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 Abstract 
 

Graphene, a two-dimensional sheet of atomically thin carbon, has recently gained 

attention due to its excellent electronic, mechanical, and optical properties. It has the 

potential for use in a variety of applications such as circuits, solar cells, and 

transparent conducting electrodes. In order to feasibly produce graphene, practical 

methods for its preparation need to be developed. Current methods, such as 

micromechanical exfoliation (Scotch tape™), solvent exfoliation and chemical vapor 

deposition (CVD) are far from ideal. Micromechanical exfoliation produces minute 

amounts of very small graphene flakes, and CVD is expensive and lacks scalability. 

This work presented in this thesis focuses on producing graphene sheets from 

natural flake graphite. Graphite, composed of stacked graphene sheets, is naturally 

available at low costs. Our use of graphite as a source for graphene will allow for the 

large-scale production of inexpensive graphene. This thesis presents two 

approaches for the preparation of graphene from graphite: chemical modification 

and direct exfoliation. 

Chemically modifying graphite with oxygen functional groups to form graphite oxide 

(GO) increases the interlayer spacing and reduces the van der Waals attractive 

forces holding the stacked sheets together. Oxidation increases the water                  
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dispersibility of the graphene and subsequent reduction restores some of the 

electrical and mechanical properties of the sheets. We study the oxidation process in 

order to optimize the resulting GO material and study the diazonium functionalization 

of the dispersed GO. Diazonium salt addition allows for the addition of nitro groups, 

increasing the water solubility of the graphene sheets and increasing the processing 

options of the sheets. 

Direct exfoliation of graphite to graphene sheets is studied using both experimental 

and computational techniques. First, we demonstrate the use of an equimolar 

mixture of benzene and hexafluorobenzene (B/HFB). This solvent mixture self-

assembles into alternating B/HFB stacks due to strong quadrupolar interactions. We 

find this stacked morphology can be templated by graphene sheets during 

sonication, resulting in order 30 Å from the basal plane of the graphene. This 

ordering suspends graphene in solution by preventing re-aggregation and the result 

is a suspension of exfoliated, pristine graphene in a highly volatile, easily removable 

solvent. A second system, using a water/heptane solvent mixture, is shown stabilize 

the graphene sheets at the interface of the phase-separated solvents in order to 

minimize interfacial energy. This stabilization is then used to form thin, transparent 

and conductive films of graphene as the sheets spread at the interface and climb the 

walls of the sample vials.  
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Chapter 1:  Introduction to Graphene 

 

1.1  Introduction 

 

Graphene is a two-dimensional sheet of sp2-hybridized carbon atoms arranged in 

a honeycomb lattice. The hybridization and arrangement of the atoms leads to a 

covalently bonded sheet that is a single atom in thickness. Therefore, graphene is 

one of the thinnest possible materials known to man. Graphene has been described 

as “the mother of all carbon allotropes,” as it can be wrapped into zero-dimensional 

fullerenes, rolled into one-dimensional carbon nanotubes, or stacked into three-

dimensional graphite (see Figure 1.1). Until the discovery in 2004 by Novoselov et 

al., it was thought that a two-dimensional material was thermodynamically unstable1 

and could only serve to form three-dimensional structures. Geim and Novoselov 

were the first to successfully isolate and experimentally determine the properties of a 

single layer of graphene2, which eventually earned them the Nobel Prize in physics 

in 2010. 
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Figure 1-1 - A 2-D graphene sheet (top) can be manipulated to form 0-D fullerenes 
(left), 1-D carbon nanotubes (center), or 3-D graphite (right)1 Reprinted with 

permission from Nature Publishing Group 
 

Ever since the initial isolation of graphene was made possible, its unique chemical, 

electronic and physical properties have become the focal point of much research. 

Graphene has a tensile modulus of 1 TPa,3 a thermal conductivity4 of 5,000 W m-1 

K-1, a specific surface area of 2,630 m2 g-1,5 an electron mobility6 of 250,000 cm2 V-1 

s-1, good chemical stability,7 transmittance of 97.7% of visible light,4 and is very 

sensitive to electrical perturbations8. The properties of graphene sheets make it an 

attractive material for a variety of applications. For example, graphene can be used 
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as a transparent conductive material,9–12 supercapacitor,13–15 for hydrogen 

storage,16,17 and for chemical sensors.8,18 Additionally, graphene can be produced in 

a variety of ways and a further discussion of these methods is can be found in 

Section 1.3.  

 

1.2  Outline 

 

This thesis focuses on the exfoliation and chemical modification of graphene from 

natural flake graphite. Natural flake graphite is abundant in the environment and can 

be procured at a relatively low cost. Deriving a functional form of graphene from 

natural flake graphite would be practical and useful in industry. The first part of this 

thesis investigates the effects of chemical oxidation and functionalization on 

graphite, while the second part focuses on the solvent exfoliation of graphite via 

ultrasonication without changing the chemical structure of the graphite. Chapters 2 

and 3 introduce the chemical modification of graphite into functionalized graphene 

materials. An experimental study of graphene oxidation, chemical modification, as 

well as a new method of solution sizing of particles is presented in Chapter 4. 

Chapters 5 and 6 include a basic overview of solvent exfoliation of pristine graphene 

from natural flake graphite. Chapter 7 consists of an experimental study of graphite 

exfoliation in a two-phase system. 
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1.3  Methods of graphene production 

 

1.3.1  Micro-Mechanical Exfoliation 

 

The initial isolation and study of graphene in 2004 originated from 

micromechanical exfoliation of highly oriented pyrolytic graphite (HOPG) using 

Scotch tape™.2 This method consists of pressing tape to the surface of graphite, 

which allows van der Waals interactions to remove multiple layers of graphene from 

the graphite. By repeating this method multiple times, sheets of a single graphene 

layer are eventually recovered. Once the single layers have adhered, the tape can 

be dissolved, thus leaving behind freely suspended graphene layers for 

characterization. Though this method produces high quality graphene, there is very 

little useable product for the amount of work invested.  

 

1.3.2  Chemical Vapor Deposition 

 

Currently, one of the most common methods for growing graphene sheets is 

chemical vapor deposition (CVD). CVD works by heating a wafer of metal substrate 

composed of cobalt,19 platinum,20 copper,21 or nickel11 in a low pressure or ultra-high 

vacuum environment. Hydrogen and a carbonaceous gas, typically methane, are 

pumped through the CVD system. When temperatures are elevated, the carbon 

absorbs into the substrate. Subsequent cooling leads to a decrease in carbon 



 5 

solubility within the substrate. Excess carbon is then expelled from the substrate and 

forms layers of graphene on the surface of the wafer. CVD is condition sensitive; 

different metals absorb and expel carbon at varying rates. In order to grow single 

sheets of monocrystalline graphene, controlling for variables such as substrate 

thickness, crystallinity, absorption time, and cooling rate are vital. If the graphene will 

then be used for electronic applications, it must be transferred onto an insulating 

substrate. This transfer process often leads to increased amounts of defects within 

the material.22 

 

1.3.3  Epitaxial Growth  

 

Another method for isolating graphene sheets is epitaxial growth of graphene 

layers from silicon carbide (SiC).23 Similarly to CVD, the SiC wafers are reacted at 

high temperatures, in either an inert atmosphere (such as argon) or an ultra-high 

vacuum. However, unlike CVD, the graphene is formed after sublimation of silicon, 

which leaves behind a carbon layer that covalently bonds together to form graphene. 

The resulting graphene depends upon whether silicon or carbon was exposed on the 

crystal face,24 as well initial surface roughness and heating rates. Heating the 

sample too quickly causes uneven sublimation of the silicon.25 This increases the 

number of nucleation sites and therefore undesirable results are obtained, such as 

smaller graphene sheets and multiple layer formation. Additionally, the temperature 

range required for silicon evaporation is higher for SiC than that of CVD (1400-

1600˚C versus 1000-1200˚C). 
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1.3.4  Solvent Exfoliation 

 

Solvent exfoliation consists of sonicating graphite in solution. Sonication drives 

individual sheets of graphene apart and into the solvent. Separation of sheets via 

sonication can be achieved easily; the difficulty of this method lies in preventing 

individual sheets from reaggregation, which requires a solvent whose interaction 

with graphene is sufficient to compete with graphene stacking. Studies have shown 

select solvents have the ability to disperse graphene and thus prevent 

reaggregation.26 Though this method works, the concentrations of useable graphene 

obtained is extremely low (approximately 0.01 mg mL-1). Typically, an additional 

reagent (polymers27 or surfactants28) is also needed, thus requiring subsequent 

removal of these stabilizers from the final product. 

 

1.3.5  Oxidation and reduction of Graphite 

 

Oxidation of graphite with a strong acid and an oxidizing agent has been studied 

for over a century and a half.29 By reacting graphite with such reagents, a variety of 

covalently bonded oxygen functionalities can be added throughout the graphite. This 

increases the interplanar spacing and causes the material to become more 

hydrophilic. This oxidized graphite can then be exfoliated and reduced chemically,30 

thermally,31 or electrochemically,32 to form single sheets. The final product from 

oxidation and reduction of graphite has residual functional groups that change the 



 7 

properties of the individual graphene sheets, but currently this is considered to be 

one of the most practical approaches to graphene sheet isolation. 

 

1.4  Characterization methods for graphene 

 

In addition to difficulties in the formation of single graphene sheets, there are 

multiple problems associated with characterizing graphene. A single layer of 

graphene absorbs only 2.3% of light, therefore is difficult to detect optically. Silicon 

wafers 100 nm or 300 nm in thickness can be used to visually observe monolayer 

graphene.33 However, preparing and transferring of graphene to a silicon wafer is 

difficult to achieve while keeping the graphene in pristine condition, therefore, 

additional methods of graphene characterization are necessary. Two of the most 

commonly used methods are scanning probe microscopy34–36 and Raman 

spectroscopy37–39. These methods are used to identify quantity and quality of 

graphene material. 

 

1.4.1  Scanning Probe Microscopy 

 

One of the benefits of scanning probe microscopy (SPM) is the ability to measure 

electronic properties at the surface of a material. Atomic force microscopy (AFM) the 

most common method of SPM associated with graphene. AFM requirements for 

scanning, sample preparation and testing conditions are much more flexible than 
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those of SPM techniques. With this method, a cantilever tip scans across an area of 

the sample while a laser measures subtle movements that translate into differences 

in height or attraction. Measurements are taken either in contact mode or tapping 

mode. Contact mode requires that the tip be dragged across the surface of the 

sample. Tapping mode oscillates the cantilever at a set frequency and any changes 

detected in the oscillation height denote different interactions with the sample. The 

study of graphene through AFM has also revealed that observed height can vary 

from 0.6nm to 1nm depending on the type of substrate used and its interaction with 

the graphene sheets.  

The other type of SPM is surface tunneling microscopy (STM); this technique 

brings a conductive tip in close proximity to the surface of a conductive material to 

measure the voltage difference between the two surfaces. An STM scan of graphite 

only shows three of the six carbons in a hexagonal arrangement.41 This is due to 

electron density differences when the graphene sheets that make up graphite are 

stacked in an offset fashion. However, all six carbons of single layer graphene will 

be visible in STM scans. Additionally, any defects in the atomic structure can be 

visualized and quantified to determine the quality of the graphene. 

 

1.4.2  Raman Spectroscopy 

 

Raman spectroscopy provides high-throughput quantitative data. It identifies the 

number of layers as well as the quality of sheets quickly with little need for sample 

preparation, which are limiting factors for SPM. The data obtained from Raman 
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spectroscopy shows that changing the laser wavelengths has very little effect on the 

resulting spectra for graphene,37 whereas other carbon materials such as carbon 

nanotubes exhibit wavelength dependent peaks.42 Spectra of graphene typically 

contain three main peaks of interest (see Figure 1.2a). The two primary peaks occur 

at approximately 1370 cm-1 and 1580 cm-1 and are referred to as the D and G peaks, 

respectively. The D-peak at around 1370 cm-1 corresponds to a radial breathing 

mode of the hexagons, which only arise when defects within the material are 

present. The G-peak is indicative of sp2 hybridized carbon stretching and is 

constantly present. It will also shift and broaden depending on the chemical 

environment surrounding the graphene.  

 

Figure 1-2 - Raman spectra showing (a) the difference in peak intensities between 
the G peak at 1580 cm-1 and the 2D peak at ~2700 cm-1 for graphite compared to 

graphene and (b) the ability of the 2D peak to identify the number of graphene 
layers.37 Copyright 2006 by The American Physical Society 

 
The final key peak of interest is known as either the 2D or the G’ peak. It is located 

at approximately 2700 cm-1 and, like the G-peak, is present in all graphene samples. 
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This peak is a result of a second order, two-phonon mode and is also called the 

fingerprint region. The fingerprint peak is used to determine the number of layers in 

graphite based on its location and shape (as shown in Figure 1.2b). Though Raman 

spectroscopy can provide a great deal of information regarding graphene sheets, 

additional characterization is necessary to identify the types and chemistries of the 

defects involved.37,38 

 

1.5  Conclusion 

 

This chapter introduces graphene and briefly reviews primary methods of 

graphene production and characterization. In the next three chapters we will focus 

on expanding the understanding of graphene oxidation. This technique is used to 

synthesize a more functionally optimal form of graphene oxide for eventual 

reduction. We will also investigate a new characterization method to study the size 

of graphene oxide in solution.  
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 Part I  - Oxidation and Chemical 
Modifications of Graphite 
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Chapter 2:  Chemical modifications of 

graphite  

 

2.1  Introduction 

 

The chemical oxidation of graphite produces graphite oxide, which can then be 

exfoliated to single sheets called graphene oxide. These two materials are 

chemically the same but graphite oxide refers to a stack of graphene oxide layers. 

(Throughout this thesis GO will be used for either of these materials.) 

Graphene oxide is a two-dimensional sheet, though it can have topological defects 

due to oxidation and the breakage of sp2 hybridization. These defects dramatically 

alter the properties of GO from its sister compound, graphene. Oxidation turns 

graphite into an insulating material and can double the inter-sheet spacing, 

depending on the environmental conditions. These property variations are attributed 

to the presence of oxygen functionalities, which cause chemical changes that enable 

GO to be water dispersible. The decreased electrical properties initially resulted in 

few uses for GO as anything other than an intermediate material for reduced 

graphene oxide (rGO). Exfoliation and reduction of the GO (thermally or chemically) 

results in a large percentage of oxygen functional groups being removed from the 

sheets and the individual graphene sheet-like properties partially return. It is not 

possible for the rGO sheets to be completely flawless; defects are still present due to 
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residual functionalities. These rGO flakes have increased conductivities and are no 

longer dispersible in water, the key difference between GO and rGO. 

