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 Abstract 
 

 Graphene, with its outstanding electrical, mechanical, and thermal properties, 

has been the focus of much attention since it was the topic of the 2010 Nobel Prize.   

Current methods to produce graphene include chemical vapor deposition (CVD) and 

epitaxial growth, as well as micromechanical, oxidation-reduction, and 

solvent/surfactant aided exfoliation of graphite. All of these methods, however, have 

serious limitations.  A common theme for all of these procedures is that the insolubility 

of graphene in virtually all solvents is an obstacle to be overcome.  In this dissertation, 

we present a method for the production of pristine graphene (graphene that has not 

been chemically modified) that instead relies on the insolubility of graphene.  In the 

interface trapping method, graphene is seen to act as a two dimensional surfactant, 

where it is trapped at the interface of oil and water, and lowers the interfacial energy of 

the system. 

 By utilizing this technique, we are able to produce conductive, transparent films 

of few layer graphene sheets on hydrophilic substrates.  These can then be transferred 

to virtually any substrate and have the potential to be used in applications such as solar 

cells and flexible displays.  Using the same approach, pristine graphene and graphite 

may be infused into fabrics to impart conductivity and increased strength for use in 



 

smart textiles.  By altering the initial method to produce films, graphene stabilized 

emulsions are formed.  If a monomer is used in place of the original inert oil, the 

emulsions may be used to template the creation of strong, lightweight, conductive 

composite materials.  Furthermore, by varying the monomer used, flexible composite 

materials may be formed that are conductive and chemically sensing.  These may find 

potential applications in energy storage, filtration, sensing, and construction materials.  
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Chapter 1:  Introduction to Graphene 

1.1  Introduction 

First isolated in 2004,1 graphene is a two-dimensional allotrope of carbon that has 

gained much attention in the scientific community in recent years because of its 

outstanding properties.  Graphene is made up of sp2 hybridized carbon atoms arranged 

in a hexagonal, honeycomb shaped lattice.  It is sometimes called the mother of carbon 

allotropes, as it can be thought of as the building block for all other forms of carbon: it 

can be folded to make fullerenes, rolled to make carbon nanotubes (CNTs), and 

stacked to make graphite, which can then be converted to diamond through heat and 

pressure (Figure 1-1).2 

 

Figure 1-1: A diagram showing graphene as the basis for other carbon allotropes.2 
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Graphene has been the focus of a large amount of research because of its 

outstanding physical properties.  It has excellent thermal conductivity of around 5000 

W/mK,3  which is an order of magnitude higher than copper.  Graphene also has a very 

high theoretical surface area of ~2600 m2/g,4 and a relatively low density, 2.2 g/cm3, as 

compared to conducting metals such as copper (density = 8.96 g/cm3).  Graphene’s 

tensile modulus of ~1 TPa5 is significantly higher than steel’s value of ~200 GPa.  

Finally, graphene has an electron mobility of 2.5*105 cm2/Vs,6 compared to silicon’s 

value of 1400 cm2/Vs and carbon nanotubes’ value of 1*105 cm2/Vs.7 

In 1947, P. R. Wallace theorized the existence of graphene to explain 3-

dimensional graphite.  However, at that time graphene was considered 

thermodynamically unstable as a free standing two-dimensional material.2  It is now 

thought to have been observed for the first time in the 1970s, grown using epitaxial 

growth,8 but they did not fully understand what they had made, and there were many 

problems with the system such as the overlapping of orbitals between the graphene and 

the substrate. 

 Novoselov and Geim first demonstrated and proved the production of pristine 

graphene in 2004 using a technique called micromechanical exfoliation.1,9 Pristine 

graphene is graphene that has minimal oxygen functionalities or other structural 

problems that degrade its properties.  The procedure they performed to acquire pristine 

graphene was actually quite simple, and will be discussed in a later section.  Due to 

scaling difficulties, however, discovering new procedures for the production of graphene 

has been a very active field in materials chemistry.  Beyond mere exfoliation, the 

utilization of graphene in various functional materials has been highly sought after.  To 
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give a few examples: graphene based materials can be used in filtration,10,11 energy 

storage,12–15 sensing,16–18 and as transparent electrodes.19–22 

1.2  Outline 

This dissertation focuses both on the exfoliation and utilization of pristine 

graphene as it acts as a two-dimensional surfactant.  First, in order to better understand 

the foundation from which our work stems, the various methods of graphene production 

will be discussed, as well as the pros and cons for each.  There will then be a brief 

overview of the types of graphite used in this research.  Next, as this dissertation 

focuses on pristine graphene acting as a surfactant, there will be a brief introduction into 

traditional surfactants.  From there, the dissertation will delve into the investigations 

carried out as part of my PhD studies. 

Part I investigates the utilization of the interface trapping method to produce 

macroscopic conductive thin films of pristine graphene sheets.  Using the same general 

theory, Part II covers the infusion of fabrics with a mixture of pristine graphene and 

graphite to impart electrical conductivity.  Part III then delves into utilizing pristine 

graphene to form stable oil/water emulsions to template the creation of porous 

composite materials.  Part IV explores the formation of flexible variants of these 

composites. 
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Chapter 2:  Traditional Methods of Graphene 

Production 

2.1  Micro-Mechanical Exfoliation 

Andre Geim and Konstantin Novoselov are credited with the first isolation and 

characterization of pristine graphene in 2004.  Their method, micro-mechanical 

exfoliation, is surprisingly simple and elegant.  Starting with a piece of highly ordered 

pyrolytic graphite (HOPG), they placed scotch tape against the surface.  By pulling the 

scotch tape up from the surface of the graphite, several layers of graphene were 

exfoliated (pulled apart from the bulk piece).  By repeating this method, more and more 

layers were peeled off from each other until a single layer was left on the tape.9  The 

tape was then dissolved, and the graphene transferred to different substrates for 

analysis.1  Although elegant, the obvious difficulties in scaling this procedure have led to 

a variety of alternative methods, which shall be discussed below. 
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Figure 2-1: A lump of graphite (top left), a graphene transistor (bottom left), and a tape 
dispenser (right) donated by Andre Geim and Konstantin Novoselov to the Nobel 
Museum.23 

2.2  Chemical Vapor Deposition and Epitaxial Growth 

 Chemical vapor deposition (CVD) is a process that starts with a metal substrate 

heated in a low-pressure environment. A carbon-based gas, such as methane, is then 

blown over the substrate.  The heated system then absorbs carbon into the metal.  

Once the temperature is lowered, the carbon atoms can no longer stay in the metal 

substrate, so they are expelled and a thin layer of the most thermodynamically stable 

form of carbon, graphene, on the surface (Figure 2-2). 24–26 
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Figure 2-2: Simple illustrations of chemical vapor deposition27 (left) and epitaxial growth 
(right) of graphene.28 
 

 Similar to CVD, epitaxial growth uses a substrate. In this case, however, it is 

silicon carbide, SiC.  The system is heated to high temperatures either under an inert 

atmosphere or high vacuum.  The silicon atoms then sublime out of the substrate, 

leaving behind a layer of graphene (Figure 2-2).29–31 Both of these methods produce 

large sheet sizes and high quality graphene, although they are also expensive and 

difficult to optimize.  CVD and epitaxial growth are extremely sensitive to the conditions 

used and always require extensive experimentation to determine a good procedure.   

