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ABSTRACT OF THE DISSERTATION

Novel graphene production: an aqueous arc discharge process

by

Sejung Kim

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2015

Professor Michael J. Heller, Chair

Professor Kenneth J. Vecchio, Co-Chair

Graphene plays important roles in technological developments regarding electronic
device, environment and energy management and the motivation to prepare two-
dimensional (2D) nanomaterials. As the pioneer for 2D nanomaterials, graphene has been
shown to be not only thermodynamically stable, but also superior in terms of electronic

and mechanical properties and that it can be processed into a wide variety of novel

Xiii



materials. However, they are still limited to the challenges such as multi-stacked layers
and low efficiency towards a scalable and cost-effective manufacturing process.

In this dissertation, we develop an aqueous arc discharge process as a novel method
to produce graphene. This novel graphene production process has the following features:
(1) Low energy power consumption process to exfoliate graphene from graphite rather
than to evaporate carbon molecules. (2) Water used as a dielectric medium uses a coolant
to maintain the temperature during the process. (3) Controllable graphene layers and the
number of oxygen-related functional groups. (4) A seamless process for morphological
transition of graphene from 2D to three-dimensional (3D) construction.

The graphene produced by our aqueous arc discharge is investigated as transparent
electrodes and water desalination membranes. For the transparent electrodes, bi- and
trilayers of graphene are adopted to be at high electrical conductance and transmittance,
which are collected by vacuum-assisted filtration and then transferred to a flexible
transparent polymer films. In the case of the application for water desalination, the effect
of the degree of graphene oxidation is investigated and found that the affinity of 2D
nanochannels to water molecules and ions affected to the flow rate and salt rejection rate
due to the interfacial friction at the interface.

The seamless process of the aqueous arc discharge has been achieved to crumple
2D graphene into 3D graphene nanospheres with the controllable degree of crumpling of
graphene. The formation of oil-in-water emulsion during arc discharge can entrap and
crumple the exfoliated graphene, simultaneously. The degree of graphene deformation

can be controlled by adjusting the flow rate of oil into the plasma zone.

Xiv



Chapter 1: Introduction
1.1 Introduction

The discovery of graphene, a two-dimensional (2D) hexagonal lattice composed of
sp?-hybridized carbon atoms, leads to the intensive investigation of the 2D nanostructures
for various scientific and technological research achievements.[1-6] Graphene was
regarded as the raw materials for multi-dimensional graphitic nanostructures due to its
thermodynamic instability: graphene can be wrapped up into 0D (fullerene) and be rolled
into 1D (carbon nanotubes). Otherwise, it can be stacked up into 3D bulk materials
(graphite).[7] Since the first isolation of graphene from the graphite by scotch tape
method, it has been found to have the Quantum Hall Effect (QHE) and a unique band
structure, which leads to the investigation for the post generation to alternate Si-based
transistors, because it has high charge carrier mobility (> 2 x 10° cm? V* s? at an
electron density of 2 x 10™ c¢m™).[8] In addition, graphene was found to have high
thermal conductivity (over 3000 W mK™), remarkably high Young’s modulus (> 0.5 — 1
TPa), [9] and high surface area (> 2500 m? g™).[10] The exceptional properties of
graphene make intensive investigation for many applications such as energy storage,

catalyst, biological labeling, and flexible electronics. [11-16]

1.1.1 Brief history of graphene

The production of graphene was started from the exfoliation of graphite oxide

(GO), and graphite intercalation compounds (GICs). Currently, the manipulation of GO



can prepare the reduced graphene oxide (r-GO), which can be considered as the precursor

of graphene.
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Figure 1.1 A timeline of selected events in the history of graphene for its preparation,
isolation and characterization.

As demonstrated in Figure 1. 1, the chemical process of conversion of graphite
into graphite oxide started from 1840 by a German scientist Schafhaeutl who developed
the intercalation and exfoliation of graphite with strong acids such as sulfuric acid and
nitric acids. [5] Basically, the interlayer distance is widened by inserting small molecules
or oxygen on the basal planes. Since then, various types of intercalants and exfoliants
have been used, including alkali metals, transition metals, fluoride salts and organic
species. Later, Hummer’s method was developed in 1958 by using concentrated sulfuric

acid, sodium nitrate and potassium permanganate towards a safer, faster and more



efficient method.[5] In 1962, Boehm et al. developed the chemical and thermal reduction
process of graphene oxide. Later, the mono- and multi-layered graphite on metal surface
were found by gas absorption on the Pt (100) surface or segregation of graphite on the
Ni(100) surface. In 1975, van Bommel et al. described that monolayer of graphite was
obtained from single crystals of silicon carbide at elevated temperatures under ultrahigh
vacuum (< 10 Torr). The term graphene was first named by Boehm et al. in 1986 and
IUPAC recommended terminology for the description as “graphene layer is a single
carbon layer of the graphite structure, describing its nature by analogy to a polycyclic
aromatic hydrocarbon of quasi infinite size”. In 1999, Ruoff et al. developed a
micromechanical process that was combined with oxygen-plasma etching to lithographic

patterning of highly ordered pyrolytic graphite (HOPG). [5]

25000

20000 -

15000

10000 -

Number of publications

5000 -

Figure 1.2 Publications on graphene from 2000 to Sept. 2015. Source 1S1 Web of Science
(search Topic: Graphene). Publications on graphene prior to 2000 are not plotted.



Geim, Novoselov demonstrated that this mechanical approach could produce thin
graphite flakes and 0.8 nm thick of graphene on SiO, surface, which were visualized by
the optical microscopy and their electric-field effect was demonstrated. [1,2] Nowadays,
chemical vapor deposition (CVD) on metal surfaces for producing graphene has been
optimized and has become a major technique to produce graphene. The studies of
graphene including the control of the graphene layers, functionalization, and applications

of graphene have grown exponentially as shown in Figure 1.2.

1.1.2 Optoelectrical properties

According to Fresnel equations, the theoretical transmittance (T) of a free standing

graphene can be written, [17]
T=(1+0.5n0)?=1-na=97.7%

where a is the fine structure constant, o = e?/h ¢ = 1/137. The absorbance can be
calculated as A=1 - T = no. = 2.3%. In the visible region, the incident light is reflected
less than 0.1% by graphene, thus the optical absorption of graphene layers can be
proportionally increased by 2.3% according to the number of layers. [7,17] The
mechanically exfoliated graphene has the transmittance of 97.7%, which is in excellent
agreement with the theoretical study for its defect-free sp® structure. In addition, graphene
synthesized by chemical vapor deposition (CVD) shows similar optical transmittance
(97.4%).[18] In both the case of the mechanically exfoliated graphene and the CVD
graphene, the transmittance linearly decreases as the number of layers is increased, which

demonstrates that the transmittance of the graphene films highly depends on their crystal



quality during the synthetic process.

In addition to the transmittance, in general, the resistance of graphene-based films
highly depends on their surface structure and crystal quality, which are variable according
to the different film fabrication methods. In the case of thermally reduced graphene oxide
(GO), the transmittance is much higher than that of the pristine graphene (defect-free)
due to the presence of defects, but yields to high sheet resistance due to its poor crystal
quality. Another approach to produce more conductive graphene-based films is using
liquid-based exfoliation of graphene, which results in the sheet resistance of 5 kQ/cm?
with a transmittance of 90%.[18] However, the exfoliation-based graphene shows the
high sheet resistance due to the non-uniformity of the graphene layers and large interlayer
resistance.[19] Although the thermal reduction of graphene oxide films shows the
promising process to produce conductive graphene films due to its low roughness level,
the resistance is still high compared to the pristine graphene films. The graphene-based
films prepared by exfoliation and thermal reduction process are far below the requirement

for replacing ITO.

1.2 Outline

This dissertation is primarily focused on the development of a novel synthetic
method and its application. Chapter 1 introduces the graphene and its fundamental
concept to understand why graphene is an important and fascinating material. Chapter 2
includes an overview of the synthetic methods to produce graphene with high quality in a

scalable way. The experimental section begins in Chapter 3 where we design our aqueous



arc discharge process to produce the controllable graphene layers. An experimental study
of graphene application begins in Chapter 4 where we fabricate the graphene-based
transparent electrodes with high transmittance. A version of Chapter 3 and 4 is submitted
to Nano Letters. Chapter 5 reports on the graphene-based membrane for water
desalination for high water permeation with high salt rejection rate. A modified form of
this chapter is in preparation for submission. Chapter 6 demonstrates the novelty of an
aqueous arc discharge process for multi-dimensional morphological transition strategy
through the use of an oil-in-water (O/W) emulsion system. A version of this chapter is

published online to Small (2015).
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Chapter 2. Preparation methods of graphene
2.1 Introduction

The pristine graphene has been produced by either the assembly of carbon-rich
molecules such as chemical vapor deposition (CVD) and epitaxial process from silicon
carbide (SiC) or mechanical exfoliation from highly ordered pyrolytic graphite (HOPG).
[1-3] However, the majority of graphene research has been focused on the exfoliation and
reduction process of graphite oxide due to the ease of production process. Now, the
solvent-based exfoliation process has been developed to produce the pristine graphene.[4]
Therefore, in this chapter, towards the mass production of graphene, the synthetic
methods focus on the solvent-based exfoliation process, including the liquid phase

exfoliation, graphite oxide preparation and intercalation-assisted exfoliation process.

2.2 Liquid phase exfoliation

As an efficient and low-cost method, the exfoliation of graphite in organic solvents
by ultrasonication has been found to produce high quality graphene with less oxygen
contents as shown in Figure 2.1. The liquid-phase exfoliation process basically includes
three steps: (1) graphite dispersion in a solvent, (2) sonication-driven exfoliation, and (3)
purification.Graphene flakes can be produced in organic solvents with surface tension
around 40 mJ/m? followed by ultrasonication.[5] During ultrasonication, the pressure
fluctuation is induced by shear forces and cavitation to the bulk graphite and leads to the

exfoliation.
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Figure 2.1 Schematic illustration of the exfoliation of graphite into graphene sheets by
ultrasonication.

2.2.1 Solvent

The van der Waals (vdW) attractions between adjacent graphene are strong enough
to stack each graphene layer in parallel in the interlayer distance of 3.35 A, which makes
the complete exfoliation of graphite into individual graphene layers challenging.[6] For
successful exfoliation, it is required to overcome the vdWs attractions between graphene
layers. In the presence of a solvent, the potential energy between adjacent graphene layers
is significantly reduced compared to vacuum, which results in the reduction of the
strength of the vdW attractions.[7] The interfacial tension plays an important role in the
dispersion of a solid in a liquid medium. If the interfacial tension between solid and
liquid is high, there is poor solubility of the solid in the liquid. In the case of graphene
exfoliation in solvent, if the interfacial tension is high, the graphene flakes tend to bind
together and the dispersion is very low due to its high cohesive energy to adhere to each

graphene layers.[6] Solvents with surface tension, y ~40 mJ/m?, are the best solvents for
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the dispersion of graphitic nanostructures due to its minimization of the interfacial
tension between solvent and graphitic flakes as demonstrated in Figure 2.2.[5] However,
the organic solvents used for exfoliation have drawbacks such as their high boiling point

which is obstacles for the further process and toxicity for organs.[8,9]

(a) (b) (c)
o ¢l o
cl
CH
= )J\T 08 N —CH3
CH,

N,N-dimethylformamide Ortho-dicholorobenzene N-methyl-2-pyrrolidone
(DMF) (DCB) (NMP)
Y = 37.1 mJ/m? Y = 37 mJ/m?2 Y =40 mJ/m?2
b. p.=153 C b. p. =180.5 C b. p. =204 C

Figure 2.2 Chemical structure of common solvents used for the graphite exfoliation
process.