 

2.2  Overview 

 

The next three chapters will focus on various aspects of chemical modification and 

characterization of graphite. First, an overview of graphite oxidation and reduction 

along with their respective properties, uses and ongoing research will be presented 

in order to set a base level of understanding for the reader. Additionally, the 

experimental methods of various studies will be discussed in order to understand the 

oxidation process of GO, its chemical modification to rGO and our newly developed 

technique to measure the properties of GO in solution. Finally, results from our three 

main bodies of work are discussed in depth.  We begin by identifying how graphite 

oxide evolves as a function of oxidation time, which aids us to better understand and 

control its synthesis. We also discuss chemically modifying rGO to reintroduce the 

electronic properties of graphene while still maintaining water dispersibility, a 

property that would make processing graphene films feasible. Lastly, we discuss a 

new method to study the morphology of GO in solution versus in dry flake form. 
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2.3  Graphite Oxidation: Methods, Structure and Reduction 

 

2.3.1  Methods of Oxidation 

 

In 1859, Benjamin Brodie first reported the oxidation of graphite while conducting 

research at the University of Oxford.29 Brodie attempted to determine the molecular 

weight of graphite and determine differences between various graphite sources. His 

reaction method is currently one of the most common ways to produce graphene 

sheets through oxidation and reduction of graphite. There are three basic 

approaches for the oxidation of graphene: Brodie’s synthesis, Staudenmaier’s 

synthesis43 and Hummers’ synthesis,44 developed in 1859, 1889, and 1958, 

respectively. All three methods use a strong acid and a strong oxidizing agent to 

complete the reaction. A comparison of these methods and their resulting materials 

is shown in Table 2.1. 
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Table 2-1 : A comparison of different methods commonly used to synthesize 
graphene oxide 
 

  Brodie Staudenmaier Hummers Modified Hummers 
Year 1859 1898 1958 1999 2004 
Oxidants KClO3, 

HNO3 
KClO3 (or 
NaClO3), 
HNO3, 
H2SO4 

NaNO3, 
KMnO4, 
H2SO4 

Pre-ox: 
K2S2O8, P2O5, 

H2SO4  
ox: KMnO4, 

H2SO4 

NaNO3, 
KMnO4, 
H2SO4 

C:O ratio 2.16 1.85 2.25 1.3 1.8 
Reaction time 3-4 days 10 days 2 h 6 hr pre-ox + 2 

h ox 
5 days 

Intersheet 
spacing [Å] 

5.95 6.23 6.67 6.9 8.3 

 

A typical oxidation reaction involves addition and dispersion of graphite in an acid 

followed by the addition of an oxidizing agent. Due to the exothermic nature of the 

reaction, the flask is constantly stirred while the temperature is controlled in an ice 

bath. In some cases, the reaction is allowed to proceed for up to five days. 

The oxidation process permeates the graphitic structure and adds various oxygen 

functionalities to the graphene sheets, which break up the sp2 hybridization and 

increase the interlayer distance. This increased spacing reduces the van der Waals 

forces between layers, thus lowering the energy requirement to exfoliate to single 

layers. Additionally, the increased presence of oxygen functionalities enhances the 

hydrophilic nature of the sheets by making them dispersible in water when 

sonicated. 
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Figure 2-1 - (Top) TEM image of graphene oxide cast from water onto a 

nitrocellulose film with holes. (Bottom) Transparency corresponding to line through 
top indicating a single graphene layer.45 

 

In the early 1960’s Hanns-Peter Boehm studied graphite oxide’s variations in layer 

spacing based on the swelling medium used.45 He showed that at low 

concentrations in 0.01M NaOH, the sheets become completely separated from one 

another. His work also studied the reduction effects of hydrazine hydrate and 

showed that it decreased the interlayer spacing of graphite oxide to almost to that of 

graphite. Boehm used an early TEM to study graphene flakes on a ~100 Å 

nitrocellulose film and observed that the intensity on the photographic plate could be 

used to determine the thickness of the sheets. Figure 2.1 shows a single layer of 

graphene oxide extracted through this method. X-ray diffraction and methylene blue 

surface area measurements show that the average thickness of the sheets is two to 
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three layers. This is widely believed to be the first discovery of single layered 

graphene or at least the first observation of single layer graphene.46 

 

2.3.2  Structure of graphite oxide 

 

Although graphite oxide has a long history, it is still a widely misunderstood topic. 

The oxidation of graphite is a heterogeneous reaction that creates a structure that is 

not predictable and difficult to control. To date, a variety of structures have been 

proposed and are summarized in Figure 2.2. Over the years many experimental and 

theoretical studies have been used to further understand the structure of graphite 

oxide yet no definitive results have been proven and it is still an ongoing field of 

study. 

In 1939, Holst and Hofmann proposed a model in which only epoxy groups exist 

as chemical functionalities on the graphite.47 Additionally, these groups attached to 

neighboring carbons (1,2 ether), which had no effect on the sheet morphology. 

These functionalities are randomly attached throughout the basal plane, leading to a 

molecular formula of C2O. Years later, Ruess proposed that the sheets were, in fact, 

not planar, an idea still present in current theories.48 He theorized that the sheet was 

decorated with hydroxyl and 1,3 ether functionalities instead of epoxy functionalities. 

Hofmann et al. modified this structure slightly by adding the concept of enol- and 

keto-type functionalization to explain the acid-like properties of GO.49 In 1969, 

Scholz and Boehm disputed the idea of epoxy and ether groups altogether and 

proposed a structure completely consisting of hydroxyl and carbonyl groups.50 
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Shortly after this, Nakajima and Matsuo proposed a similar theory with hydroxyls, 

except, they proposed that the sheets were connected into a 3-dimensional network 

via epoxy linkages.51 Later, Szabo and Dakeny incorporated the functional groups 

from both the Ruess and Sholz-Boehm models into their model.52 Currently, the 

most widely accepted model is that proposed by Lerf et al. in 1998.53 Using NMR, 

they assigned shifts to 1,2 ethers and hydroxyls and proved the existence of these 

structures on the GO. Additional studies have used X-Ray photoelectron 

spectroscopy to identify the existence of carboxyl and carbonyl peaks that are 

located on the sheet edges.54  

 

Figure 2-2 - Schematics of various common models of the structure of graphene 
oxide. 47-53 
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Another newly introduced model supports the Lerf model but claims that the 

number of functional groups on the graphene sheets is much lower than previously 

claimed. This work by Rourke et al. claims that instead of being highly oxidized 

sheets, the majority of the graphite oxide has only minor oxidation with oxidative 

debris mixed in that interacts very strongly graphite oxide.55 They believe these 

highly oxidized debris moieties act as a surfactant to stabilize the non-reacted 

graphene layers. They also propose that through base washing the system, the 

oxidative debris is stripped from the surface of the graphite oxide. The remaining 

graphite oxide regains electrical conductivity but loses the ability to be dispersed in 

water.  

All of the previous models of graphite oxide structure investigate a static structure 

for the functional groups, which many believe is incomplete. Current research 

focuses on identifying a dynamic structure, which can interact with its surroundings 

to form functional groups in solution. The most prevalent of these theories is by the 

Tour group who have shown that graphene oxide initially consists of epoxy and 

hydroxyl groups, but with prolonged exposure to water will generate a reaction that 

cleaves a carbon-carbon bond, thus forming a carboxylic acid.56 Over time, these 

reactions degrade the graphite oxide to a system more comparable to humic acid. 

In addition to the chemical nature of GO, morphology is another area of current 

research interest. As mentioned before, graphite oxide has an increased interlayer 

spacing and the sheets have a puckered or wrinkled morphology. Additionally, 

chemical functionalization is not uniform throughout the sheet. This allows for some 

regions of the sheet to retain their sp2 hybridization while other regions are more 
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highly reacted and can even have holes in the sheets (see Figure 2.3). These 

differences in sheet morphologies and surface chemistries drastically vary the 

majority pristine graphene properties. 

 

 

Figure 2-3 - A false color high-resolution TEM image of graphene oxide showing 
defect free graphene (grey), holes (yellow), ad-atoms (red), topological defects 

(green) and disordered single-layer carbon networks (blue).152 
 

2.3.3  Reduction and Chemical Modification 

 

Due to the insulating nature of GO it has limited uses in industrial applications until 

after reduction when its electrical properties have been restored. Reducing GO by 

thermal and chemical routes is relatively easy to achieve and has helped to make 

GO a popular source of graphene-like sheets. Reduction of GO typically happens by 
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removal of hydroxyl and epoxy groups from the basal plane, though some 

mechanisms may additionally remove carboxyl groups.  

Chemical reduction involves sonication of GO to exfoliate and disperse it in a polar 

solvent, typically water. A reducing agent is then added to the colloidal dispersion of 

the oxidized flakes. Ruoff et al. were able to show the reduction mechanism of GO 

with hydrazine hydrate at 100 ˚C.54 The solution turns from a typical yellow-brown 

dispersion of GO to a black precipitate, indicating the loss of the stabilizing oxygen 

functionalities and the return of long-range conjugation. A variety of other reducing 

agents like sodium borohydride,57 ascorbic acid,58 and hydroquinone59 can also be 

used to form rGO., 

Schniepp et al. developed a one-step thermal reduction mechanism in which GO 

powder is rapidly heated in argon environment to 1050 ˚C to remove functional 

groups and exfoliate the sheets simultaneously.31 The use of an inert or reducing 

atmosphere is key, because the presence of oxygen during the reduction process 

would cause GO to completely decompose. 

The reduction of GO results in the loss of water dispersiblity. A variety of 

mechanisms have been developed to increase the water dispersibility of rGO. One 

of the first methods for suspension in water was achieved by chemical reduction of 

GO in water and poly (sodium 4-styrenesulfonate) (PSS). PSS serves as a 

surfactant in the system with its hydrophobic backbone interacting with the rGO, 

while its side chains serve to stabilize the system in solution.60 Additionally, direct 

chemical modification of the sheet can aid in increased solubility with only minor loss 

of properties. Samulski and Si used diazonium salt chemistry to add sulfonic acid 
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groups to the basal plane of an rGO sheet that resulted in the water dispersibility of 

the flakes.57 Stankovich et al. showed the addition of isocyanate functionalities 

allows for the dispersion of GO sheets in organic solvents.61 Functionalization of 

graphene allows for a fine-tuning of its properties for both specific applications as 

well as increasing processing efficiency. 

2.4  Properties and Uses 

 

The chemical treatment of graphene also has an effect on the mechanical 

properties of single layer graphene. A single layer of pristine graphene has a 

reported Young’s modulus of 1.0 TPa,3 while the Young’s modulus of GO is reported 

as 207.6 GPa.62 The Young’s modulus value for GO is five times less than that of 

pristine single sheet graphene but is approximately the same value as that of steel. 

This signifies that although GO is not as mechanically strong as pristine graphene, it 

still maintains excellent mechanical integrity. 

The presence of various functional groups allows graphene oxide to exhibit a 

variety of interesting customizable mechanical, electronic, and optical properties. 

The electronic properties of a material depend strongly on its chemical and atomic 

structure. Graphene’s sp2 hybridization allows for excellent electron transport 

throughout the sheet, therefore the presence of sp3 hybridized carbon and other 

functional groups serve as inhibitors to its electronic properties. In general GO 

sheets have been shown to be insulating materials with a band gap in the density of 

states63 and a sheet resistance of about 1012 Ω ☐-1 or higher.64 The high resistance 

correlates with an insulating material, as there is no percolation of conductive sites 
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throughout the material. Reduction to rGO reinstates these electronic properties with 

conductivities in the order of 1000 S m-1.65 The ability to control graphene oxidation 

and tailor the electronic properties has been studied theoretically but has not yet 

been performed experimentally.66 

Dispersing rGO in organic solvents and then casting it into a thin film for use as a 

transparent conducting material has been proposed as a potential organic substitute 

for Indium Tin Oxide (ITO) and other oxide layers. This interest is due to both the 

expense and brittleness of indium. Films made by spin-coating rGO have been 

shown to exhibit a transparency of 87% (sheet resistance = 1.1x104 Ω ☐-1),67 

compared to graphene grown by CVD on nickel with 76% transparency (sheet 

resistance = 280 Ω ☐-1).11  

The unique surface chemistry and aspect ratio of GO presents numerous 

biological and stabilizing applications. Unlike carbon nanotubes, which exhibit high 

cytotoxicity due to its one-dimensionality, the two-dimensional sheets of graphene 

oxide have been shown to be much more biocompatible and only exhibit a mild 

cytotoxicity with excellent antibacterial properties.68 The sheets can be modified into 

drug carriers for water-insoluble compounds such as various cancer treatments.69 

The ability to attach nanoparticles to GO sheets enables these composite materials 

to carry multiple drugs at a time70 or to function as a potential candidate for 

photothermal treatments when nanoparticles can be grown from the sheet and then 

irradiated with a laser.71 

The ability of graphene to be chemically functionalized to either GO or rGO and 

then exfoliated into single layers allows for the materials to be successful as 
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hydrogels,65 catalysts and energy sources. In all of these applications, the high 

specific surface area of exfoliated sheets is important, as well as the ability to control 

the chemistry. The large aspect ratio of GO led to uses in composites and also the 

formation of graphene oxide paper. By filtering a solution of graphene oxide flakes, a 

self-supporting paper can be formed. These papers still retain insulating properties 

but provide the ability to use graphene oxide in a bulk fashion where it exhibits a 

tensile modulus of 32 GPa.72 
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Chapter 3:  Methods of Graphene 

Oxidation and Functionalization 

 

3.1  Graphite Oxidation 

 

In our work, oxidation of graphite was performed via a modified Hummers’ 

method.44 Twenty-five milliliters of sulfuric acid (Fisher Scientific, ACS Plus) and 500 

mg of sodium nitrate (Acros Organics, 99%+, ACS Reagent) were added to a round 

bottom flask and stirred until dissolved. One gram of natural flake graphite (Ashbury 

Mills, Grades 3243 and 2299) was then added to the flask and mixed until dispersed. 

When graphite is added, the solution turns black with a viscosity similar to that of 

water. Finally, 3 g of potassium permanganate (EM Sciences, GR ACS) is slowly 

added to the reaction flask to avoid overheating the system, but quickly enough so 

that the system does not thicken first. Addition of the oxidizing agent initially changes 

the solution to a dark red, which then rapidly converts to a dark green with an 

increase in viscosity. The solution temperature can rise above 80˚C and as the 

reaction continues past an hour the temperature begins to drop slightly.  

Once all reagents are combined, the reaction proceeds under constant stirring for 

two hours before it is quenched. In order to study mechanisms for oxidation, sample 

aliquots were taken at specified times after addition of the oxidizer. The times 

recorded were 0 minutes, 5 min, 10 min, 15 min, 30 min, 1 hour, 2 hours, and 4 
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hours. To quench the reaction, 200 mL of de-ionized (DI) water and 25 mL of 

hydrogen peroxide (Acros Organics, 35 wt. %) were rapidly added to the reaction 

vessel. Adding the water caused the solution temperature to rise with a vigorous 

effervescence caused by addition of hydrogen peroxide. After the effervescence 

slowed to a minor bubbling, 25 mL of hydrochloric acid (Sigma Aldrich, 37% A.C.S. 

reagent) was added to solubilize residual salts. 