2.3  Oxidation and Reduction of Graphite 

 The process of producing graphene through oxidation and reduction is currently 

widely used.  The first appearance of graphite oxide in the literature dates back to the 

1800s, by Brodie.32 Although it was not known then, this was a potential route to the 

production of graphene through the exfoliation of graphite oxide into graphene oxide 

(GO).  Since then, Brodie’s method, as well as two others – Staudenmaier’s33 and 

Hummer’s34 – have been the standards used to produce graphite oxide as a step in the 

production of graphene, with a modified Hummer’s method being the most popular 



 7 

today.  During the oxidation process, oxygen functionalities are introduced to the 

structure.  These groups are more bulky, thus leading to increased spacing between the 

layers that make up the stacked structure.  The increased spacing results in a lowering 

of the van der Waals forces holding the sheets together, thus making it much easier to 

exfoliate into separate sheets.   

 Graphene oxide is an interesting material in its own right.  It has many of the 

properties of graphene, although most are inferior to the pristine material.  For example, 

the tensile modulus of GO is about one fifth of that of pristine graphene.35  It is also an 

insulator, due to the oxygen functionalities severely disrupting the delocalized electron 

network throughout pristine graphene.  One beneficial property that GO has is that it 

may be dispersed in a wide variety of polar solvents because of the oxygen 

functionalities present on the sheets. 

  

Figure 2-3: Graphite before (left) and after (right) oxidation. 
 

The inferior properties just discussed often necessitate the reduction of GO to 

graphene, although it is more specifically called reduced graphene oxide (RGO).  RGO 

differs from pristine graphene in that during the reduction process, the removal of 

oxygen leaves behind defects in the honeycomb lattice, such as dislocations and 
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residual oxygen groups.  Although its conductivity and strength are better than GO, they 

are still considerably less than pristine graphene made from other methods, with the 

highest conductivity value at around 1000 S/m.36 Again, this is due to the functional 

groups and defects disrupting the network of delocalized electrons. 

 There are many possible ways to reduce graphene oxide to RGO, although the 

two most prominent are chemical and thermal.  Ruoff, et al. proposed the reduction of 

GO to RGO using hydrazine hydrate.37  Schniepp, et al. proposed an alternate 

synthesis, where the RGO was made through thermal reduction at 1050 °C.38 In this 

method, the sheets were reduced and exfoliated simultaneously.  There are various 

other methods,39–41 but the thermal method is by far the most convenient, since there 

are no chemicals that have to added or be removed after the reduction. 

 

Figure 2-4: Process of producing graphene from graphite using the oxidation and 
reduction method.42 Graphite is first oxidized to graphite oxide, where the interlayer 
spacing is increased.  Due to a decrease in van der Waals interactions between the 
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sheets, they may be exfoliated into graphene oxide.  From there, reduction yields 
graphene. It must be noted, however, that graphene derived from this method has many 
defects left from the harsh oxidation and reduction processes. 

2.4  Solvent Exfoliation and Surfactant Aided Exfoliation 

 In both the solvent exfoliation method and the surfactant aided exfoliation 

method, graphene sheets are exfoliated from bulk graphite in a solvent.  Energy is 

required for this process, and it often comes from sonication (bath or tip).  Normally, the 

sheets quickly re-stack due to lack of stability.  In the solvent exfoliation method, a 

solvent is chosen that hinders the restacking with some kind of interaction stronger than 

van der Waals forces.43 The downside to this method is that the concentration of 

graphene in the solution is very low, typically around 0.01 mg/mL.  In surfactant aided 

exfoliation, a surfactant is added that adsorbs to the graphene sheets and prevents 

restacking.44 Again, there is a downside, as the surfactant must be removed using harsh 

chemicals or heat. 
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Chapter 3:  Common Graphites Used 

Throughout this dissertation, the work utilizes various types of graphite.  The 

morphologies of these different graphites have a significant effect on the final materials.  

This chapter will focus on electron microscopy studies of the graphites used.  They have 

all been generously provided by Asbury Carbons. 

3.1  Asbury Grade 3243 

Asbury grade 3243 is a natural flake graphite that is milled to around 55 um. 

Figure 3-1A shows the distribution of the lateral size of the graphite stacks.  In Figure 

3-1B, the stacks of graphite that make up the larger aggregates are seen.  Figure 3-1C 

shows the thickness of a sample stack, as well as some of the layering. 
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Figure 3-1: Scanning electron microscopy images of Asbury Carbons graphite grade 
3243. 

3.2  Asbury Grade 2299 

Asbury grade 2299 is derived from a natural graphite parent.  Its average lateral 

size is on the order of a few microns. In Figure 3-2A, B, and C, the average sheet size is 

seen, as well as the low amount of aggregation. 
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Figure 3-2: Scanning electron microscopy images of Asbury Carbons graphite grade 
2299. 
 

3.3  Asbury Grade Nano 24  

Asbury grade Nano 24 is derived from a synthetic graphite parent.  It is very 

similar to Asbury grade 2299 in shape and size.  This may be seen in Figure 3-3A, B, 

and C. 
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Figure 3-3: Scanning electron microscopy images of Asbury Carbons graphite grade 
Nano 24. 

 

3.4  Asbury Grade Micro 890 

Asbury grade Micro 890 is a natural flake graphite with an average lateral size of 

around 10 um.  It may be seen below in Figure 3-4: A, B, and C. 
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Figure 3-4: Scanning electron microscopy images of Asbury Carbons graphite grade 
Micro 890. 
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Chapter 4:  Introduction to Traditional 

Surfactants 

Traditional surfactants are amphiphilic, meaning one part of the molecule being 

hydrophilic, while the other part is oleophilic. There are three types of classical 

surfactants:  nonionic, ionic, and zwitterionic. In general, the hydrophobic (oleophilic) 

part of the molecule is made of an alkyl chain. In a nonionic surfactant, the hydrophilic 

head has no charge (Figure 4-1A).  Ionic surfactants may have either a negatively or 

positively charged head (Figure 4-1B, C).  Zwitterionic surfactants have both a negative 

charge and a positive charge in the hydrophilic part of the molecule (Figure 4-1D). 

 

Figure 4-1: Types of traditional surfactants. (A) Nonionic, (B) and (C) Ionic, and (D) 
Zwitterionic. Adapted from45 
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 When placed in a mixture of oil and water, the molecule sits at the interface in 

order to be at its lowest energy state.  At the interface, the hydrophilic end of the 

molecule lies in the water phase, while the hydrophobic end lies in the oil phase.  It 

must be noted that traditional surfactants can be thought of as one-dimensional.  In this 

dissertation, we shall discuss the use of pristine graphene as a two-dimensional 

surfactant. 
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 Part I: Conductive Thin Films of 
Pristine Graphene by Solvent 

Interface Trapping 
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Chapter 5:  Introduction  

The availability of inexpensive,46 transparent and conductive pristine graphene 

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

electronics technology.22,47,48 Graphene’s insolubility and its intrinsic tendency to 

aggregate, however, have necessitated the use of either reduced graphite oxide49–52 or 

chemical vapor deposition (CVD)19,26,53,54 sources of graphene. Chemical modification of 

graphene significantly reduces film conductivity,55 while vapor deposition requires high 

production costs. It would be tremendously advantageous to use pristine graphene to 

lower the cost and boost film conductivity. 