Alternatively, a solvothermal-asisted exfoliation of expanded graphite in a highly
polar organic solvent has been proposed by inducing the dipole-dipole interaction
between graphene and acetonitrile, which can produce 10 wt% graphene in solution. In
addition, the solvent exchange method has also been reported by exfoliating graphite in
NMP and transfer the graphene flakes into ethanol, which results in 0.04 mg/mL

containing 0.3 vol% NMP. [10]

2.2.2 Sonication time

Ultrasonication is an effective way to exfoliate graphene from graphite in an
organic solvent due to shear force and cavitation leading to the pressure fluctuation. The

longer sonication time increase in concentration of graphene up to 2 mg/mL for 500
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hours. However, the increasing sonication time results in the reduced size of the graphene
flakes. However, the sonication of graphite is regarded as a nondestructive process and
the basal plane of the graphene is relatively defect-free, [11] it can induce to break the
conjugation of graphene, which predominantly located at the edges and can affect the

electronic properties of graphene.[12,13]

2.2.3 Characterization methods

The vyield of liquid-phase exfoliation can be characterized providing both
qualitative and quantitative information. The ideal characterization should be fast and
non-destructive, give high resolution, and provide structural and electronic information.
The single layer of graphene percentage is given as the ratio between the number of
single layer of graphene and the total number of graphene flakes in the dispersion.[4] The
concentration of the exfoliated graphene can be estimated through optical absorption
spectroscopy by using the Beer-Lambert Law: 4 = acl, where A is the absorbance at 660
nm, | is the length of the optical path, and « is the absorption coefficient. o can be
experimentally determined by filtering a known volume of dispersion as the dimension of
[L g m™].[4,5] The resulting concentration of the dispersion does not give information
on the amount of the exfoliated graphene according to the number of stacked layers. The
number of graphene layers is determined by transmission electron microscopy (TEM)
and atomic force microscopy (AFM). In TEM, the number of graphene layers can be
counted by visualizing the edges of the graphene flakes and by using electron diffraction

patterns.[14] AFM makes the estimation of the number of graphene layers by measuring
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the height of the stacked flakes and dividing them by the graphite interlayer distance.The
degree of graphitization of the exfoliated graphene can be determined by Raman

spectroscopy to give the degree of defects and the number of graphene layers.[15, 16]

2.3 Surfactant assisted exfoliation

The exfoliation of graphene in water is demanding due to its hydrophobic nature,
which can be overcome by using surfactants. In particular, polycyclic aromatic
hydrocarbons show potentials due to their n-7 stacking interactions with graphene basal

plane.[11]

Pyrene derivatives have been used to stabilize carbon nanotubes and graphene
dispersions, which are demonstrated in Figure 2.3.[17] These chemical compounds can
be absorbed onto the graphene surface through n-m interactions, in which they share the
electrons of w-orbitals through a non-covalent bond, causing reduction of the surface free
energy of the dispersion.[18] 1-pyrenesulfonic acid sodium salt was found to be the most
effective pyrene derivatives to produce the high concentration of the exfoliated graphene
(0.8 — 1 mg/mL), which is composed of single- or few-layered graphene.[19] The
dispersion of graphene with pyrene derivatives indicates that the molecular dipole is not
important, but since it facilitates adsorption on graphene, it promotes lateral displacement
of water molecules collocated between the aromatic cores of the organic dye and
graphene.[20] In addition, the effect of surface charges present corresponding to —OH

groups has been investigated with the respective dyes at different pH.
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Figure 2.3 Chemical structure of pyrene derivatives used as surfactants in the process of
the liquid phase exfoliation.

The exfoliation of graphene by using conventional polymers has been
demonstrated in water and organic solvents. The theoretical studies have predicted that
the maximum concentration of the exfoliated graphene can be obtained when the
Hildebrand solubility parameters are similar between polymer, solvents and the graphene
sheets.[21] However, the resulting concentration is often too low in a scalable way to
produce graphene.[22] The development of polymer-solvent combination is, thus,
important to produce high quality graphene dispersion at high concentrations in
conventional low-polarity, low-boiling point organic solvents.[23]

A variety of ionic and non-ionic surfactants were investigated by testing the

sonication-based exfoliation and dispersion of the exfoliated graphene in water shown in
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Figure 2.4. Generally, the non-ionic surfactants significantly outperformed and the best
result of a dispersion of graphene was achieved with a concentration of 1 mg/ml for only
2 hours sonication by using the triblock copolymer Pluronic P-123.[24] Interestingly, the
yielded concentration was increased with the sonication time to 5 hours (1.5 mg/ml in P-
123). Non-ionic surfactants composed of hydrophobic tail and a long hydrophilic part
stabilize the graphene by steric repulsion. However, in the case of ionic surfactant, it
adsorbs onto the graphene and imparts an effective charge to give electrostatic repulsion

to prevent the graphene from aggregation.[25]
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Figure 2.4 Concentration of the exfoliated graphene in aqueous solution with different
surfactants. The chemical structure of non-ionic triblock copolymer P-123 is shown and
the resulting concentration shows the highest concentration in a P-123 aqueous solution.
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2.4 Graphene oxide preparation

Earlier attempts to isolate graphene concentrated on chemical oxidation and
sonication-based exfoliation in scalable process. As a cost-effective mass production of
graphene, graphene oxide (GO) is to be produced as a graphene precursor by oxidizing
graphite with strong acids followed by exfoliating, which are thermally or chemically
reduced into graphene.[26] The disadvantage of using graphene oxide is that the residual
oxygen atoms on graphene behave as electron traps even after the reduction process.
However, the low cost and easy solution process lead to a great number of investigations
on enhancement of the electronic properties such as the preparation of large-sized GO
sheets, chemical doping and defect repairing. [26, 27]

The preparation of large-sized GO sheets is interesting because the in-plane
conductivity of basal plane of rGO is much higher than that in the vertical direction due
to the large resistance in the junction between rGO sheets. [28] In order to produce the
ultra-large monolayer of graphene sheets, the exfoliation of graphene oxide can occur
shaking instead of the sonication process followed by centrifugation at different
centrifugation speeds.[7] In addition, freeze-drying has been proven to be an efficient
technique to dry GO dispersions, which facilitates the re-dispersion process.[6] Freeze-
drying can keep GO sheets separated from interlayer sheets due to incorporation of a
significant number of water molecules between GO sheets.[29] The absence of the
sonication process of the dried GO powder is undoubtedly favorable to maintain the size

of the initially produced sheets.
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2.5 Conclusion

Towards the mass production of graphene, it is necessary to consider the cost-
effective way with high quality. Liquid phase exfoliation methods are suitable for the
mass production from the graphite oxide or graphite powders by intercalating small
molecules into graphene’s interlayers by increasing the interlayer distances. However,
large molecules could be inserted between atomic planes, providing greater separation. In
addition, the oxidation of graphite to increase the interlayer distance has also been
investigated to isolate or produce graphene layers. In order to enhance the properties of
graphene, the liquid phase exfoliation process should be further progressed to produce

large-sized graphene/graphene oxide and increase the electrical properties.

Chapter 2 is prepared by referring the published papers in order to summarize the

synthetic methods to produce high quality graphene in a scalable way.
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Chapter 3: Synthesis of graphene by an aqueous arc discharge
3.1 Introduction

Controllable stacking of graphene layers (less than 10 layers) is not yet possible for
production of large quantities due to the lack of an effective way to separate multilayered
graphene. Although several approaches for graphene production have progressed such as
chemical vapor deposition (CVD),[1-2] they are still limited because they can’t be
produced in a scalable and cost-effective manufacturing process, such as multi-stacked
layers and low efficiency.[3] Alternatively, the liquid-based exfoliation process can
produce a controllable stacked number of graphene layers from graphite through ion
intercalation.[4-7] Typically, the exfoliation process should overcome the van der Waals
(vdW) energy, which leads to tightly bound interplanar graphene layers and the pressure

needed to suppress the vdW binding is given by,[8,9]
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where G is the interaction free energy per unit area between two graphene layers, Apam IS
the Hamaker constant, and | is the interlayer distance. According to equation (1), the
pressure required to separate the graphene layers is estimated to be 2.5 MPa.[8] However,
the production of monolayer graphene has a low efficiency of less than 1%.[7] Otherwise,
the oxygen-related functional groups in graphene oxide cannot be fully removed even
after the reduction process, which leads to the deterioration of the electrical
conductivity.[4, 8, 10, 11] In our previous study, the aqueous arc discharge process was

developed to produce MLGs with fewer defects (low content of oxygen-related

20
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functional groups) by exfoliating graphite in a liquid environment.[12]

Here, in this chapter, we investigated the feasibility of the aqueous arc discharge
process to produce bi- and trilayers graphene towards a scalable production process. The
arc discharge process was evaluated to produce graphene on the basis of the change in
temperature. The aqueous arc discharge process has three features: 1) The arc discharge
process is used to exfoliate the graphite electrodes, not evaporate the carbon molecules by
lowering the current from the anode to the cathode. 2) The energy produced by arc
discharge process can be controllable, which leads to the production of the controllable
graphene layers. 3) The water used as the dielectric medium in the arc discharge process

can also be used to collect the produced graphene floating on the water surface.

3.2 Experimental Section

3.2.1 Set-up of an aqueous arc discharge single reactor

The schematic of the arc discharge in the water is illustrated in Figure 2.1. High
purity graphite electrodes used as anode (6 mm in diameter, 99.999%, Aldrich) and
cathode (12 mm in diameter, 99.999%, Aldrich) are vertically aligned, which are
submerged in deionized water (18.2 MQ). Tow electrodes are connected to a DC power
supply (Instek, SPS-3610). The anode moves up and down at 2 pps (pulses per second) to
contact the fixed cathode followed by applying the voltage (25 V) to initiate arc discharge.
Currents are controlled less than 4 A. Once the graphene layers are produced by the arc

discharge in water, the graphene platelets migrate towards the water surface and laterally
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assembled into large graphene-based films. The graphene-based films were collected by
dipping the substrate or TEM grid and dried in a convection oven over night for the

characterization.

3.2.2 Characterization

The morphology is observed with scanning electron microscopy (ESEM, Phillips
XL30) operated at 10 kV and transmission electron microscopy (TEM, FEI Tacnai G2)
with an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
measurements are performed on an AXIS Supra (Kratos) photoelectron spectrometer. C1s
and O1s peaks were analyzed. Raman spectra are measured and collected using a 514 nm
laser by a Reinshaw inVia Raman Microscope. The UV-vis spectra were performed using
Shimadzu UV-3600 spectrometer with correction for the solvent background. Atomic
force microscopy (AFM, Dimension 3100 Veeco) was performed in tapping mode with a
Si tip (resonance frequency = 320 kHz; spring constant = 42 N/m). The sheet resistance

was measured by Jandel four-point probe with RM 300 test.