After quenching the solution, it becomes an olive green color and is filtered 

through a Büchner apparatus and repeatedly washed with DI water. Additional 

washing methods include centrifugation at 4,000 rpm until the supernatant is clear. 

The supernatant is then removed and fresh DI water is added to resuspend the 

graphite via bath sonication. The process is repeated until the solution attains a 

neutral pH. Another method for removal of residual reagents and salts is dialysis of 

the graphite oxide in a Spectra/Por Dialysis Membrane (50,000 molecular weight 

cutoff) and daily water changes. Cleaned graphite samples are then dried, ground 

into a powder, and stored in a vacuum oven to prevent absorption of water.  

 

3.2  Chemical Functionalization 

 

3.2.1  Pre-Reduction of Graphene Oxide 

 

Seventy-five milligrams of graphite oxide (section 3.1) was bath sonicated in a 

round bottom flask with 75 mL of DI water until uniformly dispersed with no visible 
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aggregates. After suspension, the pH was adjusted to 9.5 by dropwise addition of a 

5% solution of sodium carbonate (Acros Organics, 99.5% extra pure anhydrous) in 

DI water. Next, a solution of 1.2 g of sodium borohydride (Acros Organics, 98+% 

powder) in 30 mL of DI water was added to the GO suspension. This solution was 

heated to 80 ˚C and stirred for 1 hour to pre-reduce the GO sheets. During the 

reaction, the solution changed from brown to black and gas bubbles were expelled 

from the system. After pre-reduction, the solution is centrifuged and rinsed multiple 

times until a neutral pH is attained; this is done in order to remove any residual 

reagents. After washing, the GO was resuspended in 75 mL of DI water by bath 

sonication. 

 

3.2.2  Diazonium Salt addition to Graphene Oxide 

 

Diazonium salts of sulfanilic acid (Acros Organics, 99%) and 4-nitrobenzene 

(Acros Organics, 99%) were prepared with identical methods. Thirty-five milligrams 

of either sulfanilic acid or 4-nitrobenzene were added to 10 mL of DI water and 1 mL 

of 1 M HCl then mixed over ice to prevent unwanted side reactions. The solution 

was clear with a yellowish tint until the addition of 15 mg of sodium nitrite was 

added, forming and solubilizing the diazonium salt and thus clearing up the solution. 

The diazonium salt solution was then added to a 1 mg mL-1 solution of pre-reduced 

GO (section 3.2.1) in water and stirred for two hours over an ice bath to maintain a 

reaction temperature near 0 ˚C. Nitrogen gas slowly bubbled out of solution during 

the reaction. After the reaction time, the solution is yellow-green with most of the 
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graphene material at the bottom of the flask. The solution was then centrifuged and 

rinsed repeatedly to remove residual reagents and neutralize the pH. After washing, 

the GO was resuspended in 75 mL of DI water by bath sonication. 

 

3.2.3  Graphene Oxide Reduction 

 

A chemical reduction of the graphene oxide to remove most of the remaining 

hydroxyl and epoxide groups was the last step of chemical functionalization. To 

achieve reduction, a 75 mL solution of 1 mg mL-1 diazonium salt functionalized GO 

(Section 3.2.2) was put in a round bottom flask. Five milliliters of DI water with 2 g of 

hydrazine hydrate (Acros Organics, 64% Hydrazine) was added to the round bottom 

flask. The beaker was placed in an oil bath and heated to 100 ˚C for 24 hours. A 

slow effervescence emanated from the reaction during the heating. After 24 hours, a 

few drops of 5% sodium carbonate solution were added to the flask to precipitate the 

reduced GO sheets. The solution was centrifuged and rinsed repeatedly. After 

rinsing, the reduced GO sheets can be dispersed in water via bath sonication. 

 

3.2.4  Nitro reduction to amine 

 

To reduce the nitrated reduced graphene oxide (nRGO), a 50 mL solution of 1 mg 

mL-1 with DI water was formed by bath sonication in a round bottom flask. Next, 1 

gram of iron powder (Acros Organics, 99%, -70 mesh, <212 uM) was added to the 

flask followed by 20 mL of hydrochloric acid. The solution was then stirred for 3 
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hours with an effervesance of white gas. After three hours, stirring was stopped and 

the reaction was left to sit for 24 hours, allowing residual gas to leave the solution. 

An additional 15 mL of HCl was added to solubilize any remaining iron powder. At 

this stage, the graphene aggregated and settled to the bottom of the flask. Washing 

was completed by centrifuging twice with 1.0 M HCl, twice with 0.5 M HCl, and three 

times with DI water. A modification of this reduction was later used where aniline 

(Aldrich, 99.5% A.C.S. Reagent) was added to the starting solution with all 

subsequent steps left unchanged. 

 

3.3  Characterization Methods 

 

X-ray diffraction (XRD) was performed on graphite oxide powder packed to a 

smooth surface. Data was obtained on a Bruker D2 phaser. Thermogravimetric 

analysis (TGA) was done on a TA Instruments Q500 TGA. Samples were placed 

inside an aluminum DSC pan with small holes punched in the lid. This was done in 

order to prevent material loss from the reduction. The sample was heated in a 

nitrogen atmosphere at a rate of 10 ˚C min-1 to a final temperature of 600 ˚C. 

Scanning electron microscopy (SEM) samples were prepared by adhering dried 

graphite oxide powders to carbon tape on top of an SEM stub. Samples were then 

coated with gold using a Polaron Instruments SEM coating unit E5100 for thirty 

seconds with 1 nm coatings on the samples. Images were taken on a JOEL 6335F 

Field Emission Scanning Electron Microscope (FESEM) at 10kV accelerating 

voltage and 15 mm working distance.  
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Fourier transform infrared spectroscopy (FT-IR) samples were prepared by mixing 

1 wt.% graphite oxide sample with KBr (Fisher Scientific, IR Grade) and pressing a 

pellet. Spectra were collected on a Nicolet Magna-IR 560 spectrometer. Raman 

microscopy was done using a Renishaw 2000 Raman Spectrometer operating with a 

wavelength of 514.5 nm. Powder samples were placed on a clean glass slide and 

scanned three times for ten seconds to minimize fluorescence background over a 

Raman shift of 1000 to 3200 cm-1. Absorbance data was measured on a Varian Cary 

5000 UV-Vis-NIR Spectrometer. Elemental analysis samples were completed in-

house on an Elementar vario Micro cube, where oxygen content was calculated by 

subtraction, or run by Galbraith Laboratories Inc. to gather precise oxygen content. 

Atomic force microscopy samples were run by collaborators at The College of 

William and Mary and prepared by drop casting dilute concentrations of samples 

onto a freshly cleaved mica surface. Samples were then covered and stored in a 

vacuum oven at 70 ˚C for a minimum of one hour until scanned.  

A CPS Instruments DC24000 disc centrifuge was used for particle size analysis 

via sedimentation. Solutions of various weight percentages of cesium chloride 

(Fisher Scientific, >99% crystalline powder) or sucrose (Fisher Scientific, 

ultracentrifuge grade) were used to increase the density of the sedimentation field 

and slow particle flow. Operation parameters (such as spin speed, solvent density, 

and particle shape factor) were adjusted in order to optimize results. Further 

discussion of this method can be found in section 4.3.  
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Chapter 4:  Studies for better 

understanding and control of chemically 

modified graphene materials 

 

4.1  Time Dependency of Oxidation 

 

4.1.1  Introduction 

 

The oxidation of graphite, while commonly performed, is poorly understood.  The 

resulting material is inherently a heterogeneous one. The growing number of 

applications using graphene oxide requires a better understanding of the chemical 

structure and a more refined ability to control the final product. Since initial reports of 

graphene oxidation occurred over a century ago, a number of unique oxidation 

methods have been used. Combining different types of reaction methods with 

differing starting graphite samples makes comparisons of the resulting materials 

difficult. Previous work has focused on characterizing the final structure of the 

graphite oxide after prolonged reaction times while ignoring the intermediate 

oxidation stages. 

In this section, we perform a time-resolved investigation of the oxidation process 

using a modified Hummers’ method. The reaction is carried out under typical 
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reaction conditions with sample aliquots taken out at various time steps in order to 

characterize the state of the material as the reaction proceeds. The aliquots were 

cleaned and characterized by a variety of methods to gain insight into the changes 

of chemical structure as well as the morphology of the material. This work helps to 

further understand the oxidation reaction and allows for better control of oxidation 

reactions. 

 

4.1.2  Results and Discussion 

 

Graphite oxide was formed via a modified Hummers’ reaction (see Section 3.1). In 

order to quantify the extent of reaction, sample aliquots are removed at 0, 5, 10, 15, 

30, 60, 120 and 240 minutes after addition of the oxidizing agent. During the 

reaction, the solution changes from a low-viscosity liquid to a thick and viscous 

slurry-like solution. The thickening occurs between the five and ten minute aliquots 

and is then followed by an increase in reaction temperature. Stirring the solution 

becomes increasingly difficult due to the viscosity. Additionally, the viscosity change 

is accompanied by an overall color transformation from black to dark-green/brown. 

We hypothesize that the change in viscosity is due to the intercalation of reagents 

into the graphite, causing the graphite to occupy a much larger volume than before 

the reaction began. The color change results from a decrease in the conjugation 

naturally found in graphite. Washing was performed via a Büchner funnel initially, 

and then followed with dialysis. This was done in order to prevent fractionation of the 

samples by size or functionality. 
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Figure 4-1 - X-Ray Diffraction of (a) all oxidation samples normalized to show peak 
shift and (b) scans of graphite and low oxididation times to show the decrease in 

intensity of the graphitic peak 
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X-ray diffraction results in Figure 4.1 support this hypothesis. Initially, the d002 

peak, a peak between adjacent graphite layers, is sharp and located at a 2θ value of 

26.8˚, corresponding to a d-spacing, distance between adjacent sheets, of 3.34 Å. 

The normalized 0-minute oxidation sample shows a broadened graphite peak 

location. When observing absolute intensity in Figure 4.1b, we see an immediate 

intensity loss in the graphitic peak during short oxidation times. We attribute the 

decrease in intensity to a rapid degradation of the perfect graphene sheet layering. 

The graphene layer oxidation not only introduces a chemical defect, it also changes 

the carbon bonding order from sp2 to sp3, changing the sheet geometry from planar 

to puckered. The presence of a single chemical functionality has an effect on 

numerous scattering sites and decreases the intensity in a non-linear fashion. After 

five minutes of oxidation, a new peak at a lower 2θ value of approximately 12.5˚ or a 

d-spacing of 7 Å begins to emerge. This indicates that intercalation of the graphite is 

partially completed in some regions. The new peak is attributed to GO and can vary 

by a few degrees depending on the sample preparation, as GO is hydrophilic and 

may have water associations between sheets. All samples taken with an oxidation 

time longer than five minutes have a dominant GO peak and a minor graphite peak. 
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Figure 4-2 - SEM images of short oxidation time samples (a,b) unreacted graphite 
(c,d) 0-minute oxidation (e,f) 5-minute oxidation 

 

SEM images (see Figure 4.2) support the X-ray diffraction data, suggesting a rapid 

change in the graphite. Untreated graphite appears to have even and uniform sheet 

edges. Immediately following addition of the oxidizing agent, the basal plane 

appears to be wrinkled and distorted. The edges look less even and indicate signs of 
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bunching and spacing. Increasing oxidation times continues the observed trend with 

more obtuse basal plane deformations and uncorrelated edges. In contrast, after 

prolonged oxidation times there was no additional structure warping detected within 

the graphite oxide (see Appendix). This is likely due to the limited resolution of the 

microscope as well as the difficulty in detecting small surface changes in a structure 

with a large volume.  

 

 

Figure 4-3 - Raman spectra of (a) 20 different 0-minute oxidation time samples (b) 
averaged values for each oxidation time (c) I(D)/I(G) ratio as a function of oxidation 

time 
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Raman spectroscopy was used to study the evolution of oxidation at a molecular 

level. The two main bands associated with the structure of graphite are the D-band, 

located at about 1380 cm-1, and the G-band, located at approximately 1580 cm-1. 

They correspond to a disrupted sp2 and a pristine sp2 network, respectively. Figure 

4.3a highlights the inherent heterogeneity at early reaction stages of the oxidation. 

This figure exhibits spectra collected from twenty regions of the 0-minute oxidation 

aliquot. The sample shows a broad range of materials with some regions reflecting a 

pristine graphene-like scan with no observable D-band, while other regions show a 

D-band nearly as intense as the G-band. This reflects a severe disruption to the sp2 

structure of graphite. Raman was run similarly for all of the oxidation aliquots and the 

results were averaged as a function of oxidation time in Figure 4.2b and c. As 

expected, the averaged data shows the rise of the D-band with increasing oxidation 

times. However, by using the average D-band intensity as an indication of reaction 

extent, it appears that oxidation occurs quickly and reaction times of over thirty 

minutes exhibit diminishing returns.  

SEM and X-Ray diffraction provide insight on the macroscopic ordering and 

morphology of graphite while Raman microscopy sheds light on the quality of the 

material. Unfortunately, these methods do not directly indicate what causes these 

changes. In order to quantify the chemical changes to the graphite caused by 

oxidation we use elemental analysis. Table 4.1 shows immediate and significant 

oxidation upon addition of the oxidizer to the reaction. This immediate reaction is 

most likely the cause of the disrupted basal plane in SEM images as well as the 

difference in the intensity of the XRD graphite peak. The oxidation level continues to 
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increase for the first fifteen minutes and then the oxygen content appears to level off. 

We propose that this immediate oxidation is due to the rapid oxidization of the outer 

most graphite sheets, thus allowing for the reagents to intercalate into the graphite 

from all directions.  