In this chapter, we describe a one-step technique to produce laterally 

macroscopic, transparent and conductive films from pristine (untreated and unmodified) 

natural flake graphite with well-controlled thickness. The films are one to four graphene 

layers thick and inexpensive to produce. Furthermore, there are no theoretical 

limitations to film lateral dimensions, and such films can be easily transferred to various 

substrates. This technique may be 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. The conductivity of graphene 

films formed by our interface trapping method shows values on the order of 400 S/cm. 
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Chapter 6:  Experimental Methods 

6.1  Preparation of Graphene Film 

The typical sample preparation method we used was as follows: 2 mg of bulk 

pristine graphite was first put into a 20 mL glass scintillation vial.  5.0 mL of n-heptane 

(Fisher Scientific, HPLC grade) was then added and the system was briefly bath 

sonicated (Branson 80W B2510DTH) to break up any large particles.  It was then tip 

sonicated (Cole-Parmer 750 Watt Ultrasonic Processor) for 15 minutes at 40% power to 

disperse it into the heptane.  After the sonication, 5 mL of water was added and the 

system was bath sonicated again briefly to help move the graphene sheets to the 

interface.  The mixture was then tip sonicated with the tip right above the main liquid-

liquid interface a second time for 15 minutes at 40% power.  After the second tip 

sonication, the system was shaken to create emulsion spheres, which upon 

coalescence generate a film that climbs the walls of the vial, or a glass slide inserted 

into the system. 

6.2  Transferring of Graphene Film 

To transfer the film to various other substrates, using the method above, but 

before the water dries under the graphene layer, the slide was dipped into a beaker of 

water.  The film detached from the slide and floated on top of the water.  Depending on 

the substrate, the film was transferred by either putting it under the water and lifting the 

film onto it, or pushing the substrate through the interface while near the film. After the 

transfer, the film was either dried in open air, or in an oven to speed the process. 
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6.3  Characterization 

6.3.1  Raman Spectroscopy 

Using a Renishaw 2000 Raman Spectrometer, we analyzed the 2D peak of the 

graphene in a film prepared on a glass slide as in the method described in section 6.1 

This peak is indicative of the number of layers of graphene making up the film (Figure 

6-1).  The spectrum from our film may be seen in section 7.3. 

 

Figure 6-1: Evolution of Raman spectra at 514 nm with the number of layers.56 

 

6.3.2  Ultraviolet – Visible Spectroscopy 

Transparency was determined using a Cary 5000 UV-VIS-NIR 

Spectrophotometer. The film was created using the method described in section 6.1 

with graphite (Asbury Carbons grade 2299), although we used as little graphite as 

possible that still resulted in a continuous film.  The slide with the film on it was then 

taken out of the vial to dry, with some aggregation of the film occurring as the heptane 

evaporated.  



 21 

 The instrument was first zeroed using a clean glass slide as a control.  This 

spectrum may be seen in Figure 6-2.  After that process was completed, a slide with a 

graphene film on it was tested.  The spectrum may be seen in section 7.3. 

 

Figure 6-2: UV-VIS spectrum of the control glass slide used as a substrate for our films. 
 

6.3.3  Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images were obtained using a FEI 

Tecnai T12 TEM, where we were able to confirm the average size of the sheets, as well 

as determine the percent coverage of the film through image analysis to be 82%. An 

example of a TEM image used to determine surface coverage is shown in Figure 6-3. 
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Samples were first prepared using the method described in section 6.1 and transferred 

to a TEM grid using the method described in 6.2. 

 

Figure 6-3: TEM image of typical graphene film. 
 

6.3.4  Field Emission Scanning Electron Microscopy 

Field Emission Scanning Electron Microscopy (FESEM) images were obtained 

using a JEOL JSM 6335F FESEM.  The graphene film samples were prepared on a 
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glass slide as in section 6.1.  They were then transferred to an aluminum SEM stub 

using the method described in section 6.2. 

6.3.5  Conductivity Measurements 

A typical conductivity measurement was made as follows: a graphene film was 

formed on a glass slide with graphite (Asbury Carbons grade 3243) using the method 

described in section 6.1. Four strips of copper tape were placed on the film with 1 cm 

spaces in between to form a 4-line probe. The conductivity was then measured using a 

Keithly Model 2420 SourceMeter. 

Chapter 7:    Results and Discussion 

7.1  Film Formation 

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 7-1 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, as well as the amount of graphite added. 



 24 

 

Figure 7-1: Emulsion of water in heptane stabilized by pristine, natural flake graphene.  
The ratio of heptane to water is 19:1. 
 

When placed in a water/heptane solvent mixture of approximately 1:1, the 

graphite, after mild sonication, exfoliates at the solvent interface. In addition, the 

graphene sheets climb the sides of the hydrophilic glass vial. As 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, leading to a high-energy interface. Graphene sheets “climb” this surface 

to minimize the interfacial energy, leading to thin graphene films. This phenomena is 

shown in Figure 7-2A. 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, showing that the graphene is not 

simply suspended on the water by surface tension. 
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Figure 7-2: Images of graphene film. (A) Glass sample vial containing water, heptane, 
and graphene showing graphene film climbing the glass from the water/heptane 
interface to the top of the vial. (B) Glass vial whose interior surface has been made 
hydrophobic by treatment with a chlorosilane. Graphene is observed at the 
water/heptane and water/hydrophobic glass interface of the lower phase, but no 
climbing is observed above the water layer. (C) Vial as in B, but with an untreated glass 
slide inserted. The graphene climbs the slide even as it does not climb the hydrophobic 
glass vial. (D) Macroscopic transparent film of graphene on a glass slide formed by 
interface trapping. 
 

When a glass slide is introduced to the system, the film also climbs both sides of 

the slide. As the glass provides a hydrophilic surface necessary to form the 

water/heptane interface, a hydrophobic surface will not lead to climbing. Polyethylene 

vials show graphene at the liquid interface, but no climbing. The same effect is seen by 

treating the inside of a glass vial with trimethylsilyl chloride to make the walls of the vials 

hydrophobic. As seen in Figure 7-2B, the graphene no longer climbs the vial walls, 
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instead partially coats the now hydrophobic walls in contact with the water phase. 

Placing an untreated glass slide in the treated vial, as shown in Figure 7-2C, results in 

graphene climbing the slide. Figure 7-2D illustrates such a film on a glass slide, with a 

graphene layer on both the back and front of the slide. 