3.3 Results and Discussion

The experimental setup for the aqueous arc discharge process to produce graphene
is presented in Figure. 3.1. In the set-up, two graphite electrodes used as the anode and
cathode were submerged in deionized water (DI water) used as a dielectric medium. The

arc discharge was initiated by bringing in contact and separating the two electrodes
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followed by applying a voltage (25 volts).

‘ Power Supply .

Movement (up and down)

Figure 3.1 The schematic illustration of an aqueous arc discharge process. The two
graphite electrodes were submerged in the water followed by applying a voltage (25 V)
and current that is controllable from 1 to 4 A: the anode is moved up and down while the
cathode is fixed at the bottom. The arc discharge was initiated by bringing in contact and
separating the two graphite electrodes. Air bubbles emerged near the cathode due to the
heating by the arc discharge.

The graphene platelets are produced from the graphite and spontaneously migrate
towards the water surface followed by laterally assembling into graphene-based films on
the water surface shown in Figure 3.2. The morphological features of the graphene-based
films were investigated by scanning electron microscopy (SEM), as shown in Figure
3.2b. The exfoliated graphene platelets are laterally assembled with wrinkled and porous
features (the white region is the substrate). Otherwise, the graphite debris falls down to

the bottom and their morphology seems to be graphite powder, as shown in Figure 3.2c.
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Figure 3.2 The graphene platelets. (a) A digital photo image of laterally assembled
graphene platelets on the water surface. (b) Surface morphology of graphene films
investigated by SEM. The laterally assembled graphene platelets were taken by dipping a
Si wafer in the water surface. The white region is a Si substrate. (c) SEM image of the
graphite debris falling down to the bottom of the water container during the arc discharge
process.

The number of graphene layers was investigated with transmission electron
microscopy (TEM), as shown in Figure 3.3. Bi- and tri-layer of graphene are observed in
Figure 3.3a and b, which were produced at 1 A. The interlayer distance of graphene is
presented as ~0.7 nm for three layers in Figure 3.3b, which means that the produced
graphene in the aqueous arc discharge has the same interlayer distance with that of the
pristine graphene (~0.34 nm).[13] Furthermore, the multilayered graphene (3-5 layers of
graphene) are produced at a higher current level (4 A) shown in Figure 3.3c.

During the conventional arc discharge process in the water, the main assumptions
of this process are following: (1) The reactive species such as O, 0" and H” ions in the
plasma zone are produced by the huge amount of heat, which leads to the oxidation of
carbon-based nanoparticles or the formation of CO or CO; gas.[14, 15] (2) The graphite

electrodes evaporate and recombine carbon molecules into specific shapes of particles

such as fullerene or carbon nanotubes at higher current flow (>15 A) due to rapidly
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increase in temperature up to 4000 K (graphite evaporation temperature).[15-17]

3 layers

2 Iayers/ .5 S ;

2 layers

Figure 3.3 Morphological characterization of the number of stacked graphene with
transmission electron microscopy (TEM). (a) Bi- and trilayers of graphene produced at 1
A. (b) Trilayers of graphene with an interlayer distance of 0.7 nm showing the same
distance as that of the pristine graphene (0.35 nm). (c) Multilayered graphene sheets
composed of 3 to 5 layers.

.
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Furthermore, according to the point-heat-source model (PHSM), the electrodes erosion
behavior were investigated based on the assumption that the carbon molecules are
evaporated during the arc discharge process under the high current conditions.[18]
However, the arc discharge process we developed uses a lower current (less than 1 amp),
and the temperature is not expected to be rise up to the graphite evaporation point. The

resulting temperature distribution is given by,[18]

T=To+
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where T is the resulting temperature, Ty is the ambient temperature of the graphite (298
K), F. is the total power fraction of the cathode (0.183),[18] U is the applied voltage, I is
the current,  is the thermal conductivity of the graphite (2000 W m™ K™), r is the size of
the resulting graphene platelets, t is the pulse duration, o is the thermal diffusivity (a =
p/Cp), Cp is the heat capacity of graphite (10.05 J mol™® K™, and p is the graphite density
(2.26 g cm™).

According to the equation (2), the resulting temperature during the arc discharge
process was calculated on the basis of the size of the produced graphene platelets. For
this purpose, the morphological features were investigated through atomic force
microscopy (AFM) and optical microscopy. In Figure 3.4, the representative optical
microscopic image and AFM image of the produced graphene show the planar and
wrinkled 2D morphology on the substrates. In Figure 3.4b, the thickness of graphene
sheets produced at 1 A is 1.399 nm, which indicates that the number of stacked layers of
graphene is 3 based on the fact that TEM image (Figure 3.3) reveals that the distance

between layers is 0.34 nm. Otherwise, the thickness of graphene sheets produced at 4 A is
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4.8 nm, which indicates that the number of stacked graphene layers is 7 to 8 layers. The

size distribution was analyzed by optical microscopy.
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Figure 3.4 Optical characterization for the size distribution of graphene produced at 1 A
and 4 A. (a) optical microscopic image and (b) atomic force microscopy (AFM) image
demonstrates the morphological features of the exfoliated graphene produced at 1 A and
(c) the size distribution of the exfoliated graphene produced at 1 A. (d) optical
microscopic image and (¢) AFM image demonstrate the morphological features. (e) the
size distribution of the exfoliated graphene produced at 4 A.
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Graphene sheets on SiO,/Si substrate were observed to be 300 nm thick of SiOy, as
shown in Figure 3.4a and b. Figure 3.4c and d shows that the area distribution of the
multi-layered graphene produced at 1 A is 107.7 + 22.1 um? and the range of the average
size is 4.4 to 28.3 um. Likewise, the size distribution of the graphene produced at 4 A is
141.5 + 13.5 um? and the range of the average size is 4.4 to 28.3 um.

In Figure 3.5, the resulting temperatures were calculated based on the resulting
size distribution according to equation (2) at each different current from 1 to 4 A in order
to evaluate the mechanism. At lower currents (<1 A), the maximum temperature is about
703 K and the minimum temperature is about 352 K. In addition, the calculated
temperature ranges are 1108 to 406 K, 1513 to 460 K, and 1919 and 514 Kat 2 A, 3 A
and 4 A, respectively. The temperatures are significantly lower than that of the
conventional arc discharge process (>15 A), which will rise up to 4000 K to evaporate
carbon molecules. This leads to the conclusion that our system is not evaporating the
carbon molecules from the graphite electrodes, but thermally assisted exfoliating the
graphene sheets from the graphite electrodes.

During the arc discharge in water, the surface of the graphite near the arc plasma
zone is thermally expanded by rapid heating up to 703 K at 1 A followed by evaporating
the water and refilling the gap between the electrodes. The produced graphene platelets
move towards the water surface by water flushing through the gap in the electrodes. In
the case of thermal exfoliation of graphene oxide, the graphite oxide or graphite is

thermally expanded from 300 C to 1050 C followed by an ultrasonication process,

which induces the mechanical tension by varying the pressure.[8, 9] In addition, the rapid

heating through arc discharge induces the water cavitation (bursting water bubbles) and
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the cavitation pressure was found to be 17 MPa at 80 C.[19]
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Figure 3.5 The calculated temperature during an arc discharge in water at 1, 2, 3, and 4 A,
respectively. The calculated temperature will rise up to less than 2000 K, which is not
enough to evaporate the carbon molecules in our arc discharge process. The graphene is

produced by thermally assisted exfoliation from the graphite, not evaporation of carbon
molecules.

Furthermore, the recent studies demonstrated that the minimum exfoliation energy
for multi-layered graphene (MLG) is around 0.4 MPa, which demonstrates that MLGs
were electrostatically exfoliated at an air by overcoming the cohesive energy between the
interlayer graphene.[20] In our case, the arc discharge process induces the pressure
change during the process, which is defined as the minimum stress required for fully
separating a graphene monolayer from the bulk graphite. Therefore, to our system, we

assumed that the mechanism producing the graphene platelets is the combination of
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thermal expansion of graphite and the water cavitation through rapid heating by arc

discharge.
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Figure 3.6 X-ray photoemission spectroscopy (XPS) characterization. (a) XPS wide scan

and deconvolution of the produced graphene at currents below 1 A (black solid line) and

4 A (red solid line), respectively, showing the carbon and oxygen in the produced

graphene. (b) Deconvolution of C1s for the exfoliated graphene from the current at 1 A.
(c) Deconvolution of C1s for the exfoliated graphene from the current at 4 A.

The emerging gas inside the graphite/graphite oxide is needed to split the
interlayers by diffusion.[8, 9] In our arc discharge process, the reactive species such as O,

O™, and H* were produced followed by the formation of CO/CO, gas,[12] which might
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result in the oxidation of carbon molecules in the graphene platelets. In order to validate
our first assumption on the oxidation, X-ray photoelectron spectroscopy (XPS) was
performed as a direct means to estimate the oxygen-related defects. These reactive
species result in the oxidation of graphene while the arc discharge is in process.

Results for the XPS analysis are shown in Figure 3.6. In wide-scan XPS spectra in
Figure 3.6a, the peaks appearing at 284.90 eV and 532.90 eV can be assigned to C1s and
Ols, respectively, which indicate the oxidation of graphene during the arc discharge in
water. High-resolution C1s XPS spectrum for graphene at currents of 1 and 4 A are
shown in Figure 3.6b and c. Deconvolution of the spectra of graphene at 1 A indicates
that the relative content of the non-oxygenated ring C atoms (284.5 eV) was 71.9%, that
of C atoms in C-O bonds (285.9 eV) was 20.8%, and that of carboxylate C atoms (O-
C=0, 288.15 eV) was 7.3%, shown in Figure 3.6b. Moreover, deconvolution of high-
resolution C1s spectra of the produced graphene at 4 A indicates that the relative content
of the non-oxygenated ring C atoms (284.4 eV) was 46.1%, that of C atoms in C-O bonds
(286.2 eV) was 34.8%, and that of carboxylate C atoms (O-C=0, 288.5 eV) was 19.1%,
shown in Figure 3.6¢. Based on the XPS data, the defects on the graphene arise from the
oxidation by reactive species in the plasma zone, and the relative content of the non-
oxygenated ring C atoms is independent of the level of the current. Therefore, the
chemical composition of the graphitic carbon particles produced by the arc discharge is
comparable to the reduced graphene oxide sheets through the one-step process. Raman
spectroscopy is an effective way to evaluate the crystalline quality of the graphitic carbon
structure shown in Figure 3.7. The intensity of the D-peak, G-peak and 2D peak are

associated with defects, graphitic structure and the number of stacked graphene layers at
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1351, 1578, and 2660 cm™.[21-23] Generally, the 2D peaks indicate that the monolayer
of graphene appears at 2660 cm™, and the peak shifts to 2690 cm™ with an increase in the
number of stacked layers.®* In Figure 3.7b, the relative intensity ratio of Ip/lg associated
with the degree of defects is decreased with increasing current during the arc discharge:

the Ip/lg is 0.54, 0.46, 0.55 and 0.14 at 1, 2, 3 and 4 A, respectively.