 

Table 4-1 : Elemental Analysis results of time controlled oxidation samples 
 

Time	   O:C	   H:C	  
0	  min	   0.29	   0.36	  
5	  min	   0.61	   0.44	  
10	  min	   0.61	   0.48	  
1	  hour	   0.63	   0.41	  
4	  hour	   0.60	   0.42	  

 

The elemental analysis results are verified by thermogravimetric analysis (TGA) 

and FT-IR in Figure 4.4 and 4.5, respectively. TGA of the oxidized samples were 

analyzed in differential scanning calorimetry (DSC) pans with holes punched into the 

lids. This allowed byproducts of reduction to be ventilated while the graphene 

material was retained. TGA scans of all the oxidation samples were run in a nitrogen 

environment. As expected, graphite exhibited no weight loss over the temperature 

range studied. In accordance to the results from Raman spectroscopy, TGA shows 

significant weight loss after the shortest oxidation time, approximately twenty 

percent. Longer oxidation times further increase the weight loss with a small change 

between the initial sample and the 5-minute oxidation sample. A much larger 

difference is seen between the 5-minute sample and the 10-minute sample, with 

additional oxidation time samples clustered together and less exaggerated weight 

loss increments. 
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Figure 4-4 - TGA showing increased weight loss with increasing oxidation time 
 

Fourier transform infrared spectroscopy (FT-IR) analysis of the oxidized samples 

was normalized so that the C=C at approximately 1550 cm-1 was constant, allowing 

a comparison of the growth and decay of functionalities. A key difference throughout 

the oxidation times is the appearance and growth of a peak at approximately 1750 

cm-1, indicative of a carbonyl group. Unfortunately, several carbonyl containing 

functional groups exhibit peaks in this region, so it is difficult to pinpoint which group 

causes this peak. It is interesting to note that the peak initially appears as a small 

shoulder in the 0-minute and 5-minute oxidation times, but is a full peak from 10-
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minutes and on. It even continues growth to surpass the carbon-carbon peak. The 

continued growth of this peak compared to the carbon-carbon peak is indicative of a 

dynamic structure of GO. Elemental analysis results indicate that oxygen content is 

stable after about five minutes of oxidation. This information combined with the FT-

IR spectra indicates that while the total amount of oxygen is stable at longer reaction 

times, the functional groups themselves continue to evolve; likely starting with 

hydroxyls and/or epoxides, which are later converted to ketones and/or carboxylic 

acids. 

 

 

Figure 4-5 - FT-IR spectrum of oxidized graphite samples 
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A final analysis of oxidation was performed by visual observation of graphite oxide 

water dispersions. One milligram of sample material (graphite and all oxidation 

times) was placed into its own vial with 3 mL of DI water and briefly bath sonicated 

for fifteen minutes. Photographs of these suspensions immediately after sonication 

and after five days of settling are seen in Figure 4.6. Graphite is located on the far 

left and increasing oxidation times to the right. Initially, all the graphite settles out 

and the resulting 0-minute and 5-minute samples appear to be less dispersed than 

the others. This trend continues for longer settling times.  
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Figure 4-6 - Dispersions of graphite oxide from graphite (left) with increasing 
oxidation time up to 2 hours(right) immediately after sonication (top) and after 5 days 

of settling (bottom) 
 

4.1.3  Conclusions 

In this section we studied differing qualities of graphite oxide as a function of 

reaction time. The reaction can seemingly be split into two time periods, before 

intercalation and after intercalation. Before intercalation, oxidation is restricted to the 

surface and edges of the graphite. Reactions appear to happen within a few 

seconds due to the abundance of reagents and limited reactive sites. Once the 

graphite becomes intercalated, the graphite oxidizes quickly to constant defect level. 
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Analysis indicates that longer oxidation times allows for transformation of oxygen 

functionalities without addition of defects to the sheets. 

 

4.2  Diazonium Functionalization of Graphene Oxide 

 

4.2.1  Introduction 

GO is commonly reduced either thermally or chemically in order to increase 

properties such as electrical conductivity. Unfortunately, the reduction process 

leaves a material that is only dispersible in organic solvents, and is not viable for 

large scale processing due to the high boiling solvents required as well as 

environmental concerns. The ability to process rGO in water would allow for 

controllable processing in a variety of ways, including: spray-coating, layer-by-layer 

deposition, and spin coating. Work by Samulski and Si showed the possibility of 

covalently attaching a sulfanilic acid group to GO, chemically reducing it, and leaving 

a final product that is both water dispersible and conductive.57 

In this section, we utilize similar diazonium reactions and investigate the growth of 

a film through layer-by-layer deposition with poly diallyldimethylammonium chloride 

(poly-DADMAC), a cationic polymer. The diazonium modification works with other 

hydrophilic functional groups that can lead to an all graphene film formation. By 

forming functionalized graphene, layer-by-layer self-assembly can be used to control 

the film thickness to optimize properties. With the ability to control form, such a film 

could be used to replace Indium Tin Oxide (ITO) as a transparent conductor. 
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4.2.2  Results and Discussion 

GO was chemically functionalized via diazonium salt addition according to the 

methods in Section 3.2 to form sulfonic acid reduced graphene oxide (sRGO) and 

nitrated reduced graphene oxide (nRGO). In order to monitor the various stages of 

pre-reduction, diazonium functionalization, and final reduction of the graphene oxide, 

a small sample was taken after each step and dried for elemental analysis. The 

values for carbon, sulfur, nitrogen and hydrogen are known, therefore the value of 

oxygen was extrapolated via the assumption that the only element unaccounted for 

in the sample mass was oxygen. Elemental analysis results are summarized in 

Table 4.2. Due to the inherent heterogeneity of the GO sheets, observing the trends 

in elemental compositions more significant than obtaining exact numbers. 

 

Table 4-2 : Elemental analysis of graphite and various functionalizations 
 

	  
Atomic	  Ratio	  

	  
C:H	   C:O	   O:H	   C:N	   C:S	  

Graphite	   18.95	   445.95	   0.04	   0	   1250.08	  
Graphene	  Oxide	   2.4	   1.73	   1.38	   70.38	   68.04	  
Sulfonation	   2.36	   2.26	   1.05	   234.75	   57.38	  
sRGO	   2.53	   2.71	   0.93	   24.9	   61.37	  
Nitration	   2.35	   2.41	   0.98	   18.04	   313.26	  
nRGO	   2.84	   3.99	   0.71	   13.69	   438.76	  
Thermally	  Reduced	   6.78	   5.1	   1.33	   82.85	   291.63	  

 

 

As expected, graphite is almost completely composed of carbon, with a few 

defects contributed by oxygen and sulfur. As shown previously, oxidation drastically 

increases the hydrogen, nitrogen, sulfur, and oxygen content. Nitrogen and sulfur 
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increases are attributed to side reactions with the reagents, while oxygen and 

hydrogen increases are from covalently bonded functional groups. The pre-reduction 

step indicates a minor change in the oxygen and hydrogen content but a major 

decrease in the residual sulfur and nitrogen. The diazonium salt of sulfanilic acid 

addition shows a strong increase in sulfur and hydrogen content, with a small 

increase in nitrogen and a decrease in oxygen. This result is similar to what was 

reported by Samulski and Si confirming the addition of the diazonium.57 After 

addition of the diazonium salt of p-nitroanaline our results indicate a large change in 

the nitrogen content (Table 4.2) suggesting the presence of the nitro group. This 

reaction does not indicate an increase in sulfur content, as sulfur is not a reagent 

used in preparation of the diazonium salt.  

The covalent addition of diazonium salt is the first step toward introducing an 

aniline function group by a final reduction process. As we see from the analysis 

results, this is the case. There is only a small decrease in sulfur content, but a 

significant increase in nitrogen content for both additions. Additionally, both samples 

show decreased oxygen content compared to their unreduced counterparts. A 

sample of thermally reduced GO is shown to compare the increased nitrogen and 

sulfur functionalities of the diazonium salt addition. 
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Figure 4-7 - Schematic of the layer-by-layer deposition process. A clean slide is 
washed (blue) dipped into the cationic solution (yellow), rinsed (blue), dipped into the 

anionic solution (purple) and repeated. 
 

After reduction, the samples were resuspended in water and additional verification 

of functionalization and further processing were performed. To investigate the 

potential for processing the functionalized GO we tried layer-by-layer growth 

because the new functional groups can become charged with pH adjustment. The 

sRGO becomes anionic through adjusting the system to pH 10 with sodium 

hydroxide. A solution of cationic poly-DADMAC with pH 2 was used for the other 

layer. A glass slide was then treated with a sodium hydroxide bath to clean the 

surface and leave a negative charge. Then, starting with the poly-DADMAC and 

alternating the addition of cationic polymer and anionic sRGO layers, they were 

adsorbed on top of each other. A wash step was included between each deposition 

in order to insure the thickness increase was limited to a single layer each time. The 

electrostatic charges would then maintain the attachment of the newest layer.  
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Figure 4-8 : UV-Vis scans of increasing number of layer-by-layer cycles 
 

UV-vis results in Figure 4.8 indicate the successful addition of bilayers through the 

incrementally increasing absorbance with sequential dips. Unfortunately, attempts to 

measure conductivity of these samples were unsuccessful even after burning away 

the polymer. Next, ionic solutions of sRGO and poly-DADMAC were mixed together 

to observe possible signs of flocculation. Although layer-by-layer was successful, no 

flocculation was observed indicating a weak interaction. The polymer may serve as a 

cross-linker that would bind to the sheets without shielding all charges, thereby, 

preventing aggregation through sheet repulsion. 
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Figure 4-9 - Vials of graphene oxide (left) and nRGO (right) with aniline 
 

We then investigated a method to produce an all graphene layer-by-layer film with 

controlled functionalization of the flakes. In an attempt to mimic the layer-by-layer 

without adjusting the pH of the system, nitrated graphene sheets were mixed with 

aniline in water. The system immediately flocculated as shown in Figure 4.9 and 

settled overnight. In order to verify that this was due to the additional 

functionalization of the rGO the mixing was also done with non-functionalized 

material. This time, no flocculation was observed. From this, we hypothesized that if 

we could reduce the nRGO to an aminated reduced graphene oxide (aRGO) sheet, 

then controlled growth of an all graphene thin-film could be attained.  

Initial attempts to reduce the nRGO into aRGO were unsuccessful, as indicated by 

flocculation of the graphene sheets. The resulting material could be dispersed via 

sonication temporarily, but would flocculate out of suspension within an hour. We 

hypothesized that the flocculation was because as the reaction produced aRGO they 

immediately interacted with the nRGO. The nRGO and the aRGO sheets would then 
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become attracted to each other and flocculate out of suspension. The aggregation of 

sheets into stacks limits the availability of reducing agents to the nRGO and the 

reduction process is stopped. 

 

Figure 4-10 - FTIR spectra of GO (Black), nRGO (red) and aRGO (blue) 
 

This aggregation, though supporting our hypothesis, poses a challenge in 

characterizing the reaction when neat final products cannot be obtained. In an 

attempt to prevent aggregation before complete reduction, aniline was added to the 

reaction flask before the reducing agent, iron, was. The small molecule nature of 

aniline would theoretically complex rapidly with the nitro groups and prevent the 

sheets from aggregating. This way, the aniline would interact with the exposed nitro 

groups while the stirring would help to prevent complete aggregation. The reagents 
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would then still have access to all the functional groups, and the reduction can 

proceed until completion.  

 

Figure 4-11 - Stable solutions of nRGO (left) and aRGO (center) flocculate when 
combined (right) 

 

A repeat of the reduction reaction with aniline as a co-solvent appears to be 

successful. Due to the presence of aniline in solution iron salts are formed from the 

reduction are not completely soluble. The salts and the aniline were removed with 

repeated washing. After washing, the sample was redispersed in DI water and 

remained suspended for an extended period of time indicating that either complete 

reduction took place, or there was no reaction at all. The latter possibility would 

seem unlikely due to the presence of Iron3+ salts. FT-IR spectra taken from the initial 

GO, the nRGO, and the altered reduction method (Figure 4.10) show three different 

materials. The GO shows the peak at around 1550 cm-1 associated with carbon-
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carbon double bonds and a carbonyl peak at 1750 cm-1. The nRGO scan shows a 

decreased intensity of the carbonyl attributed to the reduction and the appearance of 

two peaks (~1530 cm-1 and ~1350 cm-1) that can be attributed to aromatic nitro 

functionalities. The additional reduction processes involved in the formation of aRGO 

appears to eliminate all remaining carbonyl groups while adding an observable peak 

near 3250 cm-1, attributed to amines and additional peaks below 1500 cm-1. This 

also indicates the reduction of the nitro groups to amines.  

Figure 4.11 shows an image of nRGO on the left, aRGO in the middle, and an 

equal volume mixture of the two on the right. The mixture of the two begins to 

flocculate and settle out almost immediately.  Settling is completed within twenty-four 

hours. An SEM image of the aggregated materials is shown in Figure 4.12 and 

indicates stacking. From this image it appears that the aggregation involves heavy 

overlap of the sheets. Localized regions of macroscopic stacks appear instead of a 

continuous layer over the substrate. This is contrary to the individual materials 

(Figures 10.2 and 10.3), which appear to be uniformly dispersed. 
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Figure 4-12 - SEM image of precipitate from nRGO and aRGO combination 
 

4.2.3  Conclusions 

In this section we have shown the successful addition of diazonium salts to 

graphene oxide sheets. These sheets were reduced, but still water dispersible due 

to electrosteric repulsion. Layer-by-layer deposition was then used to successfully 

control the process of creating a polymer/graphene film. In an attempt to develop an 

all graphene layer-by-layer system, a new method for the nitration of rGO was 

developed. This nRGO was then further reduced with iron in the presence of aniline 

to yield aRGO. Preliminary studies have shown that the nRGO and aRGO sheets 

will aggregate on their own without pH adjustments. 
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4.3  Particle Sizing of Graphene Oxide 

 

4.3.1  Introduction 

GO’s excellent properties make it a viable material for a variety of applications, 

although its inherent heterogeneity presents some problems. Not only do GO sheets 

exhibit a variety of chemical functionalities; they also have a range of flake sizes. 

The variables in size and polydispersity are of significant consequence in biomedical 

applications where stringent control is necessary for consistency. 

Currently, GO is characterized according to a variety of methods. Almost all of the 

current measurements are performed on dry samples that have been processed. 

Additionally, the preparation methods of samples can distort the sheets into non-

ideal conformations. In this section, we propose a technique that evaluates the 

solution morphology of graphene sheets without the risk of fractionation. Our method 

utilizes disc centrifugation to measure settling time of particles based on size and 

has been previously used in separation of RNA.73  

 

4.3.2  Results and Discussion 

 

The process of disc centrifugation involves creating a controlled density solution 

that can either be continuous or a density gradient. Density gradients are used to 

prevent streaming and are prepared by repeated injections of decreasing density 

solutions followed by a capping agent, typically dodecane, placed as the final 
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injection in order to minimize evaporation. The device (shown in Figure 4.13) 

operates by injecting a solution of sample into the middle of the spinning disc filled 

with a higher density solution. Based on Stokes’ law, the particles then settle through 

the solution, allowing for characterization of their size according to each settling 

time.  

 

 

Figure 4-13 : Schematic of disc centrifuge 
 

As the particles sediment, they pass through a laser beam. This alters the light 

aimed at the detector and counts the particles based on the refractive index 

difference. The time it takes for the particles to go from injection until passage 

through the detector can be used to find an effective particle size, D, according to 

equations 4.1 and 4.2.  

𝐷 = !
!
    Eq. 4.1 
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𝐾 =   
!"! !"

!!
!!

!!!!! !!
   Eq. 4.2 

Where η is the viscosity of the solution, ρp is the density of the particles, ρf is the fluid 

density, Rf is the distance from the center of the ring to the detector, Ro is the 

distance from the center of the ring to the start of the solution, and ω is the spin 

speed of the centrifuge in rotations per minute. By adjusting the density of the 

solution to approach the density of the particles, similarly sized particles will settle at 

different times. 