The formation of the graphene films is explained by reassembly of graphene 

sheets at the oil/water interface driven by minimization of interfacial free energy of the 

system. Indeed, the surface energy of graphene g=54.8 mN/m57,58 lies nearly in the 

middle between the surface tension of water, w=72.9 mN/m, and the surface tension of 

heptane, h=20.1 mN/m, at 20 °C.59 This results in a positive spreading parameter value 

of S6.6 mN/m.60 The climbing of the graphene indicates that the corresponding 

Hamaker constant of the glass/water/graphene/heptane vapor system is negative.60 The 

capillary forces holding the graphene at the interface of the two liquids is substantially 

stronger than the gravitational force as long as the graphene film is thinner than the 

corresponding capillary length of ~0.7mm.61 

7.2  Computational Simulations 

The strong affinity between graphene and the water/heptane interface is also 

seen in detailed molecular dynamics simulations preformed with several graphene 

sheets dispersed at a water/heptane interface (see Section 23.1 for simulation details). 

During simulations, graphene sheets move along the interface forming stacks two and 

three sheets thick. Figure 7-3A shows the number fraction distribution normal to the 

interface (z-axis) in simulations with nine graphene sheets. Graphene stacks are 

located at the water/heptane interface with a slight preference towards the heptane 

phase. We never observe the formation of stacks with more than three sheets. The 
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further restacking of graphene flakes is suppressed by an increase in aggregate 

bending energy.  

The strength of attraction between graphene stacks and heptane/water interfaces 

is evaluated by calculating the potential of the mean force between a three-sheet stack 

and interface in a system with a total of nine graphene sheets (see Figure 7-3B). The 

minimum of the potential is located at the water/heptane interface. The potential is 

steeper towards the water phase, confirming that the water is a poorer solvent for 

graphene than is 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 and 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 should be even greater, pinning 

graphene to the interface even more strongly. Also, for larger sheets, the formation of 

thick aggregates is suppressed due to both the necessity of diffusing large distances 

along the interface and the aggregate bending energy penalty to add a new sheet to a 

stack. This lack of restacking traps graphene at the liquid-liquid interface. 
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Figure 7-3: Computational study of graphene films. (A) 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. (B) 
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. 
 

 

Figure 7-4: Images of pristine graphene films. (A) Graphene film formed on a glass slide 
by climbing being floated onto a water surface. (B) FESEM image of pristine graphene 
film. The sheets have lateral dimensions on the µm size scale and form an overlapping 
arrangement consistent with TEM images. The valleys seen are from the sample holder. 

 

The use of an interface to produce non-transparent oxidized and reduced 

graphite films has been demonstrated elsewhere.62–65 The formation of transparent 

conductive graphene films from modified graphitic precursors was reported recently, 

however in all previous investigations, dispersing the graphitic materials in one of the 

solvent phases was the initial step.43,66–68 The requirement of first forming a dispersion 

is the major reason for the wide spread use of the water dispersible graphene oxide 

despite the damage caused to the graphene by oxidation.69 Unlike the previous studies, 

we have used the lack of graphite solubility to our advantage. Placing graphene at the 
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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 have found that 

using systems in which the graphitic material can be dispersed in one of the solvents 

does not lead to the climbing phenomenon that forms our transparent films. The use of 

functionalized graphene sheets produced by the thermal exfoliation and reduction of 

graphene oxide, does not result in climbing graphene, nor does the use of solvents such 

as NMP or DMF. 

7.3  Characterization of the Graphene Film 

The graphene film is formed on a glass slide simply by placing the slide in the 

vial where it intersects the water/heptane interface. After film climbing, the slide is 

removed and the heptane allowed to dry. The film can also be floated off of the glass 

slide onto the surface of water as illustrated in Figure 7-4A. This allows for the transfer 

of the film to other surfaces, an important aspect of the system for both applications and 

characterization.  This lift off technique can be repeated several times to produce thicker 

films. By lifting the film onto an SEM stub, images such as that shown in Figure 7-4B 

are obtained. The film is shown to be composed of overlapping graphene sheets with 

roughly micron lateral dimensions. These large sheets are possible due to only brief, 

mild sonication used to speed the graphene exfoliation. The trenches in Figure 7-4B are 

characteristic of the aluminum stub used to mount the sample. 
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Figure 7-5: TEM images of graphene film. (A-C) illustrate the one to four layer, 
overlapping network morphology of the graphene films. The films contain open regions, 
single sheets, and stacked sheets. 
 

The float off technique is also employed to obtain TEM images such as those 

shown in Figure 7-5A, B, and C. The film is observed to be composed of a network of 

overlapping graphene sheets. Spaces containing no graphene are also observed, and 

analysis of the TEM images indicates that nearly 20% of the film surface contains no 

graphene. The overlapping graphene sheets serve to hold the film together. The 

thickness of the film is also analyzed by Raman spectroscopy, comparing the spectra of 

our films, as shown in Figure 7-6A, with literature examples indicates a stacking of 

approximately two sheets.56 The transparency of the graphene films is as high as 95% 

(Figure 7-6B). A single graphene sheet has been shown to absorb 2.3% of incident 

white light, with hydrocarbon contamination causing slightly lower transmission below 

500 nm.70 Four graphene sheets would be expected to lead to ~91% transmittance. 

With 20% of the surface free of graphene, the transmittance is expected to be ~93%. As 

shown in the TEM images and indicated by Raman spectroscopy, the film averages less 

than 4 sheets, thus the observed value of ~95% transmittance is consistent with these 

observations.  
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Figure 7-6: Spectroscopy of pristine graphene films. (A) Raman spectrum of graphene 
film. The shape of the 2D peak is consistent with two layers of graphene. (B) UV-Vis 
spectrum of the graphene film on a glass slide. Lower transparency at shorter 
wavelengths is thought to arise from the adsorption of hydrocarbons on the surface. 
 

We find experimentally that the films formed by graphene climbing are 

consistently 4 or fewer sheets. The films formed at the bulk solvent interface, however, 

can be much thicker depending on the concentration of graphite. This discrepancy is 

due to the climbing phenomena being driven by lowering the interfacial energy between 

the water absorbed on the hydrophilic glass walls and the heptane vapor in the 

headspace of the vial. Once graphene occupies the interface, the driving force for 

climbing is diminished and no additional sheets are drawn up.   

 

7.4  Conclusions 

We have demonstrated the formation of a transparent and conductive graphene 

film by trapping exfoliated graphene sheets at a liquid interface. Computational studies 

have shown that this interface trapping process is the result of the strong affinity of the 

graphene sheets to the interface. The film deposition technique is simple, inexpensive, 
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applicable to a wide range of surfaces, scalable, utilizes pristine, natural flake graphite 

with no prior treatment, and requires no post-treatments such as chemical reduction or 

heating. It has the potential to revolutionize application of graphene films in transparent 

electrodes in solar panels and organic electronic devices. 
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 Part II: Infusion of Fabrics with 
Pristine Graphene / Graphite 
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Chapter 8:  Introduction  

Smart textiles, also known as E-textiles or electronic textiles, are gaining 

attention due to potential applications in biosensors, heat generation, and wearable 

electronics.71–75 However, current methods of imparting conductivity, such as the 

incorporation of metals76–78 or conductive polymers,79,80 often give less than optimal 

conductivity and can result in the loss of fabric flexibility, significant weight increases, 

undesirable changes in fabric texture, or skin irritation. In an effort to meet these 

challenges, a new approach, based on kinetically trapping pristine few layer graphene 

(FLG) from natural flake graphite, is presented. This approach enables electrically 

conductive fabrics incorporating FLG sheets on the surface of fibers. The fabrics show 

no degradation of properties, yet demonstrate remarkable electrical conductivity. 