(a) 1A
2A
——3aA
-
£ /\___
c
7]
o
= M
°
0
N
®
£
-
)
=z
J ¥ \J hd 1 b T ¥ U L3 J b 1
1200 1500 1800 2100 2400 2700 3000
" El
Raman Shift (cm )
(b) 1 1
®. 0 o s Io/lo
. R Ll
0.8 0.8
@ )
0.6 06 o
N
&0 O e ® g
> 1 e P ® &
0.4 0.4
0.2 0.2
[ ]
0 r v 0
1 2 3 4

Current (A)

Figure 3.7 Optical characterization by Raman spectroscopy. (a) Raman spectroscopy of
the exfoliated graphene at four different current level from 1 A to 4 A. (b) Relative
intensity ratio of Ip/lg (black solid line) and Ip/lg (red solid line) for the exfoliated
graphene.
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Furthermore, the relative intensity ratio of I,p/lg is 0.91 at 1 A, which corresponds
to bi- and trilayers. Accordingly, the 2D peak at 2660 cm™ at 1 A is shown and the other
spectral component at 2690 cm™ gradually dominates with increasing current.
Interestingly, the intensity ratio of Ip/lg is decreased from 0.54 to 0.14 with increasing
current even though the oxygen content on the graphene stays at the same level as it is at
the lower current condition. The degree of defects might be affected by the graphene size
edge effect that the edge states characterized by high density of defects and increased

doping level was demonstrated.[22, 23]

3.4 Conclusion

In summary, we have demonstrated the aqueous arc discharge process to produce
bi-and trilayers of graphene in a potential scalable process. Compared to the conventional
process, the produced graphene is exfoliated from the graphite electrodes through thermal
expansion and water cavitation by rapid heating. In addition, the adjustable arc discharge
power leads to controllable stacked numbers of graphene layers. The produced graphene
layers have defects from the oxygen-related functional group and edge effects due to its
small size. The exfoliated graphene has the feasibility to be used in transparent electrodes
with high transmittance (>90 % at 550 cm™) and 350 kQ/cm? by transferring graphene
films into any substrate. In the future, there is still the need to optimize the production of
a monolayer of graphene by adjusting the arc discharge power and the properties of the
dielectric medium in a practical scalable way. In addition, the byproduct of the

multilayered graphene should be separated in a seamless process.
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Chapter 4: Transparent electrodes
4.1 Introduction

Indium tin oxide (ITO) based transparent electrodes are a fundamental part of
optoelectronic devices, and are the market standard for many applications.[1-3] In the
case of thin film solar cells, ITO-based electrodes are used as the hole collecting layers
with high transmittance (> 90% at a wavelength of 500 nm), low sheet resistance of 10 to
30 Q cm™ and a favorable work function of ~4.8 eV.[1-3] However, the use of ITO has
limitations due to the scarcity of indium, incompatibility with acid and basic conditions,
and high surface roughness.[1-3] In addition, its brittleness is a major challenge for
applications in flexible electronic devices such as flexible displays, solar cells and touch
screens.[4-7] Therefore, the alternative transparent electrodes have been investigated in
order to replace ITO, such as metallic nanowires, conductive polymers and carbon
nanotubes.[8-10] Among these perspective materials for transparent electrodes, carbon
nanotubes films have been found to exhibit high transmittance for the whole visible light
range. However, the limitation of using carbon nanotubes films is the difficulty of
avoiding the formation of a percolation network.[11-13] The percolated junction between
nanotubes limits the conductive pathway due to its high resistance. Since the first
isolation of graphene, it has been shown to have outstanding physical properties such as
high chemical and thermal stability, high stretchability, and low contact resistance with
organic materials.[14-16] Most of all, monolayer graphene possess high crystallographic
quality and ballistic electron transport with low light absorption (2.3%) making it a

promising alternative to ITO electrodes.[17,18]
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In this chapter, we produced multi-layered graphene with less than 10 layers by an
aqueous arc discharge process we developed. We used this method to fabricate graphene-
based transparent electrodes on the transparent flexible substrates. The exfoliated
graphene was collected by vacuum-assisted filtration and re-dispersed into N-methyl-2-
pyrrolidone (NMP) followed by deposition on a commercial nylon membrane. The
graphene-based membranes were transferred onto the transparent flexible substrate and
the thickness was controlled by adjusting the dispersion concentration. The transmittance
and the sheet resistance were measured in order to investigate the capability to replace

ITO-based transparent electrodes.

4.2 Experimental Section

4.2.1 Synthesis of graphene by an arc discharge in water

High purity graphite electrodes were used as an anode (6 mm in diameter, 99.999%,
Aldrich) and a cathode (12 mm in diameter, 99.999%, Aldrich) and were vertically
aligned and submerged in deionized water (18.2 MQ). The two electrodes are connected
to a DC power supply (Instek, SPS-3610). The anode moved up and down at 2 pps
(pulses per second) to contact the fixed cathode followed by application of a voltage (25
V) to initiate arc discharge. The current was controlled to be less than 1 A. Once the
graphene layers were produced by the arc discharge in water, the graphene platelets
migrated towards the water surface and laterally assembled into large graphene-based

films. The graphene-based films were collected by dipping the substrate or TEM grid into
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the water and were dried in a convection oven over night for characterization.

4.2.2 Transfer graphene-based films into substrates

The exfoliated graphene was collected on a nylon membrane with a 0.45 pm pore
size by vacuum filtration and washed with water several times. The collected particles
were then dispersed into NMP by sonication for 5 min in order to prevent further
exfoliation. The dispersed graphene solution was left to stand over-night in order to
separate the multilayered graphene. The resulting graphene solution was collected again

with a nylon membrane by vacuum filtration followed by drying at 85 “C for 2 hours.

The graphene particles on the membrane were transferred into a
poly(ethyleneterephthalate) (PET) by pressing. After transfer, the graphene-based films

on the substrate were dried at 85 C for 2 hours to remove residual solvent.

4.2.3 Characterization

The morphology of the graphene-based films was analyzed using both scanning
electron microscopy (ESEM, Phillips XL30) operated at 10 kV and transmission electron
microscopy (TEM, FEI Tacnai G2) with an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were performed on an AXIS Supra
(Kratos) photoelectron spectrometer. C1s and O1s peaks were analyzed. Raman spectra

are measured and collected using a 514 nm laser by a Reinshaw inVia Raman Microscope.
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The UV-vis spectra was performed using Shimadzu UV-3600 spectrometer and was
corrected for the solvent background. Atomic force microscopy (AFM, Dimension 3100
Veeco) was performed in tapping mode with a Si tip (resonance frequency = 320 kHz;
spring constant = 42 N/m). The sheet resistance was measured by a Jandel four-point

probe with RM 300 test.

4.3 Results and Discussion

The aqueous arc discharge process we developed involved two graphite electrodes
used as the anode and cathode which were submerged in a dielectric deionized water
medium. The arc discharge was initiated by repeatedly bringing the two electrodes into
contact and then separating them while applying a voltage (25 V, ~1 A). The graphene
platelets were produced from the graphite and the number of graphene layers was
determined using transmission electron microscopy (TEM), as shown in Figure 4.1.
Three- and six-layers of graphene were observed which were produced at 1 A. The
interlayer distance of graphene was measured at ~0.7 nm for three layers in Figure 4.1a,
which means that the graphene produced in the aqueous arc discharge has the same
interlayer distance as the pristine graphene (~0.34 nm).[19]

In Figure 4.2, the representative AFM image of the produced graphene shows the
planar and wrinkled 2D morphology on the substrates, which are a common feature of
graphene. The thickness of the graphene sheets is 1.399 nm, which indicates that there are
~3 stacked layers of graphene based on the ~0.34 nm distance between layers as shown in

Figure 4.1. In Figure 4.2b, the graphene platelets produced at 1 A are largely composed
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of bi- and trilayers of graphene (73%) and multilayered graphene. In order to compare the
number of layers at different current levels, four to seven layered graphene (78%) was

produced at 4 A.

T 3layers

.

Figure 4.1 TEM images of the exfoliated graphene. (a) Three layers of graphene with an
interlayer distance of 0.7 nm. (b) three and six-layers of graphene. The exfoliated
graphene was produced with less than 1 A during the arc discharge process.

In Figure 4.2, the representative AFM image of the produced graphene shows the
planar and wrinkled 2D morphology on the substrates, which are a common feature of
graphene. The thickness of the graphene sheets is 1.399 nm, which indicates that there are
~3 stacked layers of graphene based on the ~0.34 nm distance between layers as shown in
Figure 4.1. In Figure 4.2b, the graphene platelets produced at 1 A are largely composed
of bi- and trilayers of graphene (73%) and multilayered graphene. In order to compare the

number of layers at different current levels, four to seven layered graphene (78%) was

produced at 4 A.
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Figure 4.2 The distribution of the number of graphene layers. (a) a representative AFM
image of the exfoliated graphene with wrinkled and planar surface with a height of 1.399
nm. (b) the distribution of the number of graphene layers.

In order to find the concentration of the graphene sheets, the exfoliated graphene
dispersion in NMP was filtered through a polyvinylidene fluoride (PVDF) membrane.
The measurement of the filtered mass gave the concentration of the exfoliated graphene
in NMP. The dispersions were then characterized by UV-vis spectrometer to measure the
absorbance corresponding to the different concentrations. The absorption is shown in
Figure 4.3, were the concentration was calculated by measuring the filtered mass.
According to the absorbance at 660 nm, which was divided by cell length, and is plotted
versus dispersion concentration (Figure 4.3b), Lambert-Beer behavior is observed and
the absorption coefficient, a, is 2744 L g™ cm™.

To explore the utility of our high-quality graphene, we fabricated graphene-based
transparent electrodes on poly(ethylene terephthalate) (PET) films using a vacuum
filtration and dry pressing transfer method.[20] As the schematic process demonstrates in

Figure 4.4, the exfoliated graphene dispersion in N-methyl-2-pyrrolidone (NMP) was
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first collected on a nylon membrane by vacuum filtration. The filtered graphene-based

film was dried overnight followed by pressing onto a transparent PET substrate overnight
at 35 C. Once the nylon membrane was peeled away, the graphene-based film remained

on a PET substrate due to van der Waals (vdW) interactions between the graphene and

the PET substrate.
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Figure 4.3 The concentration of the exfoliated graphene in NMP. (a) The absorbance of
the exfoliated graphene in NMP according to different concentrations from 7.8 pg/ml to
77.8 pg/ml. (b) The Lambert-Beer behavior and the absorption coefficient at a
wavelength of 660 nm, <daggonm™> = 2744 L g'1 cm?,

To explore the utility of our high-quality graphene, we fabricated graphene-based
transparent electrodes on poly(ethylene terephthalate) (PET) films using a vacuum
filtration and dry pressing transfer method.[20] As the schematic process demonstrates in
Figure 4.4, the exfoliated graphene dispersion in N-methyl-2-pyrrolidone (NMP) was
first collected on a nylon membrane by vacuum filtration. The filtered graphene-based
film was dried overnight followed by pressing onto a transparent PET substrate overnight

at 35 C. Once the nylon membrane was peeled away, the graphene-based film remained
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on a PET substrate due to van der Waals (vdW) interactions between the graphene and
the PET substrate. Figure 4.5 shows the resulting graphene-based membrane and the
surface of the nylon filter after peel-off. The representative thickness of vacuum-assisted
graphene films is 50 nm, shown in Figure 4.5a, and the thickness was controlled by the
concentration of graphene dispersion in NMP according to the relationship between the
intensity of the UV-vis spectrum and concentration, as shown in Figure 4.3a. Once the
graphene-based membranes were peeled off, the residual graphene flakes were randomly

distributed on the nylon filters and were not observed to be interconnected.