 

 

Figure 4-14 : SEM of starting graphite. Large flake 3243 grade (a) and a much 
smaller flake size 2299 grade (b) 

 

In order to develop an optimized method for measurement of graphene flakes via 

disc centrifugation, GO was made from two different starting flake sizes (see Figure 

4.14) as described by the methods in Section 3.1. These different materials have 

different initial flake sizes and will settle at different rates through the same solution. 

Therefore, it allows for more control of variability in different systems. 
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The formation of a step gradient density requires creating and characterizing 

numerous additional solution concentrations. Additionally, great care must be taken 

when using the centrifuge to avoid disrupting the gradient. This gradient density is 

accounted for in Equation 4.2 as the average density over the distance the particle 

travels; therefore, minimal change to the results is noted. The first step in developing 

this method was to determine if a gradient was necessary, or if a uniformly dense 

solution could sufficiently and independently prevent streaming. 

Results of this investigation can be found in Figure 4.15. On the left, is a uniform 

sucrose solution with a density of 1.176 g mL-1, while the right shows a step-wise 

gradient sucrose solution with an average density of 1.067 g mL-1. A comparison of 

these two results exhibits reproducible and nearly identical scans. Scans of diamond 

solution (used as a standard) appear at the same location in both systems and show 

minimal drift across all samples. The small flake graphene oxide (2299 flake) shows 

an unfinished peak at small sizes and a flat baseline at larger sizes. The only 

difference between the two systems is found with the large flake GO (3243 flake). 

Both systems exhibit a broad peak at large flake sizes with a secondary peak around 

0.4 µm. The difference lies in the intensity of this peak, with the gradient density 

appearing more intense than the uniform density solution. Overall, the gathered 

results are similar to each other and indicate that a uniform density solution can 

produce the same results as a gradient density solution with a fraction of the set-up 

requirements. 

Another centrifugation method utilizes a cesium chloride (CsCl) solution. These 

solutions have been shown to form gradient densities via ultracentrifugation.73 The 
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equipment used in our study is unable to attain the forces necessary to utilize this 

particular segregation mechanism. However, alternative solution mediums would be 

advantageous for studying graphene morphology in solution as an effect of small 

molecule interactions. In order to observe these interactions, 1.176 g mL-1 density 

solutions were made using both sucrose and cesium chloride. Small molecule 

interactions with GO were studied to see if there was any effect on the final 

distribution. The densities of the two systems were identical, so shifts in peak size 

reflect viscosity differences while shifts in peak shape indicate unique conformations. 

Figure 4-15 - Disc centrifuge comparison of a uniform sucrose solution (a) and a 
gradient density solution (b) 

 

After density matching the two systems, the viscosity of the sucrose solution is 

approximately 8 times higher than that of the cesium chloride solution (7.4 cP 

compared to 0.9 cP). To account for the differing viscosities, the centrifuge velocity 

was increased to complete runs within machine constraints. The differing density 

additives appear to have an effect on the GO sedimentation (see Figure 4.16). While 

there is a shift due to differing speeds, the key data component is the peak shapes. 

The large flake GO shifts from a bi-modal distribution to a single peak. The smaller 
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flake GO, however, shifts from a single peak indicated by sucrose to a tri-modal 

distribution. The two equal volume GO samples were prepared by the same method, 

therefore, the differences between scans may be due to solvent interactions among 

the flakes.  

 

Figure 4-16 - Disc centrifuge comparison of a sucrose solution (a) and a cesium 
chloride solution (b) 

 

Due to very lengthy the small flake graphene scans were not completed when 

analyzed in sucrose solution. The spin speed is determined by the maximum size 

measured. To detect the smaller particles, scan time must be extended. In order to 

detect smaller particles run speeds are increased throughout the scan. This method 

allows for initial measurement of large particles at slow speeds at short times and 

then an easy transition to the measurement of small particles. To observe this, two 

different scans of identical sucrose densities were prepared. One scan was 

completed using a constant spin speed of 6510 RPM, while the other was increased 

from the initial rate of 3972 RPM to a final rate of 24,000 RPM. Results are shown in 

Figure 4.17.  
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Figure 4-17 - Disc centrifuge comparison of a constant disc spin speed (a) and a 
disc with ramping speed (b) 

 

The solution with ramped speeds shows a drift in measurement of standards, 

indicating an increase in size. Increased size implies that the particle is settling 

faster at later injections. Potential causes may be attributed to heating of the solution 

as the disc speed increases, evaporation of the water, or a variety of other unknown 

causes. 

Additionally, the ramp samples all show an increase in absorption at ~1µm, This 

was initially thought to be caused by the rapid settling of remaining particles, but the 

peak occurs in both dry injections (measurements in which nothing is injected) and 

in standard injections. The instability of the solution, when the disc initially begins 

climbing in speed, warrants further experimentation to better understand its cause. 
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4.3.3  Conclusions 

 

Early work into the development of disc centrifugation as an analysis technique for 

characterization of GO has been fruitful. General parameters for the operation of the 

centrifuge with GO samples have been successful and the ability to differentiate 

among various starting grades of graphite is now easily achievable. Due to the 

heterogeneous nature of graphene oxide rather than finding discreet sheet sizes 

wide distributions are seen. Additional work to better understand solvent interactions 

with these flakes will continue to aid in the understanding of GO’s behavior in 

solution. 
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Chapter 5:   Production of Graphene from 

Pristine Graphite 

 

5.1  Introduction 

 
While graphene oxidation is an inexpensive and scalable route to achieving 

graphene-like sheets, the final product lacks the electrical, thermal, and mechanical 

properties that are ideal for material applications.74–77 However, applying these 

properties to practical applications are limited.74 One reason for this is the challenge 

of producing stable graphene suspensions without introducing stabilizers such as 

surfactants, polymers, high boiling solvents, salts, or super acids which are all 

difficult substances to remove.74,78–81 To address this issue, advances have been 

made in the production of low defect density graphene sheets through controlled 

vapor deposition (CVD), an energy intensive process with a poor cost-benefit ratio.78 

Therefore, obtaining graphene from natural sources would be a less expensive 

alternative to CVD.  

 

5.2  Overview 

 
The following chapters will focus on separation of pristine graphene from natural 

flake graphite. A brief overview of pristine graphene, methods to derive single layer 

graphene from natural flake graphite, and potential applications will be addressed 
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first. An overview of simulation and experimental techniques used to study the 

exfoliation, dispersion and assembly of graphene flakes will then be presented. 

Finally, a discussion of experimental results utilizing two solvent systems will be 

presented as a new method to produce single layer graphene and few-layered 

graphene. 

 

5.3  Exfoliation of graphite 

 
The availability of inexpensive82, transparent, and conductive pristine graphene 

films has the potential to revolutionize solar power harvesting, photonics, and flexible 

electronics technology.77,83,84 Graphene insolubility and its intrinsic tendency to 

aggregate has necessitated the use of either reduced graphite oxide72,85–87 or 

CVD11,21,88,89 for sources of graphene. Chemical modification of graphene 

significantly reduces film conductivity90 while vapor deposition requires high 

production costs. The successful exfoliation of graphene from graphite could 

potentially be a low cost alternative to the previously mentioned methods. 

The individual layers of graphene are held together by van der Waals energy on 

the order of 2 eV nm-2 that can be overcome with a force of approximately 300 nN 

µm-2.91,92 This small force requirement can easily be overcome by micromechanical 

exfoliation. The graphene produced by this method is of the highest quality but is 

produced in minute quantities and not easily scaled.  

Alternatively, a more scalable production method is the liquid phase exfoliation 

and stabilization of graphite.80,93 Exfoliation of graphite can be easily attained 

through sonication to overcome the van der Waals forces holding the sheets 
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together. The difficulty in this method is in stabilizing individual sheets after 

separation, as van der Waals forces will cause the sheets to reaggregate. This issue 

is similar to the problem associated with carbon nanotubes, which aggregate and 

form bundles. Most attempts to stabilize graphene are similar to those performed on 

carbon nanotubes and include polymer-mediated exfoliation,27,94 surfactant assisted 

dispersion,28,95–97 and dispersion in specific solvents.98–100  

Surfactant stabilization of graphene is commonly performed using sodium dodecyl 

sulphate (SDS) or sodium dodecylbenzene sulphonate (SDBS), although other 

surfactants have been used.28,101 This technique was inspired by colloid stabilization 

with the surfactant acting as an interfacial stabilizer with the solvent, typically water, 

to stabilize individual graphene flakes and prevent reaggregation. An important 

parameter to account for in this method is the concentration of the surfactant. It is 

vital that the surfactant concentration be above the critical micelle concentration 

(CMC) and is at a higher concentration than the dispersed material. The surfactants 

prevent reaggregation by inducing an effective charge. Surfactants are typically 

charged molecules that are closely associated with a counter ion. In water, the 

counter ions are evenly distributed while the surfactants are located in close 

proximity to the sheets, forming a charged layer. The charged layer then repels like 

charges and keeps the flakes suspended indefinitely. This method has been shown 

to produce single and few-layered graphene with concentrations of ~0.1-0.3 mg mL-

1.  

Polymer-mediated exfoliation follows a similar procedure as that of surfactant 

stabilization. In this method, graphite is sonicated in a ~2 wt.% polymer solution. It is 
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important that the polymer has an affinity for the graphene surface as well as be 

dispersible in the solvent. The key difference between surfactant stabilization and 

polymer-mediated exfoliation is in the mechanism of sheet stabilization. Polymer-

mediated exfoliation suspensions are stable due to steric interactions of the polymer. 

Surfactant stabilization utilizes electrostatic interactions with surfactants.  

Specific solvent exfoliation is generally favored over polymer-mediated exfoliation 

and solvent stabilization due to the lack of adsorbed molecules in the former. 

Though polymers and surfactants can be burned off, this additional processing step 

could be avoided in specific solvent exfoliation. Specific solvent exfoliation involves 

the exfoliation and suspension of graphene flakes in neat solvent with no additional 

stabilization mechanisms. This can be achieved by considering graphene flakes as 

large solute molecules and applying the Flory-Huggins solution theory. The solubility 

parameters for the solvent and the graphene flake allows for further understanding 

of how solvents that can be utilized for graphite exfoliation into single layered 

graphene and minimize reaggregation. Using this method, it was found that solvents 

with a surface tension close to 40 mJ m-2 are optimal. These calculations were used 

experimentally with N-methyl pyrrolidone and dimethyl formamide and corroborated. 

Using these methods, solutions with concentrations of up to 1.2 mg mL-1 of 

graphene have been reported, though with extremely long sonication times that 

reach 400 or more hours.102  
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Chapter 6:  Simulation and Experimental 

Methods of Graphene Exfoliation 

 

6.1  Molecular Dynamics Simulations 

 

Molecular dynamics simulations were performed on the adsorption of water, 

heptane, benzene, hexafluorobenzene (C6F6), and xylenes with graphene flakes. 

The adsorption of graphene at the heptane/water interface was also studied. 

Generalized AMBER Force Field (GAFF) parameters were used for atomistic 

models of graphene and all solvents except for water (modeled with a modified 

TIP3P model optimized for simulations with an Ewald summation).103,104 Graphene 

flakes were modeled by a G8 coronene-like molecule consisting of eight generations 

of carbon rings terminated by hydrogen. The partial charge distributions of the 

solvents, excluding water, and the G8 coronene molecule were obtained with the 

Mulliken population analysis from ab-intio calculations. The Gaussian 09 (G09) 

simulation package was used with a 6-31G(d) basis set and a B3LYP DFT 

method.105 The results are summarized below in Figure 6.1 
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Figure 6-1 : Partial charge distributions used in simulations: water (a), benzene (b), 
xylene (c), heptane (d), and hexafluorobenzene (e). All charges except for water 

were obtained by using Mulliken population analysis from ab-initio calculations with 
6-31G(d) basis set and B3LYP DFT method. 

 

The total potential energy of the system consisted of the bonded, bond angle, 

dihedral angle, improper angle and non-bonded interaction potentials. The 

interaction parameters for the van der Waals potential between heterogeneous 

atomic pairs were calculated as the geometric mean of the interaction parameters 
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for each atom. The default AMBER force field weighing coefficients for pair-wise 

energy and force contributions were used to account for contributions from the van 

der Waals and electrostatic interactions. 
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The simulation box was built using Chem3D,106 G09, Antechamber107 and an 

AMBER2LAMMPS python script included with LAMMPS.108 The G09 input file for 

the solvent molecules was built in Chem3D, and then G09 calculations with 

geometry optimization using AM1 semi-empirical methods were performed. The 

Gaussian output from the previous calculations was used as an input for 

Antechamber to determine charges, atom type, bond type, and dihedral type 

assignments.109 

Table 6-1: Simulation sizes used for solvent exfoliation of graphene 
 

Solvent Lx(Å) Ly(Å) <Lz> (Å) 
nCarbon 

Graphene 
nMolecules 

Solvent 
nAtoms 

Total 
Water 116.5 115.3 142.1 ± 0.2 5376 67200 206976 

Benzene 116.5 115.3 146.1 ± 0.3 5376 12096 150528 
Xylenes 116.5 115.3 200.2 ± 0.3 5376 12096 223104 
Heptane 116.5 115.3 170.4 ± 0.3 5376 8736 206304 

C6F6 116.5 115.3 173.4 ± 0.2 5376 12096 150528 
C6F6/C6H6 (3:1) 116.5 115.3 166.7 ±0.2 5376 12096 150528 
C6F6/C6H6 (1:1) 116.5 115.3 158.7 ±0.3 5376 12096 150528 
C6F6/C6H6 (1:3) 116.5 115.3 154.0 ± 0.3 5376 12096 150528 
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Table 6-2 : Simulation sizes used for the analysis of graphene at the heptane/water 
interface 

 

System Lx(Å) Ly(Å) <Lz> (Å) #Carbon #Water #Heptane Total 
Solvent 92.1 85.08 80.97 0 10000 1280 59440 
1-Sheet 92.1 85.08 81.27 348 10000 1280 59872 

2- Sheets 92.1 85.08 81.71 768 10000 1280 60304 
4- Sheets 92.1 85.08 82.58 1536 10000 1280 61168 
8- Sheets 92.1 85.08 84.20 3072 10000 1280 62896 
9- Sheets 128.94 122.3 121.29 3420 41184 2576 186688 

 

The AMBER topology file was created using LEAP, which was included in the 

Antechamber package. The AMBER topology file was converted into a LAMMPS 

data file using the python script AMBER2LAMMPS. Using the output of the 

AMBER2LAMMPS script as a template, the molecules were replicated and 

distributed in the simulation box using an in-house code. A graphene sheet spanning 

horizontally across the entire simulation box was used for exfoliation simulations. 

This graphene sheet was modeled as a neutral xy-periodic “macromolecule” using 

the GAFF definition of aromatic carbon for van der Walls interaction parameters. 