 A popular approach to impart conductivity to fabrics is the incorporation of metal 

fibers and coatings, but their high density and undesirable interactions with the skin has 

led to the exploration of other materials, especially carbon-based materials. Carbon 

nanotubes74 (CNT) and carbon black81 have both been used to impart conductivity, yet 

low conductivity and concerns of possible CNT toxicity have limited their use. 

Graphene, with its outstanding mechanical and electrical properties,2 is an attractive 

candidate for producing conductive textiles. It is non-toxic, inexpensive, and has even 

shown signs of being a viable antibiotic.82  

Previous approaches to creating conductive fabrics based on graphene and 

graphite have included making graphene fibers from graphene oxide, (GO)83–85 infusing 

fabric with GO followed by its reduction to graphene, transferring a patterned film made 

through chemical vapor deposition (CVD),75 and dispersing graphene with a surfactant, 
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followed by the removal of the surfactant with nitric acid.86 Although an improvement 

compared to metals, these methods all have their limitations: graphene produced 

through the reduction of GO has significantly reduced electrical and mechanical 

properties,55 CVD grown graphene is not cost effective for bulk material production, and 

harsh chemical treatments for the removal of surfactants adversely affects the 

mechanical and tactile properties of the fabrics. 

 

Chapter 9:  Experimental Methods 

9.1  Preparation of Graphene Infused Fabric 

A typical laboratory procedure started with 100 mg natural flake graphite (Asbury 

Carbons Grade 3243) placed in a 20 mL glass scintillation vial. The vial was charged 

with 5 mL n-heptane (Fisher Scientific, 99% Optima), followed by 10 seconds of bath 

sonication (Branson Model 2510). This was then followed by tip sonication using a Cole-

Parmer 750 Watt Ultrasonic Processor (20 kHz operating at 40% power) for 15 minutes. 

The initial bath and tip sonication broke up large aggregates that are common in the 

graphite used.  De-ionized water (5 mL) was then added and the mixture was once 

again bath sonicated and then tip sonicated at 40% power for 15 minutes. The second 

bath sonication facilitated the exfoliation and migration of FLG to the liquid-liquid 

interface. A 2.5 cm x 2.5 cm piece of fabric (for example, poly(ethyleneterephthalate) 

simulated leather, non-woven) was then placed into the scintillation vial. The vial was 

topped off with heptane, and placed into the bath sonicator for 1 hour.  After removal, 
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the sample is placed in the oven for drying at 80 °C The solvents and FLG/graphite left 

in the vial could be reused for future samples. 

Control samples were also prepared.  The sample preparation is the same as 

above, but the solvents used were different.  One control used only water as a solvent, 

and the other control used only heptane. 

9.2  Characterization 

9.2.1  Determination of Percolation Threshold 

The percolation threshold was determined using a four-line probe method with a 

Keithley 224 Programmable power supply (I max = 101.1 x 10 -3 A), while a 196 system 

DMA was used to measure the voltage.  Samples were first prepared as described in 

section 9.1, although at varying concentrations.  Resistance was first measured by 

creating an I-V plot with at least 10 data points. The sheet resistance was then 

determined using the relation Rs= R(w/l,) where w is the width of the sample and l is the 

distance between the leads.   

9.2.2  Field Emission Scanning Electron Microscopy 

Field Emission Scanning Electron Microscopy images were obtained using a 

JEOL JSM 6335F FESEM.  The graphene infused fabric samples were prepared as in 

section 9.1.  They were then cut and attached to an aluminum SEM stub using carbon 

tape. 
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9.2.3  Tensile Testing 

Samples were first prepared as described in section 9.1.  Mechanical testing was 

carried out using a 2.5 cm x 1.25 cm sample at a strain rate of 10 mm/min.  Control 

samples were also tested. 

9.2.4  X Ray Diffraction 

A sample was first prepared as in section 9.1.  It was then tested in a Bruker D2 

Phaser.  The angle was varied from a 2θ value of 40 to 5. 

9.2.5  Temperature Dependence of Resistance 

A sample was first prepared as in section 9.1. The resistance of an infused fabric 

containing 14.7 wt % FLG was measured over the temperature range of 10 - 400 K 

using a standard four-line probe technique with a Physical Property Measurement 

System (Quantum Design). 

Chapter 10:  Results and Discussion 

10.1  Exfoliation of FLG 

The major difficulty encountered in the use of natural flake graphite is suspending 

it in solution for infusion into a fabric. The past use of GO and surfactants were efforts to 

solve this difficulty. Here, using a recently developed interfacial trapping method,87 the 

challenge of suspending FLG in a solvent for fabric infusion is overcome without the 

need for surfactants or chemical modification of the graphite. Figure 10-1 illustrates a 

demonstration of the kinetic trapping method and shows images of fabric before and 

after infusion with FLG. The method produces a fabric infused with a combination of 
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graphite and pristine FLG, resulting in an electrically conductive fabric produced in a 

scalable and cost effective manner, while retaining the fabric’s mechanical strength and 

feel.  

 

Figure 10-1: (A) Climbing of FLG/graphite up the walls of a scintillation vial.  The vial 
contains heptane, water, and FLG/graphite. The arrow indicates the heptane-air 
interface, with the FLG film climbing from the heptane/water interface up the walls of the 
vial. (B) Fabric before treatment and (C) after the infusion of FLG/graphite. 
 

The kinetic trapping approach utilizes a mixed solvent system of water and 

heptane. As both water and heptane are poor solvents for graphene,88 neither one by 

itself will form stable FLG suspensions. The lack of good solvents for graphene has 

posed problems in the past, but the interfacial trapping relies on this insolubility. When 

the graphite is added to a water/heptane mixture it is initially found at the solvent 

interface where it serves to minimize the high interfacial energy of the two solvent 

phases. Once there, mild sonication speeds the exfoliation of the graphite into FLG 

sheets and these sheets spread to cover the interfaces, including climbing hydrophilic 

surfaces in contact with heptane vapor, as illustrated in fig. 1a where FLG climbs the 

hydrophilic glass walls of the sample vial.  

Rather than approach the challenge of graphite exfoliation and suspension by 

chemically modifying the graphite through defect forming oxidations, or by adding 
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difficult to remove surfactants, we create a system in which the bulk stacked graphene 

sheet morphology of graphite is not the most thermodynamically stable arrangement. 

We start by creating a high-energy system composed of oil and water interfaces. 