Vacuum h p
f‘ Itration Fapncne B

(a)
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Press and transfer

Figure 4.4 Drying transfer process. (a) The dispersion of the exfoliated graphene in NMP
was filtered by vacuum filtration. (b) The resulting graphene-based membranes on nylon
filter were dried at 35 C overnight. (c) The graphene-based film on nylon filter was
transferred onto the poly(ethylene terephthalate) (PET) film. (d) The resulting transferred
graphene-based films on a transparent PET substrate.
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Figure 4.5 The graphene-based films through dry transfer process. (a) The representative
graphene-based membranes with a thickness of 50 nm. (b) The surface of nylon filter
demonstrating the randomly distributed residual graphene flakes and (c) its magnification
of the residual graphene flakes.
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Figure 4.6 The transmittance and sheet resistance. (a) Transmittance of the graphene-
based transparent electrodes on PET corresponding to different thickness. (b) The sheet
resistance and transmittance properties according to different thickness of graphene-based
membrane.

In Figure 4.6, the transmittance was measured by a UV-vis spectrometer according
to the different thicknesses of graphene on PET. The corresponding average sheet
resistance of the transferred graphene-based films measured using the four-point probe
method was 421.1, 335.5, 27.7 and 3.6 kQ cm™ for thicknesses of the transferred
graphene films of 50, 100, 350 and 500 nm, respectively, as shown in Figure 4.6a.
Remarkably, the sheet resistance dropped dramatically to 421.1 and 3.6 kQ cm™ while
maintaining the transmittance above 70%, which is attributable to the high
interconnection between the high quality graphene platelets as demonstrated in Figure
4.5a. The conductance and transparency of our films are comparable to those made of
graphene sheets formed by sonication of natural graphite in NMP. In order to demonstrate
the transparency, the resulting graphene-based transparent electrodes on PET are shown
in Figure 4.7, where one can see the Geisel Library at UC San Diego through the

resulting transparent electrodes that have a transmittance of 84.5% with 27.7 kQ cm™.
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The 50 and 100 nm graphene films on PET had a transmittance of 84.5% and 71.9%,

respectively.

(a)

(d)

Figure 4.7 The transparent electrodes. (a) and (b) shows the transferred graphene-based
membrane on PET films. (c) and (d) demonstrates the capability to see the Geisel Library
at UCSD through the transparent electrodes.

4.4 Conclusion

In conclusion, the aqueous arc discharge produces graphene with high quality and
less than 10 layers. The exfoliated graphene can be recollected by dispersion in NMP and
filtration. In order to show the potential use as transparent electrodes, the collected
graphene-based membranes were transferred to a PET substrate with high transparency

(95% at 550 cm™) and low resistance (35 kQ/cm?). These simple dry transfer methods
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can also be applied to any desired substrate such as paper and glass.

Chapter 4, in part, has been submitted for publication in Nano Letters: Sejung Kim,
Youngjun Song, Jennifer Marciniak, and Michael J. Heller, Bi- and trilayers graphene in
an aqueous arc discharge process. The dissertation author was the primary investigator

and author of this material.
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Chapter 5: Water desalination

5.1 Introduction

The nanoporous two-dimensional (2D) graphene has been intensively investigated
as a selective molecular barrier for the liquid- and gas-phase separation process for the
purification of gas and water as well as for DNA sequencing through pores larger than the
sizes of ions and molecules.[1-8] Recently, theoretical studies in membrane-based water
desalination have revealed that the controllable permeability of 2D graphene has a
superior efficiency than the current polymer-based filtration membranes to maximize ion
selectivity.[9-12] Experimental studies have shown graphene-based materials to be
promising candidates as ultimate membrane materials due to its mechanical stability to
prevent breakdown,[12] its highly well-defined nanoporous structure to maximize the ion
selectivity, and its ability to be made as thin as possible to maximize water flux.[13-15]

For nanofiltration of water, the Hagen-Poiseuille equation theoretically evaluates

the mass flow through porous membranes per unit area as below:[1,16-19]

h*:- AP

Jz= ————— (1)

12-L2 -1 AX

where h is the vertical space between adjacent graphene sheets, L is the average lateral
length of the graphene sheets, # the viscosity of water (0.001 Pas at 20 C), and 4x is the
thickness of the graphene-based membrane. According to the equation (1), it is assumed
that the liquid flows are basically based on laminar flow and zero-velocity at the
boundary layer between the liquid and wall. In the case of graphitic nanostructure-based

membranes, it shows that the enhancement of water flow is 2-4 orders of magnitude,
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which is mainly attributed to the low interactions between water molecules and
hydrophobic carbon wall.[17-19] Moreover, the graphene oxide-based membranes have a
strong interaction with water molecules, which leads to the retention of water molecules
on the graphene oxide sheets.[3,18,20] Thus, the non-oxidation regions of graphene were
responsible for the high water flux.

Here, in this chapter, we produce multilayered graphene with less than 10 layers
through an aqueous arc discharge, which can control the number of graphene layers and
the degree of oxidation during the process. The graphene-based membranes are fabricated
by vacuum-assisted filtration and show the practical potential for water purification,
which is investigated by self-diffusion of ions and the rejection of organic dyes across the
graphene-based membranes. Interestingly, the water flow rate and the salt rejection are
found to be dependent on the degree of oxygen-related defects of the component

graphene layers produced at various current levels between 1 and 4 A.

5.2 Experimental Section

5.2.1 Synthesis of graphene nanosheets by arc discharge in water

The schematic of the arc discharge in the water is illustrated in Figure SI 1 and the
corresponding video is available in Video Sl 1. High purity graphite electrodes used as
anode (6 mm in diameter, 99.999%, Aldrich) and cathode (12 mm in diameter, 99.999%,
Aldrich) were vertically aligned, and submerged in deionized water (18.2 MQ). The two

electrodes were connected to a DC power supply (Instek, SPS-3610). The anode is



52

moved up and down at 2 pps (pulse per second) to contact the fixed cathode with
application of a voltage (25 V) to initiate arc discharge. Currents were controlled at
around 1 A. Once the graphene layers are produced by the arc discharge in water, the
graphene platelets migrate towards the surface of the water and laterally assemble into
large graphene-based films. The graphene-based films were collected by dipping a silicon
wafer or a TEM grid into the water and dried in a convection oven over night for

characterization.

5.2.2 Fabrication of the graphene-based membrane for water desalination

The produced graphenes were collected with a nylon membrane (EMD Millipore,
0.45 pum) by vacuum filtration and washed with water several times. Then, the collected
graphenes were dispersed in N-methyl-2-pyrrolidone (NMP) by sonication for 5 minutes
in order to prevent further exfoliation. The dispersed graphene solution stands over-night
in order to separate the multi-layered graphene. The resulting graphene solution was
recollected with a nylon membrane as a supporting substrate by vacuum filtration
followed by drying over night at 85 “C. A piece of graphene-based membrane with a
nylon membrane was assembled with aluminum foil tape containing a hole (2.5 mm in

diameter).

5.2.3 Transport Measurement

The self-diffusive permeation experiments were carried out using homemade 20
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mL side-by-side diffusion cells, as indicated in Supplementary Figure X. Briefly, a piece
of graphene-based membrane with a nylon membrane was inserted between the source
cell (ions in DI water) and the drain cell (only DI water) and sealed with a rubber O-ring
following pressing together of the both cells. For the permeation experiments, 20 mL of
a 0.5 M ion solution and DI water were injected into the source and drain cells,
respectively, at the same speed in order to prevent hydrostatic pressure gradients,
followed by magnetically stirring both solutions to avoid ion concentration gradients.
During the ion permeation process, 0.5 mL of the source solution and the permeated
solution were taken in order to monitor the permeation progress and to avoid external
hydrostatic pressures across the membrane. In order to analyze the permeated ions,
ICP-OES was carried out to monitor the permeated cation ions and a UV-vis spectrometer

was used to monitor the amount of permeated organic dyes.

5.2.4 Characterization

The morphology is observed with scanning electron microscopy (SEM, HITACHI
S-XX) operated at 10 kV and transmission electron microscopy (TEM, FEI Tacnai G2)
with an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCA-LAB 250 photoelectron spectrometer. C1s
and O1s peaks were analyzed. Raman spectra were measured and collected using a 512
nm laser by a Lab RAM HR800. The UV-vis spectra were performed using Shimadzu
UV-3600 spectrometer with correction for solvent background. Atomic force microscopy

(AFM, Dimension 3100 Veeco) was performed in tapping mode with a Si tip (resonance
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frequency = 320 kHz; spring constant = 42 N/m) For transmission electron microscopy
analysis, graphene dispersion was drop-casted onto a carbon-coated copper grid and
imaged in high vacuummode. The I-V measurements were performed by a Hewlett-

Packard 4156B semiconductor parameter analyzer under ambient conditions.

5.3 Results and Discussion

The graphene-based nanofiltration for water filtration is based on the permeation of
water molecules through the intrinsic holes and affinity to water and ions of graphene
layers. Therefore, it is assumed that water filtration is achieved when the water molecules
migrate through the two-dimensional (2D) nanocapillaries between the stacked graphene
sheets and the intrinsic holes on graphene layers. In addition, the ions are assumed to be
either blocked by the oxygen-related functional groups, or their movement interrupted by
the strong interactions between the hydrated ions and carbon walls, as illustrated in
Figure 5.1a.

Our graphene-based membranes were simply prepared by assisting vacuum
filtration of the highly diluted graphene dispersions on commercial microfiltration
membranes (polyamide membranes (PA), 0.45 um in pore size), which were used as a
supporting substrate (Figure 5.1b). The thickness of the assembled graphene-based
membranes was controlled by the amount of graphene dispersion and the representative
membranes that have a thickness of ~200 nm are shown in Figure 5.1c. The component
graphene sheets of the membranes were produced by an arc discharge process we

developed in a previous study that can produce a controlled stacked number of graphene
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layers and degree of oxidation by adjusting the current level during the arc discharge.[21]

(b)

Graphene fil

Figure 5.1 Water desalination process through graphene-based membrane. (a) Schematic
illustration of water desalination by size selective diffusion. (b) The resulting graphene-
based membranes on a commercial polyamide membrane. (c) SEM image of the
representative graphene-based membranes with a thickness of 50 nm.

In short, the aqueous arc discharge process is composed of two graphite electrodes
submerged in DI water as a dielectric medium followed by application of a voltage (25 V)
across two electrodes. The produced graphene was characterized by transmission electron
microscopy (TEM), atomic force microscopy (AFM), and X-ray photoemission
spectroscopy (XPS) in order to investigate the intrinsic properties of graphene in our
system for water desalination. The produced graphene has two and three layers at 1 A and
multilayers (4-7 layers) at 4 A, as shown in Figure 5.2a and b, with the same interlayer
distance (~0.35 nm) of that of pristine graphene. The number of stacked graphene layers
was analyzed by using AFM. The representative AFM image is shown in Figure 5.3a and
the produced graphene appears to be flat and wrinkled thin sheets on the substrate with ~

1.399 nm thickness. The distribution of the number of graphene layers is more than 70 %
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less than 10 layers: bi- and tri-layers of graphene are 73 % at 1 A, and 4- to 7-layered

graphene is 78% at 4 A, as shown in Figure 5.2b.

