can see that the EDS recognizes the graphene flakes as

carbon.
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Figure 5.5: EDS Atomic content mapping of NOO6-P Polar Graphene Powder

Next, it needs to be determined if the flakes are still graphene, as opposed to
amorphous carbon. This can be done using a Horiba HR 800 RAMAN spectroscopy.
Figure 5.6 is a spectrum of different light intensities. Depending on where these
intensities lie, one can determine if the sample is a single layer of graphene, multi

layered graphene, or even amorphous carbon.
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Figure 5.6: Typical RAMAN spectrum of NOO6-P Polar Graphene Powder

The RAMAN allowed us to determine if our samples were burned, or more
precisely if the graphene samples were heated, in which they would returned to

amorphous carbon.

5.2 results and discussion

Multiple kinds of substrates like copper flakes and copper wire were used, but
only copper wire gave the reasonable results and data. During the experiment, 5
points on the copper wire were chosen where the surface was covered under the
NO006-P Polar Graphene Powder. After observing it under SEM, EDS was applied to
test the amount of the oxygen. The specified points selected had a copper material
percentage less than 1%. After the initial observation, the copper wire was exposed
under glow discharge for about 90 seconds and the pressure of the chamber was
floating around 8.85*102 to 1.2*10°! torr. The voltage applied to start the glow

discharge was 68v.
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The following in Table 3 and Figure 5.7 shows the EDS material weight

percentages and SEM results before and after being exposed to the glow discharge.

Figure 5.7: SEM images of N006-P Polar Graphene Powder which were observed
under EDS before the exposure to the glow discharge
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Table 3: EDS material weight percentage of carbon and oxygen before and after
exposure to the glow discharge.

Weight% | Element | Point 1 Point 2 Point3 | Point4 | Point5
Before Carbon | 97.82% 97.36% 97.16% | 97.80% | 98.31%
Exposure | Oxygen | 2.18% 2.64% 2.84% 2.20% 1.69%
After Carbon | 94.50% 93.63% 96.82% | 96.14% | 95.21%
Exposure | Oxygen | 5.50% 6.37% 3.18% 3.86% 4.79%

The average oxygen weight content of the 5 points that were randomly chosen is
2.31% before the exposure. After exposure to the glow discharge, the oxygen
percentage rose to 4.74 % which is an increase by 105.2%

Table 4 and Figure 5.8 below shows the EDS material atomic percentage and

SEM results before and after the glow discharge.
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Figure 5.8: SEM images of N006-P Polar Graphene Powder which were observed

Table 4: EDS atomic weight percentage of carbon and Oxygen before and after the

under EDS after the exposure to the glow discharge

glow discharge.

Atomic% | Element | Point 1 Point 2 Point 3 | Point 4 Point 5
Before Carbon | 98.35% | 98.00% 97.85% | 98.34% | 98.73%
Exposure | Oxygen | 1.65% 2.00% 2.15% 1.66% 1.27%
After Carbon | 95.81% | 95.14% 97.60% | 97.08% | 96.36%
Exposure | Oxygen | 4.19% 4.86% 2.40% | 2.92% 3.64%
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The average oxygen atomic content is 1.746% before the exposure, and after
exposure, the oxygen level rose to 3.602% which is an increase of 106.3%.

From the results above, one could tell there is a significant increase of oxygen
content before and after the glow discharge, however, the flake structure under SEM
did not change much. After determining the elemental makeup of the graphene
structure, further research had to be done implementing the RAMAN spectra.
According to Baraket et al, if a substrate has graphene oxide on it, the RAMAN

spectrum would have a small D’ peak (seen in Figure 15).
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Figure 5.9: Ideal graphene oxide spectrum*

The two figures below in Figure 5.10 show the spectrum of the N0O06-P Polar
Graphene Powder before and after exposure to glow discharge. After the employment

of the glow discharge, one can see a small D’ peak grows on the G peak.