 



 70 

 

Figure 6-2 - Generation eight (G8) coronene-like molecule C384H48. Carbon atoms 
are shown in black and hydrogen atoms are colored green. 

 

The NPT ensemble simulations were performed using a GPU accelerated 

LAMMPS code. The equations of motion were integrated by using the velocity Verlet 

algorithm with a time step of 1.0 femptoseconds. The system was periodic in the x, 

y, and z directions. The standard PPPM method (accuracy of 1.0 x 10-5 with a near 

field cutoff set to 10.0 Å) was used to account for contributions from long-range 

electrostatic interactions.110 To create exfoliation samples, graphene sheets were 

placed at z = 0 Å and spanned the xy-plane with fixed carbon atom coordinates 

throughout the simulation run.  
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Figure 6-3 - Initial system configuration of equimolar mixture of benzene and 
hexafluorobenzene molecules. The graphene sheet is located at z=0. Hydrogen 

atoms are shown as green beads, fluorine atoms as yellow beads, aromatic carbon 
atoms as grey beads, and carbon atoms in the graphene sheet are colored in black. 
 

 Solvent molecules were distributed evenly in the volume of the simulation box. 

Figure 6.3 shows a snapshot of the initial system configuration. In order to study 

graphene at the water/heptane interface, a layer of water was placed at the bottom 

of the simulation box. Graphene flakes were placed above the water layer and held 

at the interface throughout equilibration. Finally, heptane was placed as the top layer 

in the simulation box. All systems were equilibrated until the box achieved a volume 

with 1 atm of pressure and a temperature of 300K. A Nose-Hoover thermostat and 

barostat with relaxation times of 0.1 picoseconds and 1.0 picoseconds, respectively, 
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were used to maintain the temperature and pressure within the systems. The Nose-

Hoover barostat was applied only along the z-direction due to horizontal limitations 

of the graphene sheet and the liquid-liquid interface.  

 

Figure 6-4 - Time dependance of the box size along the z-axis and system density in 
the hexafluorobenzene/graphene simulation. 

 

 

6.2  Weighted Histogram Analysis Method 

 

The Weighted Histogram Analysis Method (WHAM) was used to calculate the 

potential of mean force for each simulation system.111 These simulations were 

performed at constant temperature and volume. The constant temperature was 

maintained by coupling the system to the Nose-Hoover thermostat with a relaxation 
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time of 0.1 ps. During these simulations, the z-coordinate of the graphene flake’s 

center of mass (xcm, ycm, zcm) was tethered to (0, 0, z*) by harmonic springs. 

𝑈!"#$%& =
!!
!
𝑧!" − 𝑧∗ ! + !!

!
𝑥!"! + 𝑦!"!      Eq. 6.2 

The values of the spring constants are K1 = 250 Kcal/mole/Å2 and K2 = 2000 

Kcal/mole/Å2. K2 is sufficiently high to minimize horizontal fluctuations. In order to 

prevent the interface from shifting vertically, another spring was tethered to the 

center of mass of the solvent where Ks = 750 Kcal/mole/Å2. During the simulation 

runs, the tethering point z* locations varied with an increment of Δz*=0.1 Å. The 

system was equilibrated for 0.1 nanoseconds at each increment of the tethered 

point. After the equilibration step was completed, the production run was performed 

with a duration of 0.3 ns. During this step, the center of mass location distributions of 

the graphene flake was obtained for potential of mean force WHAM calculations. 

Potential of mean force calculations do not give the absolute value of Helmholtz 

free energy for a system, but do provide information about the change in the 

Helmholtz free energy across all measured tethering points. Therefore, it allows for 

comparative analysis of tested tethering points. 

 

Table 6-3: WHAM system sizes for the solvent exfolation of graphene 
 

System Lx(Å) Ly(Å) Lz (Å) 
nCarbon 

Graphene 
nMolecules 

Solvent 
nAtoms 

Total 
C6H6 58.3 57.7 75.7 1344 1512 19920 

C6F6/C6H6 (1:1) 58.3 57.7 82.3 1344 1512 19920 
C6F6 58.3 57.7 90.5 1344 1512 19920 
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Table 6-4 : WHAM system sizes for graphene at the heptane/water interface 
 

System Lx(Å) Ly(Å) Lz (Å) #Carbon #Water #Heptane Total 
1-Sheet 92.1 85.08 81.27 348 10000 1280 59872 
9-Sheets 128.94 122.3 121.29 3420 41184 2576 186688 
 

 

6.3  Exfoliation of graphite in solvents 

 

Graphite (3243 Grade) was dispersed in various solvents via tip sonication on a 

Cole-Parmer 750 Watt Ultrasonic Processor (20 kHz operating at 30% power for 1 

hour). Solvents used included benzene (Sigma-Aldrich, 99.8% anhydrous), 

hexafluorobenzene (HFB, C6F6) (Synquest, 99%), n-heptane (Fisher Scientific, 

99%), DI water, and 1-methyl-2-pyrrolidone (Fisher Scientific, Laboratory Grade). 

Through varying the concentration of graphite in the solvents, different types of final 

morphologies could be created. In particular, single sheets of graphene could be 

exfoliated and suspended at low concentrations.  

Transmission electron microscopy (TEM) and atomic force microscopy (AFM) 

samples were prepared from low concentration samples. A 10 mg mL-1 solution of 

graphite was sonicated for 1 hour, centrifuged or allowed to settle over night in order 

to remove unexfoliated aggregates. TEM samples were drop cast onto a holey 

carbon grid, which would allow for visualization of single and multiple layer flakes 

that were suspended above the holes. Samples were viewed in both transmission 

and diffraction mode on a FEI Tecnai T12 S/TEM. AFM samples were drop cast on a 

freshly cleaved mica substrate and imaged under ambient conditions using tapping 
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mode on an Asylum Research MFP-3D Standalone High Resolution AFM (AC240 tip 

driven at 70KHz). The image was scanned at a rate of 1 Hz while recording height, 

amplitude, and phase retrace data. Raman spectra were collected on a drop cast 

sample of graphene, which was originally isolated through sonicating natural flake 

graphite in a 1:1 C6F6/C6H6 mixture. The instrument used was a Renishaw 

Ramascope System 2000 operating at 514 nm. Optical absorbance measurements 

were taken before and after sonication on a Varian CARY 5000 UV-Vis-NIR 

spectrophotometer. 

A Thermo Cahn DCA 322 was used to compare surface interactions of graphene 

with each of the solvents. For the measurement a rectangular HOPG sample was 

suspended from a balance and immersed in the solvents at a rate of 80 µm s-1 (see 

Figure 6.5). The result of this was a plot of the weight of the sample as a function of 

the distance traveled by the sample (see Figure 7.7). In typical Wilhelmy balance 

experiments, the value of cos (θ) is calculated from the weight measurements. In 

order to calculate the angle, it is necessary to know the weight change of the 

sample, the value for the perimeter of the sample, and the surface tension of the 

solvent at the temperature of the measurement. Rather than applying the equation 

for determining cos (θ), however, we use only the weight measurements and do not 

preform the subsequent conversions. 
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Figure 6-5 - Schematic of the method used for Wilhelmy plate analysis  
 

6.3.1  Sponge formation 

 

Sponge samples were prepared by tip sonication of natural flake graphite in a 100 

mg mL-1 equimolar mixture for 1 hour. SEM samples were prepared by dropping a 

small amount of this mixture onto carbon tape on a SEM stub. The mixture rapidly 

froze and sublimed leaving behind only the remaining sponge-like structure. SEM 

images were generated on a JEOL 6335F FESEM.  

6.4  Graphene thin film formation 

 

Graphene films were prepared by putting 2 mg of bulk pristine graphite (Ashbury 

Carbons grade 3243 or 2299) into a 20 mL glass scintillation vial. Five mL of n-

heptane (Fisher Scientific, HPLC grade) was added and briefly bath sonicated with a 

Branson 80W B2510DTH (operating frequency of 40 kHz) to break up large 

particles. Tip sonication was performed with a Cole-Parmer 750 Watt Ultrasonic 
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Processor (operating frequency of 20 kHz for 15 minutes at 40% power) to exfoliate 

graphite and disperse it into the heptane. After sonication, 5 mL of DI water was 

added to the system and briefly bath sonicated again to shift the graphene sheets to 

the interface. The mixture was then tip sonicated with the tip located in close 

proximity above the liquid-liquid interface for a second time (15 minutes at 40% 

power) to further exfoliate graphene sheets and distribute them about the interface. 

Following the second tip sonication, the system is shaken to create emulsion 

spheres. This generates a film that propels itself up the walls of a glass vial upon 

coalescence. The film created by this method has a metallic appearance. 

Inserting an acetone cleaned glass slide into the vial and across the liquid-liquid 

interface then created a film. Graphene from the interface climbs the glass slide in a 

similar manner to that of the vial after shaking.  

Films deposited on a glass slide were dried and used for both Raman spectra and 

SEM imaging. Raman spectra were obtained on a Renishaw 2000 Raman 

Spectrometer. Film samples on a glass slide were dried in a vacuum oven and then 

measured with a 514.5 nm laser. SEM images were taken on a JOEL 6335F Field 

Emission Scanning Electron Microscope (FESEM) (10kV accelerating voltage and 

15 mm working distance). A conductive coating was not needed for these samples, 

as pristine graphite is inherently conductive. 

Conductivity measurements were taken via a 4-line probe method on the 

previously vacuum oven dried graphene films. Four strips of copper tape were 

placed on the film each spaced 1 cm apart, forming a 4-line probe. The conductivity 
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was then measured using a Keithly Model 2420 SourceMeter. Film transparency 

was determined using a Varian Cary 5000 UV-Vis-NIR Spectrophotometer 

TEM samples were prepared by inserting and lifting a 400-mesh TEM grid coated 

with a 3 nm thick carbon layer into the graphene film water. This sample was then 

stored in a vacuum oven overnight to remove any residual solvents. Images and 

diffraction patterns were obtained with a FEI Tecnai T12 S/TEM at 120 keV 
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Chapter 7:  Solvent Exfoliation of Graphite 

into graphene sheets 

 

7.1  Introduction 

 

Graphite’s insolubility in conventional solvents is a major obstacle to its practical 

utilization. This challenge is typically addressed by chemical modification such as 

oxidation and reduction. However, pristine graphene possesses superior properties 

to chemically modified graphene, as the process of oxidation and reduction leads to 

degradation. Applications requiring pristine graphene derived from graphite demand 

a solution stabilization method that utilizes an easily removable media. Using a 

combination of molecular dynamics simulations and experimental techniques, this 

chapter investigates the behavior of graphene in a two solvent system, focusing on 

both miscible and immiscible systems.  
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7.2  Solvent Exfoliation of Graphene from graphite 

 

7.2.1  Intro 

 

In this section we introduce a method for obtaining high concentration suspensions 

of graphene material from both natural flake graphite and highly ordered pyrolytic 

graphite (HOPG). The solvents used have low molecular weights and boiling 

temperatures therefore, are easily removable through simple evaporation. This 

solvent system, an equimolar solution of benzene (C6H6) and hexafluorobenzene 

(C6F6), solidifies at 23.7 °C, with a solid structure consisting of alternating C6H6/C6F6 

columns.112 The boiling point of the mixture is approximately 78 °C, nearly identical 

to that of the pure solvents.113 It is also easily removed at moderate temperatures.114 

Independently, benzene and hexafluorobenzene have been shown to be suboptimal 

solvents for graphene solution stabilization,99 however, an equimolar mixture of the 

two substances provides a structured solvent that is fundamentally unlike the two 

original substances. 

Equimolar solutions of C6H6/C6F6 were first studied and characterized in the 

1960’s when their structure was explained by quadrupolar interactions.114–117 

Simulations of the charge densities of C6H6 and C6F6 indicate that they are 

complimentary. C6F6 has a localized and independent charge density on each F 

atom.118 These charge densities give rise to interactions that have been successfully 

exploited in supramolecular119,120 and polymer121–123 chemistry, as well as in the 

stabilization of liquid crystalline phases.124 In this chapter, we show that the ordering 
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that results from these interactions can be nucleated by graphene. This induces 

ordering above the bulk melting temperature and can be utilized for graphene 

stabilization. 

 

7.2.2  Results and Discussion 

 

Molecular dynamics simulations of a graphene sheet in various solvents were 

described previously in Section 6.1. Figure 7.1 shows the solvent density distribution 

along the z-axis with graphene sheets located in the xy-plane. Though we only 

indicate the density distribution along the positive z-direction, the density profile is 

symmetric and spans both sides of the graphene sheet. From Figure 7.1a it is 

apparent that the graphene sheet induces a layered structure in the C6H6/C6F6 

mixture. This is observed as density oscillations with a period of ~3.4 Å and 

corresponds to the van der Waals diameter of the carbon atom.  

 

 

Figure 7-1 - Solvent density distributions obtained from molecular dynamics 
simulations of a graphene sheet immersed into (a) different solvents or (b) different 

mole fractions of C6F6/C6H6 
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A limited degree of ordering is additionally observed in both C6F6 and heptane 

systems, though it is not as pronounced when compared to the 1:1 C6H6/C6F6 

mixture. In the 1:1 C6H6/C6F6 mixture, one can clearly identify at least eight peaks 

spanning up to 30 Å from the graphene surface. This long range ordering is due to 

quadrupolar interactions between C6H6 and C6F6 molecules within the stacks of 

these alternating molecules. Figure 7.1b shows the density distribution for various 

mixtures of C6F6 and benzene. Again, we see that the 1:1 mixture has the longest 

range density fluctuations. 

To elucidate the affinity between various solvent mixtures and graphene, we 

calculated the orientational order parameter of solvent molecules along the z-

direction. Figure 7.2a shows the orientational order parameter in different solvents, 

while Figure 7.2b shows the different molar mixtures of HFB and benzene, 

specifically. 

 

 

Figure 7-2 - Solvent orientational order parameter ditribution in (a) different solvents 
or (b) different mole fractions of C6F6/C6H6 
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This order parameter was obtained by binning atom positions along the z-axis with 

a bin size of Δ=0.1 Å. Again, the 1:1 mixture of C6H6/C6F6 possessed the highest 

degree of ordering compared to all solvents measured. This degree of ordering is 

due to the orientation of molecules parallel to the graphene sheet plane. This can be 

seen in the upper part of Figure 7.2a, where the distribution of the orientational order 

parameter is shown. 

𝑆 𝑧 = ! !"#! ! ! !!
!