'3 layers

Figure 5.2 Morphological characterization with TEM. (a) The exfoliated graphene
produced at 1 A composed of bi- and three-layers of graphene with a interlayer distance
of 0.35 nm. (b) The exfoliated graphene produced at 4 A composed of four- and five-
layers of graphene.

(b) E1A m4A

(%) Aouanbaigy

1 2 3 4 5 6 7 8 9 10

Number of Layers

Figure 5.3 The distribution of the graphene layers. (a) The representative AFM image of
the exfoliated graphene produced at 1 A with a height of 1.399 nm. (b) The distribution of
the number of graphene layers produced at 1 A and 4 A.
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The intrinsic properties of an aqueous arc discharge with graphite electrodes
produce reactive species such as O*, O™, and H" followed by CO/CO, gas and oxidation
of graphene.[21-24] The reactive species are proportionally produced according to the arc
discharge power, which might leads to the controllable degree of oxidation of graphene.
In order to estimate the degree of oxidation, X-ray photoelectron spectroscopy (XPS) was
carried out on the produced graphene at 1 A (GrlA) and 4 A (Gr4A), respectively. The
wide-scan XPS spectra are show in Figure SI2 and the peaks appear at 284.90 eV and
532.90 eV for Cls and Ols, respectively. In order to compare the oxidation degree of
graphene, deconvolution of high-resolution C1s XPS spectrum were performed for Gr1A
and Gr4A, as shown in Figure 5.4. Deconvolution of the spectra of C1s indicates that
non-oxygenated carbon atoms (284.5 eV) were decreased with the current level from
GrlA to Gr4A. Otherwise, oxygenated carbon atoms such as C-O (286.2 eV), O-C=0
(288.5 eV) were increased from 28.1 % (Grl1A) to 53.9% (Gr4A). According to the XPS
results of oxygenated carbon atoms, the aqueous arc discharge can control the oxidation

degree of graphene by adjusting the current level during the process.
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Figure 5.4 High resolution of C1s XPS spectrum. (a) Deconvolution of the spectra of
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C1s for Gr1A. (b) Deconvolution of the spectra of C1s for Gr4A.
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In order to investigate the water purification performance, the two different
homemade devices were assembled in order to measure water transport performance and
self-diffusion of ions through graphene-based membranes corresponding to the different
amount of oxygen-related functional groups on the graphene produced at different current
levels.

First, the water transport performance was evaluated by assembling the device,
which is composed of one container filled with water (10 mL) on top and another
container with a hole to equilibrate the atmospheric pressure during transportation of

water through the membranes, as shown in Figure 5.5.

O-ring

Graphene/
Nylon filter

Permeated water

Figure 5.5 The schematic illustration for the Arrhenius behavior of water flow through
graphene-based membranes.

The graphene-based membranes were inserted between the two containers and
sealed with an O-ring, then, the water on top comes in contact with the membranes.
Using temperature, the vapor pressure was increased from 2.33 to 31.09 kPa, which water

was pushed by increased water vapor pressures. As a control, the polyamide (PA) only
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(0.45 pum pore diameter) was tested with the same configuration as the device, and the
measured water flux was in the range of 1.6 to 437.0 L h™* bar m, as shown in Figure
5.6a and b. The graphene-based membranes were fabricated for water transportation with
different thicknesses of 200, 850 and 1120 nm. The fluxes were monitored for an hour. It
was found to be increased with increasing temperatures, with the highest water fluxes of

362.3, 345.8 and 330.6 L h™* bar® m? at 70 C with thicknesses of 200, 850 and 1120

nm, respectively. At a constant thickness of graphene-based membranes, the water flux
proportionally increased with increasing temperature. As demonstrated in Figure 5.6b,
the water flux with a thickness of 200 nm showed the highest water flux 362.3, which is a
comparably high water flux value with commercial desalting membranes: UTCG60 is 15.4
L h™ bar® m?.! In addition, the resulting water flux value is also comparable with that
of a graphene oxide-based membrane reported recently (711 L h™ bar! m?).[8%
Theoretically, according to the equation (1), for the thickest of our graphene-based
membranes (Ax = 1120 nm), the water flux of x L h™ bar* m?is x orders of magnitude
smaller than our experimental results (L h™* bar? m?).[2618

This high water flux is ascribed to the low interaction between the water molecules
and carbon walls, which leads to the single file of water molecules by ordered hydrogen
bonds.[?®?8] |n addition, the low contents of oxygen on our graphene components in the
membrane have nanocapillaries that are in 2D forms. Interestingly, the oxygen-related
functional groups on the graphene layers might hinder water transport in the graphene
due to the strong interactions (hydrogen bonding) between them; this is furthermore
demonstrated by the fact that the graphene oxide-based membranes have been found to

have half the water flux at the same conditions.[*:18:2%-31



(a)

Water vapor pressure (kPa)

(b)

Water flux (L m"~ h” bar")

(c)

Intensity

35 J
30 4
/ .8
25 4 /. -
5 | o & |
/ " -
15 L
. -4
o/
10 - - o L
et 2
. !
54 /. n-
° _—0
s
o - ' L v 1 L L o
20 30 40 50 60 70
600
—a—30°C
—8—40°c
500 1 —A—50°c
—¥—60°C
400 \\,\4 "
300 4
200 4 V\L
v V¥ —y
100 4
A A A A
0 4 II ' 2 2
L} L] L 1
PA Membranes  PA-Gr1A200 PA-GriA850  PA-Gr1A1120
Mamhranac
0.30
——sT
sT24
0.25 ——BBR
BBR24
0.20
0.15
0.10 4
0.05
0.00
A 1 ¥ 1 v 1 ¥ )
300 400 500 600 700

Wavelength (nm)

(ay/jw) xny 193em

60

Figure 5.6 The schematic illustration for the Arrhenius behavior of water flow through
graphene-based membranes. (a) Water flux with temperature through PA membranes. (b)
The water flux with thicknesses with temperature. (c) UV-vis spectrum of permeate
organic dye through graphene-based membranes.
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In order to verify the assumption, the hydrophilic organic dyes were transported
through the membranes, such safranin T (ST) and brilliant blue R (BBR) at a
concentration of 10 uM. As shown in Figure x, the filtration measurement for organic
dyes of ST and BBR were carried out under the pressure-driven filtration at relatively low

pressure (at 40 C), followed by measurement of the concentration of permeate solutions.

In Figure 5.6c, both ST and BBR were not detected in the permeate solutions by
comparing the absorption intensity through a UV-vis spectrometer. According to the
chemical structure of graphene and organic dyes, the lack of permeability of the organic
dyes could possibly be attributed to the m-m interactions between the dyes and the
graphene, leading to the direct absorption of dyes into the graphene layers.

Second, the self-diffusion of ions through graphene-based membranes was
evaluated by constructing another homemade device, as shown in Figure 5.7a. The
graphene-based membranes were inserted in the middle of two containers and sealed with
an O-ring: one side of container was filled with 20 mL of 500 mM sodium chloride (NaCl)
solution (the source solutions) and the opposite side of the container was filled with the
same volume of DI water (the drain solutions). In order to prevent concentration
gradients, the two solutions were magnetically stirred. During the diffusion of ions
through membranes, 100 pL of the source and the drain solutions were removed every 30
min, and diffusion rates were calculated by measuring the drain solutions with a
conductivity meter and ICP-OES for conductivity and cation values, respectively.

In Figure 5.7b, the measured conductivities of permeates of the NaCl solutions are
plotted for all membranes such as PA membranes, GrlA, and Gr4A membranes. For the

thickness of 200 nm, the permeate conductivity through GrlA- and Gr4A-based
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membranes was decreased by 67.7% and 64.5%, respectively, at 120 min for comparison

with the PA membranes.
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Figure 5.7 The ion diffusion through graphene-based membranes. (a) The schematic
illustration for the ions diffusion through graphene-based membranes. (b) The ion
diffusion rate through graphene-based membranes by using a concentration fo 500 mM
NaCl solution, where are consisted of the exfoliated graphene produced at 1 A and 4 A,
respectively. (c) and (d) show the Na® ion permeation rate through graphene-based
membranes with thicknesses.

For an accurate Na™ concentration, it was measured with ICP-OES and there is a

linear relationship between the conductivity and concentration of Na*. In Figure 5.7c, the

change in transported ion concentration indicates that the permeability of the Na* was
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proportionally increased. However, the thickness of graphene-based membranes has
blocked the transportation of ions through membranes. In the case of Gr1A, the Na* ions
decreased from 0.92 mM h™ to 0.63 and 0.58 mM h™ for thicknesses of 850 and 1120 nm,
respectively. Similarly, the concentration of Na* ions decreased from 0.89 mM h™ to 0.60
and 0.55 mM h™* for thicknesses of 850 and 1120 nm of Gr4A, respectively.

The results, in Figure 5.7d, reveal that the ion permeations have similar tendencies
according to the thickness of the graphene-based membranes and diffusion time for Gr1lA
and Gr4A. However, as the amount of oxygen-related functional groups was increased,
the Gr4A-based membranes show a higher efficiency for ions retention than that of Grl1A.
For the same thickness of membranes, the controllable degree of graphene oxidation is
28.1 % (GrlA) to 53.9% (Gr4A), for water purification, the permeation efficiency of
Gr4A-based membranes is slightly smaller than that of Gr1A, in the range of 94% and
96%. More importantly, the hydrophobic portion of graphene can facilitate water
permeation, but the oxygen-related functional groups can block ion permeation, which

leads to the high salt rejection efficiency along with high water permeation rates.