52



00

=155

7504
700+

650+

Intendty (Crt)

-5

T
1 soo

%A

1004 D
o-"‘w(

1000 1200 1300 1600 1500

Figure 5.10: Typical RAMAN spectrum before and after the exposure to the glow
discharge.
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This result shows that even though the D’ peak is small, a sign of oxygen
increase is achieved through this method. Future experiments will be designed to
exposed graphene for longer durations under glow discharge, and also applications of
much higher voltages between the chamber and the sample in hopes to achieve more

oxygen functional groups.
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Chapter 6 Conclusion

6.1 Conclusion

1. With the proof of SEM, RAMAN and TEM characterization of results, arc
discharge method has been confirmed to be a successful means to grapheme flake
synthesis. RAMAN spectrum has shown typical 2D peak at around 2700cm™' and the
ratio of I(2D)/I(G) was around 0.5. Typical square flake structures could be observed
under SEM and TEM. Above all, the arc discharge method has been proved to be an
effective way of graphene synthesis. The comparison among arc produced graphene,
NO006-P Polar Graphene Powder and pristine grapheme confirmed that arc discharge
method will synthesize small flakes with the approximate x-y dimensions of 300nm
and several layers of bulk graphene structures with the [(2D)/I(G) of about 0.4.

2. Heat distribution of the copper foil substrate was studied by using COMSOL 4.1
software to create a numerical model of the heat radiation for this copper foil.
Temperature range 1340-1360K, which is close to the melting point of copper, was
shown to be the optimal for the graphene synthesis.

3. Graphene functionalization using glow discharge has been fulfilled, and Oxygen
has been added to the graphene flakes after the exposure of glow discharge.
Experiments are repeatable, and with an increase in exposure time should yield an

increase in oxygen content.
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6.2 Future Work

1.Experimental conditions and equipment parameters can be formulated in the
most general form as to determine the influence of various carbon plasma parameters
(ionization degree, ion energy, plasma density, electron temperature) and substrate
properties/conditions (material of substrate, substrate bias) on a wide number of the
graphene synthesis properties. Properties such as rate of crystallization, purity,
number of layers, optimal synthesis temperature range. Analysis of the results of these
experiments will help to understand the fundamental role of graphene synthesis with
plasma, and practically implement the principles developed in this project for creation
of superior plasma-based graphene synthesis methodology. Furthermore, higher
pressures also should to be investigated to find the optimum condition for graphene.

2. After studying the RAMAN and SEM results among Angstron graphene,
pristine graphene, and arc produced graphene, a new comparison of properties of
other varieties of graphene synthesized in different ways can be explored. Graphene
application in ultracapacitors and graphene toxicity tests are be doable ways to test
properties besides the structure and numbers of layers. It will be very interesting to
compare with the performance of ultracapacitors based on nanostructures composites.

3. A way of producing large scale of graphene in arc discharge method should be
studied and fulfilled. It is still an obstacle to create a constant production line for
graphene due to the ineffective control over arc discharge. Better conditions and better
substrates need to be researched to fulfill potential graphene synthesis in larger scales

and shorter production time.

56



4. Graphene functionalization needs to be further studied and different
experimental conditions need to be analyzed. Different voltages applied to the
chamber and stable experimental pressures can be explored. New substrate material
such as Mo should be applied in order to reduce the possibility of copper oxide. New
characterization equipment such as XPS needs to be employed besides SEM and EDS
for further characterization of graphene oxide.

5. Nanoparticle distribution models need to be developed for estimating size
distribution and production rate. Heat measurement analysis of chamber configuration
with mountings is required before testing the method in the laboratory.

These concepts will all help further our research about graphene production in

large amounts.
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Appendix A: SEM TEM RAMAN images of arc produced graphene

EHT = 4.00 kV Signal A = InLens Date :4 Apr 2013
WD = 6.0 mm Photo No. = 2488 Time :15:33:11
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_
EHT = 4.00 kv Signal A = InLens Date 4 Apr 2013
WD = 5.9 mm Photo No. = 2484 Time :15:22:48

EHT = 4.00 kV Signal A = InLens Date :4 Apr 2013
WD = 6.0 mm Photo No. = 2492 Time :15:47:05
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