Placing graphene sheets at these interfaces lowers the energy of the system and thus 

drives exfoliation and coating of hydrophilic surfaces possessing thin water layers, such 

as the glass vial walls shown in Figure 10-1A or individual fibers of a fabric. The force 

holding the pristine FLG sheets at the liquid-liquid interface is substantial, as the sheets 

remain at the interface even under centrifugation forces exceeding 300,000 g. As 

graphene is not soluble in either the oil or the water phase, the kinetic barrier to forming 

graphene stacks more than 3 to 4 layers thick is very large, effectively trapping the 

sheets at the interface in their exfoliated state. The uptake of FLG and graphite by the 

fabric as described in this report is driven by this mechanism. 

10.2  Infusion of Fabric 

The infusion of FLG into the fabric involves sonication of the fabric in a 

heptane/water mixture containing graphite, where a heptane/water interface is created 

at the surface of the slightly hydrophilic fibers of the fabric. Graphite is drawn into the 

fabric, and FLG is deposited on the fibers. As can be seen in the scanning electron 

microscopy images in Figure 10-2, graphite particles are trapped between the strands of 

the fabric (Figure 10-2A), while FLG flakes attach themselves to the fibers (Figure 

10-2B). Using this approach, the fabric can be loaded with as much as 15 wt% graphitic 

material. 

Control experiments using only water or only heptane show very different results. 

If only water is used as the solvent, almost no graphite is infused into the fabric and no 
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conductivity is observed. With only heptane, it is only possible to load the fabric with 

approximately 10 wt% graphite. As the fabric always contains some moisture, this is not 

unexpected; the real difference lies with the conductivity. Comparing fabrics infused with 

nearly identical loadings of graphite but with one infused in both solvents and one 

infused with only heptane, a forty-fold difference in conductivity is observed. Although 

containing roughly equal amounts of graphite, the lack of an extensive water/heptane 

interface in the latter sample results in far less exfoliated FLG, and thus much less 

efficient overlap of the FLG material. FESEM micrographs of both samples are shown in 

Figure 10-3. 
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Figure 10-2: (A,B) Scanning Electron Microscopy Images of the treated fabric. The bulk 
pristine graphite can be seen caught between the fibers of the fabric, and FLG flakes 
can be seen attached to the fibers themselves. (C) X-Ray Diffraction Pattern of bulk 
pristine graphite, the control fabric, and treated fabric indicate no degradation of the 
graphitic species. 
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Figure 10-3: Scanning electron micrographs of samples prepared using only heptane 
(A,B) and only water (C,D). 
 

As can be seen in Figure 10-3, using only one of the two solvents leads to less 

exfoliation of the graphite into pristine FLG sheets. In the images of the heptane only 

system, flakes can be seen attached to the fibers as with the two-solvent system; 

however, they are clearly many sheets thick as opposed to the FLG we see in the two-

solvent system. In the water only system, even fewer flakes are seen attached to the 

fibers, and they show an even larger apparent number of sheets. This lack of 

connecting graphene decreases the conductivity in the one-solvent system to 40 times 

less than that of the two-solvent system. 
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To further demonstrate the applicability of the kinetic trapping mechanism to the 

graphite infusion of fabric, the fabric is melt-pressed to form a flat surface without the 

porosity of the original fabric. This is followed by placing the flattened fabric in a water 

bath to fully hydrate the surface, then placing it into a vial containing heptane, water, 

and natural flake graphite - a typical setup for producing climbing films in the original 

kinetic trapping investigation. Upon shaking, the film climbs the melt-pressed fabric just 

as it does a glass slide, indicating the same kinetic trapping and climbing phenomenon 

that occurs on glass occurs with the fabric as well. 

10.3  Mechanical and X-ray  

After infusion of the FLG/graphite mixture, the fabric has the same feel and 

flexibility as the initial sample, which is desirable for any practical commercial 

applications. The mechanical properties of the infused fabric are tested against a control 

using an Instron Model 1011 in tension mode and the results are shown in Figure 10-4. 

There is no significant change in strength between the control and the treated fabric. 

The treated fabric is also analyzed using X-Ray Diffraction (Bruker D2 Phaser) to see if 

there is any change in the FLG/graphite during the process. A fabric control, bulk 

pristine graphite, and a treated sample are all analyzed, and as can be seen in Figure 

10-2C, no significant alteration of either the graphite or fabric is observed by XRD. 
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Figure 10-4: Stress-Strain curves for both the control fabric and the treated fabric. 
 

10.4  Electrical Conductivity 

Although nearly 15 wt% of graphite can be loaded into the fabric, electrical 

percolation occurs at a much lower level. Figure 10-5A shows the sheet resistance as a 

function of concentration of FLG in the fabric. The measurements are carried out using 

a four-line probe technique at room temperature and all samples are 2.5 cm x 2.5 cm. 

As expected, the sheet resistance decreases with increasing FLG concentration in the 

fabric. At loadings of 2.5 wt% FLG, the sheet resistance is 77.9 MΩ/sq; while at 10.7 

wt% the sheet resistance is 2.5 KΩ/sq, a four orders of magnitude decrease in 
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resistance. Percolation is observed at 7.4 wt% loading, where the sheet resistance is 

3.6 KΩ/sq. This value is roughly an order of magnitude lower than the best value 

reported for graphene-related materials in fabric to date.89  

 

Figure 10-5: (A) Sheet resistance as a function of concentration of FLG/graphite infused 
into the fabric.  The percolation threshold can be observed to be around 7 wt%.  (B) 
Resistance vs. temperature plot of the infused fabric. A clear semiconductor-metal 
transition may be observed near 350 K (inset).  
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10.5  Temperature Dependence 

To investigate the nature of the conductivity imparted by the FLG, the resistance 

of an infused fabric containing 14.7 wt % FLG is measured over the temperature range 

of 10 - 400 K using a standard four-line probe technique with a Physical Property 

Measurement System (Quantum Design). As shown in Figure 10-5B, the resistance 

decreases with increasing temperature from 10 to 100 K and from 250 to 350 K, 

consistent with semiconducting behavior. In the range of 100-250 K, the resistance is 

relatively constant. The change in the resistance over the entire region is about 5 KΩ. At 

350 K the conductive fabric has a clear insulator-metal transition (inset of Fig. 3b), 

indicating a modulation in the band gap from gap to no gap. In addition, it is observed 

that the material has its lowest resistance near room temperature, where most smart 

textile applications will be used. 

10.6  Conclusion  

In summary, using an interfacial trapping technique with natural flake graphite, 

we are able to produce conductive fabric in a safe, facile, and cost-effective manner. 