5.4 Conclusion

In conclusion, we have developed a novel aqueous arc discharge process to
produce graphene with a controllable number of oxygen-related functional groups on
graphene sheets. The ultrathin graphene-based membranes were fabricated from different
amounts of oxygen on graphene by a vacuum-assisted assembly process. The graphene

sheets compactly stack on each other, constructing well-defined 2D nanochannels, and
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the hydrophobic carbon nanochannels favor high water flux and show excellent

performance for retention of organic dyes based on the mechanisms of physical sieving

and hydrophobic interaction. Otherwise, Gr4A with high numbers of oxygen on graphene

sheets has an excellent ion retention compared to bare polyamide membranes, which are

highly affected by interactions at the water-graphene interface leading to lowering

friction between hydrophobic surface and water, preventing hydrogen bonding. Further

improvement of graphene-based nanofiltration might include optimizing the size and

density of holes on the graphene sheets, adjusting the space between graphene sheets, and

increasing the antifouling property by chemical modification.
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Chapter 6: A seamless process for crumpling graphene into nanospheres
6.1 Introduction

The ability to manipulate the three-dimensional (3D) architecture of graphene is
desirable for introducing unique properties that improve the performance of the materials
for applications in energy generation/storage,[1-4] composites,[5-7] biomedicine[8] and
environment.[9] The elasto-plastic properties of graphene can be irreversibly deformed
into 3D structures by means of applied compressive force to generate ridges and vertices
on two-dimensional (2D) graphene sheets.[10-12] The plastically deformed ridges can
stabilize the individual particles and prevent them from forming restacked aggregates,
which are the major drawback of 2D nanostructure due to their strong van der Waals
attractions.[13-15] In the case of the plastic deformation, 2D graphene sheets ideally
avoid interaction with other graphene sheets (self-avoidance) and the confinement force
generates the crumpled 3D structure. The force to crumple 2D graphene sheets is
governed by the fractal scaling law by[11,12,14]

M o< Ry P (1)
where M is the mass of the 2D graphene sheet, Ry is the crumpled particle diameter, and
D is the fractal dimension of the crumpled particles. D varies as 2 <D <3, where D = 2 is
a flat sheet, D = 3 is a sphere, and D = 2.5 is for self-avoiding sheets. Several synthetic
methods to produce crumpled 3D graphene particles from 2D sheets have been developed
which include aerosol pyrolysis,[3,4,9,13-15] microwave,[1] and substrate regulation.[7]

In the case of the aerosol pyrolysis, water-soluble graphene oxide (GO) is

irreversibly deformed into a crumpled 3D architecture despite the high Young's modulus
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(207.6 = 23.4 GPa for monolayer of GO).[14,15] In this process, the aqueous GO
dispersion was atomized into fine droplets causing their rapid evaporation, which induces
capillary compressive forces that produce the crumpled GO particles. A recent study has
demonstrated the proportional relationship between the evaporation rate and the
confinement force that induces the morphological transition of 2D graphene into 3D
structural particles.[15] With this morphological transition strategy, the resulting
crumpled graphene oxide spheres show highly aggregation-resistive properties that
allows their dispersion in common solvents without chemical functionalization. The
particles remain individually dispersible even after high-pressure compression results in
higher specific surface area.[13] While the aerosol pyrolysis process is relatively simple,
the resulting particles have intrinsic problems that include poor electrical conductivity
due to residual oxygen in the basal plane and the edges of graphene even after further

chemical or thermal reduction processes.[17,18]

6.2 Experimental Section

6.2.1 Synthesis of crumpled graphene nanospheres

The schematic of the arc discharge apparatus is shown in Figure 6.1. High purity
graphite electrodes were aligned vertically and used as the cathode (6 mm in diameter,
99.999%, Aldrich) which moves up and down at 2 pps (pulse per second) to contact the
fixed anode (12 mm in diameter, 99.999%, Aldrich). Both electrodes were connected to a

DC power supply (Instek, SPS-3610) and submerged in deionized water (18.2 MQ). The
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initial voltage and current were 25 V and ~4 A. N, gas was continuously supplied into the
water to purge O, out. Once the graphene nanosheets were produced by the arc discharge
in the water, the particles floated to the surface of the water and self-assembled into large
graphene films. To produce crumpled graphene balls, toluene was supplied into a
surfactant soultion (1% w/v, polyvinylpyrrolidon, Mw ~50k) as a dispersed phase in O/W
emulsions at rates ranging from 100 pl/hr to 600 pl/hr. With the same arc discharge

procedure as before, graphene sheets and particles were produced.

6.2.2 Characterization

The exfoliated graphene nanosheets were characterized by Raman spectroscopy
using a 514 nm laser (Renishaw, inVia Raman microscope) in order to evaluate the
number of the exfoliated graphene layers. In addition, atomic force microscopy (AFM)
images of graphene sheets were taken in tapping mode using a SPM Dimension 3100
from Veeco. Moreover, the specimen of graphene nanosheets were observed by the
optical microscopy. The morphological structure was observed by scanning transmission
electron microscopy (STEM, using HITACHI STEM facility) and cryo-electron
microscopy (FEI, Tecnai G? Sphera). The chemical composition was investigated by x-
ray photoemission spectroscopy (XPS, AXIS Nova), followed by estimating the defects

in the graphenes.

6.3 Results and Discussion
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A schematic representation of the aqueous single reactor arc discharge process to
produce 3D CGrSs is shown in Figure 6.1. The arc discharge was initiated by bringing in
contact and separating the two graphite electrodes submerged in DI water followed by
applying the voltage (25 V). Toluene was supplied as a dispersed phase at the injection
rate of 600 pl/hr to form O/W emulsions through a hole inside the bottom anode into a

water solution containing polyvinylpyrrolidone (Mw ~50k) at a concentration of 1% w/v.

Toluene droplets

1 wt% PVP in DI water

Figure 6.1 Schematic illustration of the experimental setup for the aqueous single reactor
arc discharge process for crumpling 2D multi-layered graphenes (MLGSs). by adopting
toluene droplets. The inset shows an image of the exfoliated highly wrinkled 2D MLGs
by scanning transmission electron microscopy (STEM) without toluene droplets (scale
bar: 3 um).
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Heating and Evaporation «

N ? shrink

Figure 6.2 Schematic illustration of the crumpling process. The exfoliated graphene are
entrapped by oil-in-water emulsion and the crumpling process occurred by evaporation of
toluene.

Subsequently, as shown in Figure 6.2, the O/W emulsion can encapsulate the 2D
MLGs inside the toluene droplets or the interface between toluene and water depending
on the difference in the solvation energy and the hydrophobic properties of the graphene
layers. The O/W emulsions can exert significant force to induce the deformation of the
entrapped graphene producing higher curvatures.® The deformation of the 2D MLGs is
accelerated as toluene is evaporated by heating from the arc discharge process followed
by capillary compression. Figure 6.3 shows the resulting sphere-like particles which have
about a 600 nm diameter with a crumpled/wrinkled surface. In addition, the spherical
particle has a hollow structure consisting of crisscrossing ridges on a smooth thin surface
layer. The combination of O/W emulsion and the arc discharge process produces unique

morphological distinct individual 3D CGrSs particles.
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Figure 6.3 The Spherical graphene-based nanosphere. A scanning transmission electron
microscopy (STEM) images illustrating spherical features of 3D CGrBs at the injectrion
rate of 600 ul/hr which have a hollow structure of few ridges on thin layer (scale bar: 300
nm). The inset of image of the graphene-based sphere to show a hollow structure.

The degree of deformation and the size of 3D CGrSs can be tuned by controlling
the injection rate of toluene in O/W emulsion and results for injection rates of 100, 200
and 600 pl/hr are shown in Figure 6.4a, b, and c, and the individual particles are
presented in Figure 6.4d, e, and f, respectively. The size of the crumpled particles range
from 200 nm to 1000 nm in diameter at three different injection rates, but are not largely
affected by the injection rate of toluene. On the other hand, the degree of deformation
producing ridges and vertices increases with decreasing injection rate of toluene from 100
ul/nr to 600 pl/hr. The confinement force to crumple 2D MLGs is dependent on the

evaporation rate and the concentration of the dispersed graphene.
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Figure 6.4 STEM images for the crumpled graphene balls corresponding to the rate of
the injected toluene into aqueous single reactor arc discharge system. (a), (d) at the rate of
100 ul/hr and its individual particles. (b), (e) at the rate of 200 ul/hr and its individual
particles. (c), (f) at the rate of 600 ul/hr and its individual particles. The inset image in (f)
shows its hollow structure by transmission mode with STEM. The scale bar shown in

each image.

As the 2D graphene sheets overlap during the irreversible deformation, the higher

graphene sheet concentration results in thicker graphene flakes leading to larger particles,
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which is demonstrated by TEM images at injection rates of 100 pl and 600 pl,
respectively. However, the concentration of 2D MLGs produced is maintained at the
same level because the applied voltage and current are constant during the arc discharge,
which leads the average size to be largely unaffected by the injection rate of toluene. The
degree of deformation of the 2D MLGs decreases as the surface area of the individual
toluene droplet is increased by the higher injection rate. This is due to the higher
concentration of the 2D MLGs at the interface between water and toluene within each
droplet. Therefore, the highly crumpled particles can be obtained at lower injection rates.
At the higher injection rate (600 pl/hr), particles with thicker graphene layers are formed,
making them highly resistant to deformation. These structures were also found to be
hollow at the center and contained few ridges on their surface as shown in Figure 6.4c
and f. The 2D graphene sheets can also be rolled into carbon nanotube structures a few
nanometers in diameter without breaking chemical bonds, this irreversible deformation of
graphene into 3D crumpled structure was evaluated in terms of the confinement force
necessary for plastic deformation.

In further investigating the arc discharge plasma zone, we have found that our
particles were largely produced by an exfoliation process unlike conventional arc
discharge in water. In our arc discharge process, the temperature will rise up to less than
2000 K at 4 A, which demonstrate that the 2D MLGs are produced by an exfoliation
process. This assumption is supported by the observation of very large, kinks and folded
structures in the graphene sheets by scanning transmission electron microscope (STEM),
as shown in the inset of Figure 6.3. These are morphological features commonly

observed in exfoliated graphenes.[17]
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As we demonstrated, the arc discharge in water generates a plasma zone composed
of electrons and O*, O** and H* ions.[*”! We assumed that the oxidation occurs during the
exfoliation due to the chemical reaction of a few carbon radicals with these reactive
species. In order to prove our assumption, X-ray photoelectron spectroscopy (XPS) was
performed as a direct means to estimate the number of defects in 2D MLGs, and the 3D
CGrSs that were produced with the same condition.

Results for the XPS analysis are shown in Figure 6.5. In wide-scan XPS spectra,
the peaks appearing at 284.90 eV and 532.90 eV can be assigned to Cls and O1s,
respectively, which indicate the oxidation of 2D MLGs and 3D CGrSs during the arc
discharge in water, shown in Figure 6.5a. High-resolution C1s XPS spectrum for 2D
MLGs and 3D CGrSs are shown in Figure 6.5b and c. Deconvolution of the spectra for
2D MLGs indicates that the relative content of the non-oxygenated ring C atoms (284.5
eV) was 46.1%, that of C atoms in C-O bonds (285.9 eV) was 34.8%, and that of
carboxylate C atoms (O-C=0, 288.15 eV) was 19.1%, shown in Figure 6.5 b. Moreover,
deconvolution of high-resolution C1s spectra for 3D CGrSs indicates that the relative
content of the non-oxygenated ring C atoms (284.4 eV) was 58.3%, that of C atoms in C-
O bonds (286.2 eV) was 32.2%, and that of carboxylate C atoms (O-C=0, 288.5 eV) was
9.5%, shown in Figure 6.5c. Based on the XPS data, the defects in the sample arise from
the oxidation by reactive species in the plasma zone, and the relative content of the non-
oxygenated ring C atoms is much higher than that of conventional GO obtained using
chemical methods.[18,19] Therefore, the chemical composition of the graphitic carbon
particles produced by the arc discharge in O/W emulsions are comparable to reduced 2D

graphene oxide sheets or 3D graphene particles.
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Figure 6.5 X-ray photoemission spectroscopy (XPS). (a) Surface analysis results of 2D
MLGs and 3D CGrBs surfaces characterized by using XPS. The top graphs show the
XPS survey results of 3D CGrBs on top and 2D MLGs on bottom. (b) High-resolution
XPS of the C 1s peak for 2D MLGs. (c) High-resolution XPS of the C 1s peak for 3D
CGrBs. (d) Raman spectra of 3D CGrBs (black, top) and 2D MLGs (red, bottom). The
ratio of Ip/lg is 0.12 for 3D CGrBs and 0.13 for 2D MLGs, respectively.
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Raman spectroscopy was used to investigate the graphitic carbon structure and
quality of the 2D MLGs and the 3D CGrSs. In the Raman spectra shown in Figure 6.6,
the 2D peaks correspond to the specific stacked number of layers. In the 2D peaks for the
2D MLGs, a peak is observed at 2688 cm™, which indicates that the exfoliated graphene
is stacked less than 10 layers;[22, 23] the intensity at 2660 cm™ indicates a monolayer of

graphene, and the peak shift to 2690 cm™ indicates an increase in the number of stacked

layers.[23]
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Figure 6.6 Raman Spectra of 3D CGrBs and 2D MLGs. Raman spectra of 3D CGrBs
(black, top) and 2D MLGs (red, bottom). The ratio of ID/IG is 0.12 for 3D CGrBs and
0.13 for 2D MLGs, respectively.