            Eq 7.1 

In equation 7.1, ϕ (z) is the angle between the z-axis and is normal to the plane of 

the aromatic solvent’s carbon ring. During the last stages of the simulation runs, the 

average of orientation of solvent molecules was calculated. Close to the graphene 

surface, the value of the order parameter S approaches unity. This value of the order 

parameter corresponds to a parallel alignment of the solvent molecules and 

graphene sheet. This is also clearly seen in the snapshot of the first layer structure, 

shown in Figure 7.3. 
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Figure 7-3 - Snapshot of the first layer structure relative to the graphene sheet for 
water (a), heptane (b), xylene (c), benzene (d), a 1:1 molar mixture of C6F6/C6H6 (e), 

hexafluorobenzene (f) 
 

The positive values of the order parameter, S (z), correspond to the parallel 

alignment of molecules with the graphene sheet while the negative values of the 

order parameter correspond to perpendicular orientations of molecules with respect 

to graphene sheets (Figure 7.2). As in the case of its density distribution (Figure 

7.1), the 1:1 C6H6/C6F6 mixture shows the longest orientational correlations between 

solvent molecules and graphene sheets. The high degree of alignment indicates 

columnar stacking in the HFB/benzene sample. While the C6H6/C6F6 mixture exhibits 

a high degree of orientational and translational order in the z-direction, the 

snapshots of the first layer structure (see Figure 7.3) do not show a high degree of 
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lateral order. This is what one would expect for liquid crystalline ordering in a mixture 

of disk-like molecules. 

 

Figure 7-4 - Charge distribution, Q(z), and excess density distribution, ρ(z)-ρb in a 
1:1 mixture of benzene and hexafluorobenzene, where ρb is the bulk density 

 

It is important to point out that there is a correlation between density excess in the 

adsorbed layer and the local charge distribution. This is illustrated in Figure 7.4. The 

excess of negative charge correlates with an excess of local density. The main 

contribution to this excess comes from fluorine atoms. Hydrogen atoms, because 

they have the smallest van der Waals radius, generate the positive charge excess 

observed at the graphene surface. The shoulders and double peaks that can be 

visualized in the charge distribution occur between peaks in the density distribution 

and correspond to positively charged carbon atoms in the C6F6 and positively 

charged hydrogen atoms in benzene. 
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Quantitative information about the affinity of different solvents to graphene can be 

obtained from solvent surface excess: 

Γ = 2 𝜌 𝑧 − 𝜌!   𝑑𝑧
!!

!
!     Eq 7.2 

where ρb is the bulk density and d=2.5 Å. The factor of two accounts for two 

graphene surfaces exposed to a solvent. The integration of Equation 7.1 was 

performed numerically with the integration step Δ=0.1 Å. Table 7.1 summarizes our 

results for solvent surface excess. 

 

Table 7-1 : Solvent surface excess 
 

 
Solvent 

 

 
ρb[g/cm3] 

 
Γ  x 10-8 

[g/cm2] 

 
Γ /ρb x 10-8  

[cm] 

Water 1.04 0.67 0.65 

Benzene 0.82 2.40 2.94 

Xylenes 0.80 2.65 3.30 

Heptane 0.64 2.43 3.78 

C6F6 1.64 2.46 1.5 

C6F6/C6H6 (1:1) 1.26 3.98 3.15 

C6F6/C6H6 (3:1) 1.46 2.76 1.89 

C6F6/C6H6 (1:3) 1.04 3.39 3.27 

 

The largest excess mass per unit area is observed for the 1:1 mixture of 

C6F6/C6H6. This value is also larger than the average solvent surface excess of pure 

benzene and pure C6F6. This can be a macroscopic manifestation of the solvent 

mixture structuring at the graphene surface. The lowest surface excess value 

observed was for water. The normalized quantity of the surface excess has the 
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largest value for the 1:3 mixture of C6F6/C6H6. This is a reflection of two tendencies: 

the increasing density of the solvent mixture and the growth of the solvent surface 

excess. However, even for the normalized quantity, the value of the solvent surface 

excess of the 1:1 C6F6/C6H6 mixture is larger than the average quantity for pure 

components. 

To show how the 1:1 C6H6/C6F6 mixture has superior graphene solubility 

compared with the other solvents, we used the Weighted Histogram Analysis 

Method (WHAM) to calculate the potential of the mean force between large 

graphene sheets and small graphene flakes (details in section 6.2).111 The 

simulations are performed at a constant system temperature and volume and 

provide information about the Helmholtz free energy of the system as a function of 

the graphene sheets and flakes. Yet, the potential of the mean force calculations do 

not provide the absolute value of the system’s Helmholtz free energy. It does, 

however, provide information about the change in Helmholtz free energy of the 

system as the graphene flake is pulled towards the larger graphene sheet. 
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Figure 7-5 - Dependance of the difference in the Helmholtz free energy DF on the 
distance between the graphene sheet and graphene flake. Letters correspond to 

snapshots of graphene sheet and flake configurations in Figure 7.6 
 

Simulations have shown qualitative differences in graphene solubility of the 1:1 

C6H6/C6F6 mixture and pure hexafluorobenzene compared with the pure benzene 

(see Figure 7.5). In a 1:1 C6H6/C6F6 mixture and in pure C6F6, the solvated graphene 

state has a lower Helmholtz free energy than the layered graphene state. Thus, 

having both sides of a graphene sheet covered with solvent is more 

thermodynamically favorable than having two sheets in contact with each other. This 

is manifested in a positive Helmholtz free energy change upon graphene 

aggregation, with ΔF = 838 Kcal mole-1 for the 1:1 C6H6/C6F6 mixture and ΔF = 672 

Kcal mole-1 for C6F6. The opposite trend is observed in benzene, with ΔF = -89 Kcal 
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mole-1. Benzene is thus a poor solvent for graphene. The larger positive value of ΔF 

obtained for the 1:1 C6H6/C6F6 mixture confirms that the mixture is a better solvent 

for graphene than is the pure C6F6 or benzene, and the mixed solvent is not simply a 

weighted average of the two.  

 

 

Figure 7-6 - Snapshots of the graphene sheet and flake configurations at different 
separations between their center of mass. Letters correspond to different separation 

distances shown in Figure 7.5 
 

It is crucial to point out that one can still see a suspension of graphene in benzene 

after sonication. At small separations, the graphene flakes experience large bending 

deformations (see Figure 7.6) that are required for expulsion of the last layer of 

adsorbed molecules. Such suspensions are kinetically stable and therefore increase 

the time required for graphene sheets to aggregate and settle.  
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To confirm the unique properties of 1:1 C6H6/C6F6 mixture experimentally, we 

employed a Wilhelmy plate method to observe the interaction of the solvent mixture 

with graphene surfaces. In this method, an HOPG sample is suspended from the 

beam of a balance and the solvent is raised to the sample at a set rate (see Section 

6.3). Solvents that wet the HOPG surface will wick onto the sample, this 

phenomenon can be observed (Figure 7.7) as an increase in the sample weight just 

before it enters the solvent. After this occurs buoyant forces will immediately begin 

decreasing the observed weight. As the solvent is removed from the HOPG, the 

observed weight increases as the buoyant forces decrease. This continues until the 

distance between the solvent and the HOPG is zero and only the wicked solvent 

remains. As the HOPG moves above the solvent, the wicking ceases, and the 

weight decreases. The results of this weight vs. distance measurements show 

hysteresis,125,126 and the advancing weight is lower than the receding weight. The 

hysteresis is the difference in the weights divided by the advancing weight, and it is 

presented in Table 7.2. 
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Figure 7-7 - Typical plot of measure surface interaction of solvent with HOPG 
according to Wilhelmy plate analysis 

 

In the past, the source of hysteresis in such measurements has been thought to 

arise from either surface roughness, the chemical nature of the surface, adhesion, 

rearrangement of the surface when in contact with the liquid, or chemical 

heterogeneity of the surface causing pinning of the advancing/receding contact 

line.125,127–132 Since all of our measurements use the same HOPG sample, the 

condition of the surface cannot explain the hysteresis differences. Additionally, the 

chemical structure of the HOPG surface is homogeneous and will not rearrange, an 

event that is sometimes observed for polymeric surfaces. Therefore, the differences 

in hysteresis are attributed to differences in the adhesion of various solvents to the 

graphene surface. While the average hysteresis for heptane, n-methyl-2-pyrrolidone 
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(NMP), benzene, and xylenes is 0.142 ± 17%, hexafluorobenzene it is 0.075 (47% 

lower than the average), and the C6H6/C6F6 mixture it is 0.303 (113% higher than the 

average). 

 

Table 7-2 : Wilhelmy plate analysis for different solvents 
 

Solvent Average advancing 
weight gain (mg) 

Average receding 
weight retained (mg) 

Hysteresis* 

C6H6 67.5 77.5 0.149 

Xylenes 46.5 53.0 0.140 
Heptane 51.0 57.0 0.118 

C6F6 
 60.0 64.5 0.075 

NMP 92.5 107.5 0.162 
C6H6/C6F6 

  54.5 71.0 0.303 
* - Calculated as the difference of advancing and receding weight divided by advancing weight 

 

These differences are explained by quadrupolar ordering observed in our 

simulations. Since both C6F6 and benzene associate with graphene via van der 

Waals interactions, the smaller van der Waals size of hydrogen (compared to 

fluorine) results in larger adsorption energy for hydrogenated solvents compared to 

C6F6. This is manifested in the smaller hysteresis of C6F6 when compared with 

benzene and the other solvents. The monolayer closest to the graphene surface in 

the mixture, however, (see Figure 7.3) consists of both benzene and C6F6 

molecules, allowing the next layer to associate with complimentary quadrupoles. 

This continues for a set distance, resulting in an increased mass of the solvent 

adhering to the graphene surface. The other solvents do not associate through 

quadrupolar interactions but rather associated through dispersion forces, which are 

weaker than the complimentary quadrupolar C6H6/C6F6 interactions. Therefore, the 
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hysteresis values lie between the larger retained mass of the mixture and the 

smaller retained mass of the poorly interacting C6F6. 

 

 

Figure 7-8 - Comparison of the weight of the solvent drawn up the HOPG sample vs. 
the literature values of surface tension for the solvents tested. 

 

A recent paper suggests that the ability of solvents to stabilize graphene 

suspensions is related to the surface tension of the solvent.80 Solvents such as 

benzene and heptane, with such low surface tensions, are particularly poor solvents 

for graphene while solvents such as NMP, with much higher surface tensions, are 

better solvents. Our solvent mixture’s surface tension is lower than benzene and 

slightly higher than heptane, approximately 22.1 dynes cm-1 (benzene is 
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approximately 30 dynes cm-1). Thus, it appears that for our solvent concentration, 

surface tension cannot account for the degree of observed stabilization of graphene 

suspensions. In fact, the higher surface tension benzene is a much poorer solvent 

than the mixture. 

 

Figure 7-9 - Graphite in an equimolar mixture before sonication (a), immediately 
after sonication (b), and one week after sonication 

 

Stable suspensions derived from the sonication of natural flake graphite and 

HOPG are found to be stable for long periods of time, typically weeks. Typical 50 mg 

mL-1 concentrations of natural flake graphite show no signs of settling after sitting for 

more than a month. Figure 7.8 shows suspensions of natural flake graphite before 

and after sonication. After sitting for over a week, no settling is observed. Optical 

absorbance measurements were taken for graphene suspensions obtained by 

sonication in the 1:1 solvent mixture, pure C6F6, and pure benzene. The results 

mirror our computational findings and are shown in Figure 7.9. All three samples 
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show a loss of transmittance immediately after sonication, though benzene was 

slightly less concentrated than the other two. After settling for a week, the benzene 

was nearly clear, while both the C6F6 solution and the mixture still showed low 

transmission, with the mixture showing less transmission than the pure solvent. This 

further argues against a simple mixing effect of our 1:1 solution. 

 

Figure 7-10 - UV-vis transmission spectra of benzene, hexafluorobenzene, and a 1:1 
mixture. The pure hexafluorobenzene stabilizes the sonication induced graphene 

suspension much better than benzene, but not as well as the mixture 
 

In order to observe completely exfoliated sheets, a lower concentration of graphite 

was used and aggregates were removed by centrifugation after sonication. AFM 

(Figure 7.11) images show single sheets that have been cast onto various 
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substrates. The height increase of just over 1 nm in the AFM image is indicative of 

single layer graphene and is shown from both natural flake graphite (Figure 7.11a) 

as well as HOPG (Figure 7.11b) sources. Additionally, the sonication step does not 

appear to adversely affect the sheet size as natural flake graphite shows flakes of 

almost 1 µm. An additional AFM image of the graphene from natural flake graphite is 

shown in the appendix (Figure 10.4) and supports these results.  

Shown in Figure 7.11 is a TEM image, which supports the AFM data. It illustrates 

a large graphene flake suspended over a hole in the sample grid. Another sheet 

appears to be stacked on the main graphene flake with a variety of small defects, 

which may have been present in the starting graphene or could possibly be caused 

by the sonication. The diffraction pattern, taken over the hole of the amorphous 

carbon, clearly shows a hexagonal pattern corresponding to a single sheet. 

Additional TEM images are shown in the appendix (Figure 10.5) supporting graphite 

exfoliation. 
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Figure 7-11 - AFM images of graphene sheets prepared in the C6F6/C6H6 solvent 
mixture. Large sheets of approximately one micron can be seen from both natural 

flake graphite (a) as well as HOPG (b) 
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Figure 7-12 - TEM image of a single graphene sheet obtained by sonication of 
natural flake graphite in the equimolar mixture (a) and the corresponding diffraction 

pattern taken through one of the holes in the amorphous carbon grid (b) 
 



 99 

A Raman spectrum (see Figure 7.12) was taken in order to quantify the final 

quality of the graphene flakes. The spectrum includes the expected D peak at ~1350 

cm-1, indicating the presence of disordered regions. The low intensity of this peak 

compared to the G peak indicates only minor defects to the system, which include 

the edges of the flake. The much larger G peak is also observed, occurring at ~1580 

cm-1. This peak is due to the doubly degenerate E2g mode and is common to all sp2 

carbon systems. The location and shape of the G peak also indicates a lack of 

chemical functionalization, which would shift the peak to higher wavenumbers. 

Though exfoliating and suspending graphene sheets is a critical step towards many 

applications, the final material must be stabilizer free. One method to remove volatile 

stabilizing solvents is through freeze-drying. This method has been shown to 

produce graphitic materials with high surface areas in systems which involve GO 

suspended in water or rGO in water with polymeric stabilizers.133,134 Proposed 

applications for these materials include catalysis, drug release, biotechnology, and 

electronics.135 Because graphene itself is insoluble in water, it must be oxidized to 

GO to become soluble. Water is the solvent of choice in all previous works and 

therefore, many defects are sustained in the GO that adversely affect the properties. 