The conductive fabrics thus produced suggest the possibility of bringing smart textile 

technology into everyday use. The use of smart textiles in communication, medicine, 

and energy applications has great potential, but without a feasible approach to produce 

these conductive fabrics, the potential will not be met. This work provides a significant 

step forward to realizing this potential. 
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 Part III: Pristine Graphene / 
Polystyrene Foams Templated by 

Graphene Sheet Stabilized 
Emulsions 
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Chapter 11:  Introduction 

The excitement surrounding the potential of graphene as a nano-filler in 

composite materials is driven by its unique set of electrical and mechanical properties.1–

3,5,15,90–93 A common theme in previous studies of graphite and graphene based 

composites has been that the lack of graphene solubility is viewed as a challenge to be 

overcome. Solutions to graphene’s insolubility include: employing graphene oxide (GO) 

or reduced graphene oxide (rGO),35,94–99 harsh in-situ chemical reduction steps,100,101 

the use of high boiling and difficult to remove solvents,102 and extended sonication 

treatments that result in the breaking of sheets due to shear stress.103 All of these 

approaches pay a price in terms of degraded graphene properties. An approach that 

does not view graphene’s insolubility as a limitation and thus utilizes pristine, unaltered 

graphite would have major advantages in terms of properties, cost, and environmental 

impact.  

In this part of the dissertation, we report the results of a combination of 

experimental, theoretical and computational techniques to demonstrate the affinity of 

pristine graphene sheets to a water-oil interface and describe the use of this surface 

activity to stabilize water-in-oil emulsions. In particular, we take advantage of 

graphene/graphite’s inherent insolubility and the large interfacial energies between 

aqueous and organic solvents by adding graphite to a mixture of two immiscible 

solvents and observing the spreading of graphene sheets at the high-energy liquid-

liquid interface.  There, the spreading is driven by a lowering of the total free energy of 

the system. The sheets then become trapped at the interface of the two solvents, 

playing the role of a stabilizing agent for emulsions of water droplets dispersed in a 
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continuous oil phase. In this context graphene sheets can be viewed as two-

dimensional surfactants with internal bending rigidity.  

While to the best of our knowledge the stabilization of emulsions by pristine 

graphene sheets has not been demonstrated previously, there are recent reports of GO 

being used as an emulsion stabilizer. The emulsions created with GO or GO derivatives 

are oil-in-water emulsions, as opposed to the water-in-oil emulsions we find with pristine 

graphene. This results in the formation of spherical polymer beads coated with GO, 

rather than a continuous composite material. For instance, Gudarzi et al. produced a 

“nanocomposite powder” with GO and PMMA,104 Dao et al. synthesized surface 

functionalized rGO to make “microspheres,”105 Zhang et al. used functionalized rGO to 

make a PS-based “solid powder,”106 and Yin et al. reported GO coated PS 

microspheres.107 A recent extensive study of GO-stabilized emulsions concluded that 

GO emulsions were best described as Pickering emulsions and that only oil-in-water 

emulsions were formed.108  

Using a monomer as the oil phase, we demonstrate how pristine graphene-

stabilized water-in-oil emulsions template solid graphite composite foams. After 

polymerization of the continuous phase, the water filled spherical cavities are lined with 

a graphitic skin consisting of overlapping pristine graphene sheets. A gentle evaporation 

process removes the water, leaving an open cell foam composite with exceptional 

mechanical strength, electrical conductivity, and low density, with cells sizes easily 

controllable by varying the mixture composition. This environmentally friendly approach 

to graphite utilization in polymer composites avoids the use of chemical treatments, the 

input of large amounts of mechanical or thermal energy, or the addition of stabilizers 
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such as surfactants or high boiling solvents that can be difficult to remove. Potential 

applications of these low cost materials include strong and lightweight building 

materials, filters, ultra capacitor electrodes, and conductive catalyst supports. 
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Chapter 12:  Traditional Methods of 

Graphene Nanocomposite Production 

12.1  Introduction 

Polymer nanocomposites have been investigated thoroughly in the past few 

decades.  The smaller sized filler particles (with at least one dimension less than 100 

nm), are able to provide benefits like conductivity without creating problems in 

mechanical strength, processing, and weight.99,109 In the recent past, carbon nanotubes 

have been the focus of research in the polymer nanocomposites field.  There are, 

however, several problems that have prevented their wide scale use: limited availability, 

high cost, and issues arising from bundling.99,110 Graphene, on the other hand, has 

attracted a lot of attention because of its low cost, high availability, and easy processing. 

There are three general methods that have been used to produce polymer/graphene 

nanocomposites, which shall be outlined in the following sections. 

12.2  Solvent Processing 

There are three main steps to producing polymer/graphene nanocomposites 

using the solvent processing method.  In the first step, graphene is dispersed in a 

solvent; this is normally achieved through sonication.  The next step is the incorporation 

of the polymer.  The final step is the removal of the solvent, which is normally the most 

difficult.  The compatibility of the solvent and the polymer must also be considered. 
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 In general, there are two problems associated with this procedure.  The first is 

that graphene is not easily dispersed.  One route that has been taken to circumvent this 

problem is using GO, which will readily disperse in hydrophilic solvents.  However, the 

incorporation of GO necessitates a reduction step, which is normally done in situ and 

requires harsh reduction agents.111 The other problem is the removal of solvents once 

the polymerization is complete.  As more solvent evaporates, the viscosity of the 

mixture increases, and it becomes harder for the solvent to further evaporate. 

12.3  Melt Blending 

 The second method used to produce polymer/graphene nanocomposites is by 

melt blending. It is as simple as it sounds: melting a polymer and incorporating the 

graphene filler through mixing.  This is somewhat easier than the previous method, and 

RGO can be used instead of GO, so there is no in situ reduction needed.   

 There are, however, several problems associated with this method as well.  The 

first is that issues arise in dispersion of the graphene because of viscosity, especially at 

higher loads.112 The second problem is that there is often breaking and crumpling of the 

graphene sheets due to the high shear stress from the mixing process. The wrinkling 

and breaking decrease the aspect ratio, which are both bad for conductivity and for 

dispersion.103 

12.4  In Situ Polymerization 

 In this method, the nanofiller is dispersed in the monomer, which is then 

polymerized.  Again, one of the problems associated with this method is that graphene 

does not disperse well in most monomers/solvents, so GO or some other type of 
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functionalized graphene is used.92 Another problem is that increases in viscosity during 

the polymerization limit the loading.103  Finally, phase separation often occurs, as the 

graphene that was suspendable in the monomer is not suspendable in the formed 

polymer. 

Chapter 13:  Experimental Methods 

13.1  Preparation of a Graphene / Polystyrene Composite 

Foam 

For a typical graphene composite foam, an Erlenmeyer flask was charged with 

880 mg of graphite (Asbury Carbons Grade 2299, although others such as Asbury 

Carbons Micro 890 and 3243 have been used successfully as well), along with 150 mL 

water (Deionized), 50 mL styrene (Acros Organics, 99.5%), 12 mL divinylbenzene 

(Aldrich, 80%), and a stir bar. The contents were then mixed on a stir plate for 30 

seconds, followed by 30 seconds of bath sonication (Branson 80W B2510DTH). This 

procedure results in a graphene concentration of 4.4 mg/mL and a 3/1 water/styrene 

ratio. Composites with other ratios and concentrations are simply adjusted accordingly, 

keeping the initial graphite to total water and styrene ratio constant. The sonication was 

not necessary to obtain emulsions, but utilized simply to break up large clumps of 

graphite. 150 mg of azobisisobutyronitrile (AIBN) (Aldrich, 98%) was then added to the 

same flask. The system was then mixed on a stir plate for a minimum of 15 minutes 

while being purged with Ar gas (Fisher). After the purging process, the contents of the 

flask were poured into a Waring Commercial Blender (Model 33BL79) under an Ar 
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atmosphere. The blender was then turned on for 1 minute.  The newly formed emulsion 

was placed into a 250 mL jar and sealed under Ar gas. The jar was then placed in an 

oven (Thermo Electron Corporation, Model 6500) at ~70 °C for 24 hours. After the 

reaction was complete, the composite samples were removed from the jars and heated 

at ~80 °C for ~2 days to remove all water. Excess bulk polystyrene was cut off of the top 

if necessary. 