The intensity of the D-peak at 1351 cm™ is associated with defects in the graphene.
We note that the intensity of the D-peak is significantly smaller than the G-peak at 1578

cm™, and the ratio of D/G is 0.13. In addition, the 3D CGrSs were also investigated and
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the peak positions are not changed. The intensity of the D-peak at 1351 cm™ is still
significantly small compared to the G-peak at 1578 cm™, and though the relative intensity
of the D-peak is slightly decreased (D/G ratio = 0.12) compared to the exfoliated
graphene sheets, the structural quality from Raman spectroscopy demonstrates that the
2D MLGs and 3D CGrSs retains their unique pristine structure and contain few defects.
In order to investigate the mechanism of 2D MLGs deformation into 3D CGrSs,
the number of stacked layers was analyzed by means of atomic force microscopy (AFM).
We used atomic force microscopy (AFM) to measure the height that allows the
calculation of the number of layers, as shown in Figure 6.7. Under the AFM, the
graphenes appear to be a very uniform in thickness. The thickness of 2D MLGs was ~4.8
nm, which indicates that the exfoliated graphene are stacked 6 to 7 layers, based on the

fact that the thickness of a monolayer of graphene oxide sheets is ~0.7 nm.[18]

(a)

(b) 2
MWNWW

Figure 6.7 Materials Characterization using Atomic force microscopy (AFM): a)
Topographical images of the exfoliated 2D MLGs. b) The height profile of the 2D MLGs
along the line marked in (a).

6 8 10 um
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For the size distribution of the exfoliated graphene, systematic statistical analysis
was performed by the combination of optical microscopy and Raman spectroscopy.
Graphene sheets of SiO; on Si were observed to be 300 nm thick, as shown in Figure 6.8.
Figure 6.8b shows that the size distribution of the exfoliated multi-layered graphene is

141.5 + 13.5 pm?.

b 35
( ) Average size = 141.5 + 13.5 pm?

0
100 200 300 400 500 600 700 800

Area (um?)

Figure 6.8 Size distribution of the exfoliated graphene for estimation of the crumpling
force. (a) Light microscope image of the exfoliated 2D MLGs on SiO,/Si substrate (SiO;
thickness: 300 nm). (b) size distribution of the exfoliated 2D MLGs analyzed by Image J
from 100 optical images of the 2D MLGs.

The crumpling mechanism and confinement forces involved in 3D CGrSs can be
evaluated as non-interacting materials (self-avoidance) such as paper and foils.[10-
12,14,15] According to the fractal scaling law, the fractal dimension can be obtained by
plotting the calculated mass of 3D CGrSs as a function of the diameter of the resulting

particles. The linear relationship of 3D CGrSs mass as a function of diameter for the
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entire particles size is presented on a log-log scale in Figure 6.9. By fitting the data to

Equation (1), the fractal dimension is obtained as D = 2.29 for 3D CGrSs in Figure 6.9.
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Figure 6.9 Calculated mass of 3D CGrBs as function. The entire particles size range
according to the scaling law presented by log-log scale. Data scaled to data at 100 nm.
Inset shows 3D CGrBs mass corresponding to their diameter.

The confinement force was also calculated separately with the assumption that the

particles shown in Figure 5.4a and Figure 5.4c have a perfect spherical structure with D =

3. The crumpling process is related to the compressive/capillary force produced during

toluene evaporation. The confinement force is associated with the Young's modulus and

the 2D MLGs thickness by,

o (2)7
P=Pm \yh h

)3—D 2
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where p is the mass density of a spherical particle, p is density of GO (1910 kg/m°), Y is
the two-dimensional Young's modulus, R is the particle radius, h is the sheet thickness
(4.8 x 10 m for the measured 2D MLGs), D is the measured fractal dimension of GO
(2.29), and 9 is the force scaling exponent for a non-interacting sheet (0.25).[11] For Y,
we used the two-dimensional elastic constant of a single reduced graphene oxide sheet

(129 N/m).[24] The density, p, is evaluated directly from our mass-diameter measurement.
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Figure 6.10 Calculation of the confinement force. Geometric mean diameter of 3D
CGrBs and the confinement force corresponding to D=3 (top, red) and D=2.29 (bottom,
blue), respectively. The confinement force for D = 2.29 is magnified in the inset.

Figure 6.10 shows that the confinement force is around 70 uN for a spherical

particles (D = 3) and 2.6 uN for crumpled particles (D = 2.29) in the inset of Figure 5.10,
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respectively, which is inversely proportional to diameter of the 3D CGrSs. In the case of
crumpled particles (D = 2.29), the size distribution of the exfoliated 2D MLGs ranges
from 10 pm (100 um?) to 35 um (1000 pm?) corresponding to the change in diameter of
the 3D CGrSs from 300 nm to 1000 nm. Therefore, the crumpled particles are likely
composed of a single sheet or just a few sheets of 2D MLGs as reported in other
studies.[12] For the sphere with D = 3, the confinement force was evaluated as shown in
Figure 5.10. The confinement force was found to be ~70 uN, a much higher value than
for the crumpled particles. The confinement force is proportional to the evaporation rate

of the droplets (F o k*?).[15]

(@) §

Figure 6.11 The number of stacked graphene layers. TEM images demonstrating the
morphology and the thickness of 3D CGrSs at different injection rate. (a) the injection
rate of 100 pl/hr and (b) the injection rate of 600 pl/hr (scale bar: 5nm)

In addition, the volume of the toluene droplet increases in surface area, which leads
to a higher concentration of graphene at the interface between water and toluene.
Increased numbers of layers are formed at the interface, resulting in a higher bending

modulus and less deformation. This leads to higher resistance against deformation and
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larger particles because the confinement force has the relationship, F o C-*'.[15]
Therefore, the slower evaporation of the toluene droplet and the higher concentration of

graphene produce greater compression forces creating spherical particles.

6.4 Conclusion

In conclusion, we have developed a seamless aqueous single reactor arc discharge
process in O/W emulsion that produces 2D MLGs which then transition into 3D CGrSs
through plastic deformation. Our arc discharge process has three important features: 1)
2D multi-layered graphene is produced by the exfoliation process of the graphite
electrodes, wherein the low defects such as bonding with oxygen is comparable to
reduced graphene oxide (rGO); 2) the degree of deformation of the 2D MLGs can be
tuned by controlling the injected amount of oil (toluene), which leads to the controllable
morphological features of the exfoliated 2D MLGs; and 3) the confinement force to
crumple 2D MLGs is around 2.5 pN (D = 2.29) and increase to 70 uN for a spherical
particles (D = 3). In the future, the crumpled graphene particles may accommodate
organic/inorganic nanoparticles for various applications demanding a high specific

surface area of graphene.

Chapter 6, in part, is a reprint of the material as it appears Sejung Kim, Youngjun
Song, Tsukasa Takahashi, Taeseok Oh, and Michael J. Heller, An aqueous single reactor

arc discharge process for the synthesis of graphene nanospheres. The dissertation author
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was the primary investigator and author of this material.
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Chapter 7: Conclusions and Future Directions

In this work, we have developed a novel synthetic process to produce a controllable
number of graphene layers and an adjustable degree of oxygen-related defects by
lowering the arc discharge power during the manufacturing process. In addition, a
morphological transition has been achieved with the use of an O/W emulsion.

First, the capability to control the number of graphene layers and the degree of
oxidation of graphene has been easily achieved by adjusting the arc discharge power. The
conventional arc discharge in water evaporates carbon molecules from the graphite
electrodes by using high current, which can heat up to 4000 K (sublimation temperature
of graphite), followed by recombination into a specific shape of particles such as carbon
onions and carbon nanotubes. However, unlike the conventional arc discharge in water,
the graphene is exfoliated from the graphite by heating up to less than 2000 K, which is
enough to thermally expand the interlayer distance between graphene followed by water
cavitation to induce a mechanical fluctuation in the surface of the graphite. The number
of stacked graphene layers can be controlled by lowering the current level down to 1 A,
which leads to a reduction in the arc discharge power. At 1 A, the number of graphene
layers is 2 to 3 with 78 %. Otherwise, the arc discharge can produce multi-layered
graphene (4-7 layers with 78%). The exfoliated graphene has the feasibility to be used as
transparent electrodes with high transmittance by transferring graphene films onto a
transparent substrate. There is still a need to optimize the production of a monolayer of
graphene by adjusting the arc discharge power and the properties of the dielectric

medium in a practical scalable way.
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Second, the aqueous arc discharge was created by two graphite electrodes used as
an anode and cathode using water as the dielectric medium. Conveniently, the water was
shown to be an effective collector for the produced graphene and also acted as a coolant
to maintain a stable temperature during the process. In addition, the water can be used as
a source of ions such as O, O™, H" in the plasma zone and provides oxygen ions for the
oxidation of the graphene. Elemental analysis results demonstrated that the degree of
oxidation of graphene can be controlled according to the arc discharge power by forming
oxygen-related functional groups on graphene layers. Moreover, the concentration of ions
produced by an arc discharge is proportionally increased with power. The controllable
degree of oxidation of graphene has been investigated in applications for use as a water
desalination membrane. According to the affinity of graphene to water, the graphene-
based membranes enhance the salt rejection rate and the water flux across the graphene-
based membranes. However, for the application of water desalination, the fabrication
process should be modified in order to make a highly smooth graphene-based membrane
surface to enhance the salt ion rejection performance and to maximize the water flux.

Lastly, the arc discharge process has been found to be a seamless process for
crumpling graphene into graphene-based nanospheres: the use of O/W emulsion systems
during the manufacturing process results in the conversion of 2D nanostructures into 3D
nanostructures. The hole at the fixed cathode can supply toluene into the arc discharge
system and the rate of supplied toluene can be adjusted. The produced graphene can be
crumpled from 2D to 3D structures by suppling an oil phase into the process. The
graphene can be encapsulated inside oil droplets followed by the evaporation of oil. The

degree of crumpling can be controlled according to the amount of toluene supplied into
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the system and the confinement force can be calculated in the range up to 70 uN for
graphene-based nanospheres. Furthermore, this seamless arc discharge process can
produce graphene-based composite particles with other various nanoparticles such as
silicon nanoparticles, and metal/metal oxide nanoparticles. Beyond this effective
synthetic process, the arc discharge can be developed in a more effective and scalable

way to produce high quality graphene and their composite particles.