High boiling solvents such as NMP and dimethylformamide (DMF) are not suitable 

for freeze-drying due to their low vapor pressures. In contrast, the C6H6/C6F6 mixture 

combines the capability of suspending graphene with the ability to remove the 

solvent via freeze-drying. This is due to the high vapor pressure and high freezing 

point of the mixture. 
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Figure 7-13 - Raman spectrum of graphene obtained from the solvent mixture 
 

Drop casting a C6H6/C6F6 graphene suspension results in the suspension freezing 

immediately due to evaporative cooling. Solvent sublimation occurs with no 

additional cooling or vacuum. Figure 7.13 is a field emission scanning electron 

microscope (FESEM) image of such a material. This graphene “sponge” contains no 

surfactants, polymers, or solvent residues and is continuous over the entire surface 

onto which it is cast. 
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Figure 7-14 - FESEM images of the three-dimensional graphene structure formed by 
freeze-drying a suspension of graphene from a hexafluorobenzene/benzene solvent 

mixture 
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Not surprisingly, the graphene sponge is mechanically weak, consisting of a 

combination of multi-sheet stacks and single sheets held together by van der Waals 

forces. While the sponge morphology is related to the structure of the graphene 

suspension, the presence of multi-sheet stacks is not an indication that single sheets 

do not exist in the suspension, as single sheets would be difficult to detect with this 

method. Separated graphene sheets, upon solvent removal, will restack. This is 

what occurs during freeze-drying, resulting in the jagged three-dimensional sponge 

structure held together by misaligned and interconnecting restacked graphene 

sheets. 

 

7.2.3  Conclusions 

 

In this section, we have presented a method for the dispersion of pristine 

graphene, both from natural flake graphene and HOPG. This method does not 

require the use of oxidized materials or materials that have been reduced after 

oxidation, meaning that nearly defect free graphene can be recovered. It also does 

not require the use of strong (e.g. chlorosulfonic) acids.136 Unlike the more common 

solvents, such as DMF or NMP, the mixed solvent presented here has a low boiling 

point and thus, is easily removed. As an example of its utility, we describe the 

production of a high surface area, three-dimensional graphene sponge with potential 

applications for catalysis and electronics.133–135,137–139 
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7.3  Thin Film formation of graphene at the Immiscible 

Liquid Interface  

 

7.3.1  Intro 

 

In this section we investigate the exfoliation of graphite at the interface of two 

immiscible solvents. By utilizing the spreading parameter and capillary forces we 

developed a one-step technique to produce macroscopic, transparent and 

conductive thin films from pristine natural flake graphite with well-controlled 

thickness. The films are one to four graphene layers thick and inexpensive to 

produce. Furthermore, the films have no theoretical limitations to lateral dimensions 

and can also be easily transferred to various substrates. This technique is the first 

step in the wide spread utilization of natural graphene as a substitute for materials 

such as indium tin oxide (ITO) in applications such as solar panels, organic 

electronics, and batteries.  

 

7.3.2  Results and Discussion 

 

The affinity of a graphene sheet at the heptane/water interface was tested via 

molecular dynamics. Simulations were prepared as described in Section 6.1 with 

graphene sheets initially located at the heptane/water interface. During simulations, 

graphene sheets move along the interface forming stacks that are two and three 
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stacks in thickness. Figure 7.14 shows the number fraction distribution normal to the 

interface (z-axis) in simulations with differing amounts of graphene sheets. From this 

figure, it follows that graphene stacks are located at the water/heptane interface with 

a slight preference towards the heptane phase. However, for a single flake system, 

there is a heptane layer surrounding the graphene flake.  

 

 

Figure 7-15 - Number fraction distribution of water, heptane and graphene along the 
z-axis, normal to the water/heptane interface. Insets show snapshots of the 

simulation box. In left inset heptane is transparent.  In insets, hydrogen atoms are 
shown in light gray, oxygen atoms are colored in red, carbon atoms belonging to 

graphene are black and carbon in heptane is green. 
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This shift in graphene flake location for a single flake compared to a stack is more 

easily seen in Figure 7.15, which shows the density of the system along the z-axis. A 

single graphene flake is located approximately 6 Å from the interface, allowing for 

heptane to encase the sheet. In contrast, multiple sheet systems show a bimodal 

peak with the first peak located closer to the water/heptane interface than in the 

single flake system. These peaks correspond to the location of the graphene flake 

carbon atoms in two flake aggregates. The magnitude of these peaks increase with 

increasing numbers of flakes, which should not be surprising since the number of 

carbon atoms belonging to aggregates increases as well.  

In our simulations, we never observed the formation of stacks above three sheets. 

This is due to size constraints of the system that limits starting configurations, as 

well as the high rate at which the system can form a two sheet stack. The two 

graphene flake stacks have an increased aggregate bending energy, thereby 

preventing stacks of two from combining to form a stack of four. Stacks of more than 

two sheets are formed when a single sheet located near the interface approaches a 

stack and dips underneath the stack to add directly at the interface. 

The strength of attraction between graphene stacks and the heptane/water 

interface is evaluated by calculating the potential of the mean force via WHAM as 

described in Section 6.2. In Figure 7.16, a single graphene sheet is pulled away from 

the interface in both directions to study the change in the Helmholtz free energy of 

the system based on the flake location. There is a shallow local minimum at the 

water/heptane interface. The primary minimum is located at about 5.5 Å. The 

potential plateaus when the graphene flake is coated by approximately two layers of 
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the heptane molecules. Note the potential of the mean force increases faster when 

moving a flake into the water phase than into the heptane phase. Therefore, the 

graphene has a higher affinity to heptane than to water. Furthermore, a graphene 

flake moves its solvation heptane layer into the water phase, deforming the 

water/heptane interface (see Figure 7.16 inset). 

 
 

Figure 7-16 - Potential of the mean force for single graphene flake system. Insets 
show typical configuration of the graphene flakes. The solvent in which graphene 

flake is pulled in is transparent. 
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Figure 7-17 - Potential of the mean force for three-layer graphene flake assembly. 
Insets show typical configuration of the graphene flakes. The solvent into which the 

graphene assembly is pulled is transparent. 
 

Alternatively, in Figure 7.17 a graphene aggregate of a three flake stack is pulled 

away from the interface. The potential minimum of the stack is now located at the 

water/heptane interface. The potential is, again, steeper towards the water phase, 

confirming water is a poorer solvent for graphene than heptane. In the heptane 

phase, the potential saturates at distance z larger than 4 Å. The magnitude of the 

potential in the plateau regime is on the order of 4.5 RT (where R is the gas constant 
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at T = 300 K). This confirms a strong affinity of graphene stacks for the 

water/heptane interface. Note that in a real system consisting of larger graphene 

sheets, this energy difference is even greater and pins graphene to the interface 

even more strongly. Also, in larger sheets, the formation of thick aggregates is 

suppressed due to both the necessity of diffusing larger distances along the 

interface and the aggregate bending energy penalty for adding a new sheet to a 

stack. This lack of restacking traps graphene at the liquid-liquid interface. 

Experimentally, the film formation occurs at the interface of a phase-separated 

mixture of water and heptane. While graphene does not form a stable suspension in 

either water or heptane, when placed in a mixture of the two, with mild sonication, 

the graphene sheets assemble at the water/heptane interface to form a uniform 

macroscopic film that remains stable for an indefinite period of time. Figure 7.18 

shows graphene film formation at the water/heptane interface, with graphene shells 

stabilizing a water/heptane emulsion. The size of the drops is a function of the 

volume fraction of water and heptane. 
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Figure 7-18 - Droplets of water in heptane stabilized by pristine, natural flake 
graphene. 

 

When placed in a water/heptane solvent mixture of approximately 1:1 by volume, 

the graphite, after mild sonication, (see section 6.4) exfoliates at the solvent 

interface. Additionally, the graphene sheets climb the sides of the hydrophilic glass 

vial. Because the glass of the vial is hydrophilic, a thin layer of water is present on 

the surface and is in contact with the heptane vapor, which leads to a high-energy 

interface. Graphene sheets “climb” this surface to minimize the interfacial energy, as 

shown by our molecular dynamics simulations, leading to thin graphene films. This 

phenomenon is shown in Figure 7.19. The graphene film, even after centrifugation at 

forces greater than 300,000 g, remains stable at the interface below the heptane and 

above the water. If, however, the heptane is allowed to evaporate, the heavier 

graphite will fall through the water and precipitate at the bottom of the vial, which 

shows that the graphene is not simply suspended on the water by surface tension. 
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Figure 7-19 - Graphene sonicated at the water/hepatane interface 
 

When a glass slide is introduced to the system, the film also climbs up both sides 

of the slide. This is because the glass provides a hydrophilic surface necessary to 

form the water/heptane interface. As expected, a hydrophobic surface will not lead to 

climbing.  

The formation of the graphene films is explained by reassembly of graphene 

sheets at the oil/water interface being driven by minimization of interfacial free 

energy of the system. Indeed, the surface energy of graphene80,140 γg = 54.8 mN m-1 

lies in between the surface tensions of water, γw = 72.9 mN m-1 and heptane, γh 20.1 

mN m-1, at 20 ˚C.141 This results in a positive spreading parameter value of S = 6.6 

mN m-1.142 The climbing of graphene indicates that the corresponding Hamaker 
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constant of the glass/water/graphene/heptane vapor system is negative.142 As long 

as the graphene film is thinner than the corresponding capillary length of ~0.7 

mm,143 the capillary forces holding the graphene at the interface of the two liquids is 

substantially stronger than the gravitational force. 

The use of an interface to produce non-transparent oxidized and reduced graphite 

films has been demonstrated by other research groups.144–147 The formation of 

transparent conductive graphene films from modified precursors was recently 

reported. However, in all previous investigations, dispersing the graphite materials in 

one of the solvent phases was the initial step.26,148–150 The necessity of forming a 

dispersion first is the major reason for the wide spread use of the water dispersible 

GO, though much damage is sustained by graphene during oxidation.151 Unlike the 

previous studies, we have used the lack of graphite solubility to our advantage. 

Placing graphene at the interface of two immiscible liquids results in a condition 

where the graphene stabilizes the liquid/liquid interface and lowers the total energy 

of the system. We found that using systems in which the graphitic material is 

dispersed in one of the solvents does not lead to the climbing phenomenon that 

forms our transparent films. Additionally, graphene climbing does not occur with the 

use of functionalized graphene sheets produced by the thermal exfoliation and 

reduction of GO, or the use of solvents such as NMP or DMF. 
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Figure 7-20 - TEM image of typical graphene film used to measure surface coverage 
 

 

7.3.3  Summary 

 

We have demonstrated the formation of a transparent and conductive 

macroscopic graphene film by trapping exfoliated graphene sheets at a liquid 

interface. Computational studies have shown that this interface trapping process is 
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the result of a strong affinity of the graphene sheets to the interface. The film 

deposition technique is simple, inexpensive, applicable to a wide range of surfaces, 

and scalable. It utilizes pristine, natural flake graphite, with no prior treatment, and 

requires no post-treatments such as chemical reduction or heating. It will 

revolutionize the future applications of graphene films in transparent electrodes for 

solar panels and organic electronic devices. 
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Chapter 8:  Summary and Future Work 

 

8.1  Summary 

 

Two methods for the production of graphene from natural flake graphite have been 

presented. The first method focused on chemical modification of graphite to 

decrease the van der Walls forces and allow for easier separation of the sheets. The 

oxidation time was shown to play a pivotal role in the properties of the final material. 

Short oxidation times exhibited significant chemical change that was not 

homogeneous as indicated by Raman spectroscopy. Between the 5 and 10 minute 

oxidation aliquots being drawn the reaction underwent an increase and viscosity. 

This increase in viscosity is attributed to the complete exfoliation of the graphite and 

the rapid oxidation of all the remaining graphite as seen by XRD and TGA. 

Additions of diazonium salts were shown to increase the water solubility of rGO. 

Layer-by-layer deposition of sRGO and poly-DADMAC led to the sequential addition 

of bilayers. A new synthetic route to nRGO was developed. This new material was 

shown to aggregate in the presence of aniline. Next a chemical reduction of the 

nRGO to amine functionalized reduced graphene oxide was developed using aniline 

in the solution. Early attempts without aniline would flocculate out before the reaction 

could proceed to completion. Next a solution of nRGO and aRGO was used as a 

proof of concept for the possibility of an all graphene layer-by-layer deposition. 
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A new method for the characterization of graphene flakes in a disc centrifuge was 

developed. Disc centrifugation allows for the study of particles dispersed in water by 

monitoring their sedimentation time as a function of solution density. It was 

determined that a gradient density was not needed to prevent streaming as long as 

the uniform density solution had a sufficiently high density. Two different types of 

graphene oxide from different start grades of graphite (2299 and 3243) were used in 

disc centrifuge analysis and were easily differentiated between. 

An alternate method to oxidation of graphite is exfoliation of graphite, which results 

in higher quality materials, but is much more difficult to process, as low 

concentrations or aggregation cause problems. A new method to higher 

concentrations of exfoliated graphene was to use an equimolar mixture of benzene 

and hexafluorobenzene. Simulations showed that this mixture would alternatively 

stack due to the quadrupolar interactions between these two molecules. Simulations 

and experiments showed that these stacks covered the basal plane of the graphene 

sheet promoting dispersion and preventing aggregation. Additionally this mixture is 

known to freeze at 23.7 °C allowing for high concentration solutions to become 

frozen at room temperature. Since both of the solvents have low vapor pressures 

they sublime leaving behind a sponge-like structure of graphene. 

Another method to exfoliate graphene from graphite was discovered in a solution 

of heptane and water. Each of these solvents is an extremely poor solvent for 

graphene dispersion independently. However, when sonicated in a mixture of the 

two solvents graphene adsorbs onto the interface to minimize the surface tension. 

Simulation results indicated that few-layered stacks are more common at the 



 116 

interface due to the decreased bending energy. These results were supported by 

Raman spectroscopy results, which indicate 3-4 layer stacks. These stacks at the 

interface were stable enough that the formation of additional interface, by insertion of 

a hydrophilic surface, resulted in the climbing of the stacks up the slide to form a 

film.  

 

8.2  Future Work 

 

Currently an important hurdle for graphene is finding an inexpensive large-scale 

synthesis method the next step will be to optimize processability. For the 

functionalization project that means fine tuning functionalities and processes that will 

allow for controllable growth of conductive bi-layers. Additionally development of a 

more scalable reaction would be beneficial. 

The interfacial assembly method at the water/heptane interface can be further 

optimized resulting in highly conductive and highly transparent materials. Additional 

work at coating films onto different materials for such as hydrophobic materials or 

fibers would also be desirable in order to broaden the impact of the method. 
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Chapter 10:  Appendix: 

 

 

Figure 10-1 – When aniline is added to neat solutions of GO no flocculation is 
observed (a) before (b) after however, addition to nRGO immediately flocculates the 

material (c) before (d) after 
 

 

 

 

 

 

 



 134 

 

 

 

 

 

 

Figure 10-2 – Nitrated reduced graphene oxide (nRGO) dropcast on an SEM stub 
shows no indication of layering. 
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Figure 10-3 – Amine functionalized reduced graphene oxide (aRGO) shows no 

indication of layering when dropcast. 
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Figure A-10-4 : Additional AFM of graphene and a corresponding height profile. 
Showing graphene flakes with aproximately 0.7 micron thickness. 
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Figure 10-5 –TEM images of graphene few-layered graphene sheets formed by the 
exfoliation of natural flake graphite in a Benzene/Hexafluorobenzene mixture. 
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