13.2  Characterization 

13.2.1  Emulsion Droplet Size Analysis 

The size of the dispersed aqueous phase droplets was determined with a DT-100 

Acoustic Spectrometer from Dispersion Technology Inc. The attenuation spectra were 

analyzed using Dispersion Technology software for polydisperse emulsions.113 The 

distribution was obtained from ultrasound attenuation spectra in the frequency range 

between 1 and 100 MHz. 

The emulsion sample used in the measurement utilized heptane rather than 

styrene as the continuous phase. A flask was charged with 880 mg of graphite (Asbury 

Carbons Grade 2299), along with 150 mL water (deionized), 62 mL heptane (Fisher 

Optima), and a stir bar. The contents were then mixed on a stir plate for 30 seconds, 

followed by 30 seconds of bath sonication (Branson 80W B2510DTH). The sonication 

was not necessary to obtain emulsions, but utilized simply to break up large clumps of 

graphite. The system was then mixed on a stir plate for about 30 seconds.  After the 

mixing, the contents of the flask were poured into a Waring Commercial Blender (Model 
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33BL79). The blender was then turned on for 1 minute. The contents were then poured 

into a jar for transportation, and then directly into the instrument. 

13.2.2  Electron Microscopy 

Samples were first prepared as in section 13.1.  To prepare composite samples 

for the electron microscope, they were first cut with a razor blade. The slices were then 

mounted on aluminum stubs and coated with Au/Pd in a sputter coater (Polaron Unit 

E5100). The samples were characterized with a JEOL 6330 field emission scanning 

electron microscope with a 10 kV accelerating voltage.   

13.2.3  Optical Microscopy 

The emulsion samples in Figure 14-1A,C, and D utilized heptane rather than 

styrene as the continuous phase as described above.  A flask was charged with 880 mg 

of graphite (Asbury Carbons Grade 2299), along with 150 mL water (Deionized), 50 mL 

n-heptane (Fisher Scientific, HPLC grade), and a stir bar. The contents were then mixed 

on a stir plate for 30 seconds, followed by 30 seconds of bath sonication (Branson 80W 

B2510DTH). The sonication was not necessary to obtain emulsions, but utilized simply 

to break up large clumps of graphite. The system was then mixed on a stir plate for a 

minimum of 15 minutes. The contents of the flask were then poured into a Waring 

Commercial Blender (Model 33BL79). The blender was then turned on for 1 minute.  

The newly formed emulsion was placed into a 250 mL jar. A wide-mouth pipet was used 

to transfer some of the emulsion to a glass slide. These slides were then analyzed using 

a Nikon Labophot with an IDS UI-3370CP Color camera in full color (C,D) or 

monochrome (A) mode. 
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13.2.4  Electrical Measurements 

 Samples were first prepared as described in section 13.1.  To prepare the 

samples for electrical conductivity testing, they were first cut into rectangular prisms on 

the scale of a few centimeters in length. The ends were then covered with silver paint 

(Ted Pella) and allowed to dry. Copper tape (Ted Pella) was then attached to the silver 

contacts and the resistance was measured using a Keithly Model 2420 SourceMeter. 

13.2.5  Thermal Analysis 

 Samples were first prepared as described in section 13.1.  20 mg of each of the 

composites was crushed to a fine powder and analyzed in a TA Instruments TGA Q-500 

to determine the graphene loading. The samples were heated in a platinum pan in a 

nitrogen filled chamber from 20 °C to 800 °C at 10 °C per minute. The mass of the 

sample left at 700 °C was taken to be purely graphene, since all of the polymer burned 

off by this point. 

13.2.6  Mechanical Measurements 

 Samples were first prepared as described in section 13.1.  To prepare the 

samples for testing, they were first cut into cylinders around 5 centimeters in diameter 

(the diameter of the glass jars they are prepared in) and a few centimeters in height.  

They were then tested using an Instron Model 5869 in compression mode.  
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Chapter 14:  Results and Discussion 

14.1  Graphene Stabilized Emulsions 

The affinity of graphene sheets to a water/oil interface and their emulsion 

stabilization is studied with emulsions formed by water/heptane/graphite mixtures. 

Emulsions are produced as described in the Methods section. Figure 14-1A shows the 

structure of a graphene stabilized water-in-heptane emulsion under optical microscopy. 

Heptane is the continuous phase surrounding graphitic skin-stabilized spherical water 

droplets with diameters varying between 20 and 200 m. Note that there is some 

coalescence during the transfer process to the glass slide used for imaging. The droplet 

size distribution in a water-in-heptane emulsion can be seen in Figure 14-1B.113 The 

average size of the droplets is 55 m, consistent with optical image analysis of the 

resultant emulsion shown in Figure 14-1A. That the water droplets are stabilized with a 

graphitic skin and not by chunks of graphite is shown in Figure 14-1C and D. These 

images of droplets before and bursting upon evaporation of the heptane continuous 

phase clearly show the skin surrounding the droplets is made of sheets, not graphite 

particles. Further, the skin displays different degrees of transparency, indicating 

differences in the number of sheets forming the skin and providing strong evidence for 

skin thicknesses of a few graphene layers.  
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Figure 14-1: Graphitic Skin Stabilized Emulsions. (A) Optical microscopy image of 
graphitic skin stabilized emulsion in 50:34:0.44 mass ratio water/heptane/graphene 
mixture, (B) Droplet size distribution of graphite skin covered water droplets with 
average diameter 55 µm in 50:34:0.44 mass ratio water/heptane/graphene mixture as 
determined by acoustic measurements. (C) Magnified optical microscopy image of the 
initial structure of the water droplets covered with graphene skin before heptane 
evaporation. (D) Optical image of the graphitic skin left behind after heptane 
evaporation and droplet burst.  
 

14.2  Computational Simulations 

Corroborating the observation of few layer thick skin are results of our recent all 

atom molecular dynamics simulations of graphene flakes in a water/heptane mixture.87 

These simulations show that graphene flakes associate at the water/heptane interface 

forming stacks consisting of two to three graphene flakes. These graphene stacks are 
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localized at the water/heptane interface with slight preference toward the heptane 

phase. The system free energy change required to move a graphene flake into the 

heptane phase is . Thus for a 100 X 100 nm graphene sheet, the work 

required to move it from the water/heptane interface into the heptane phase is on the 

order of 5300 kBT (where kB is the Boltzmann constant and T = 300 K). Note that the 

penalty to move a graphene sheet into a water phase would be even higher. This 

energy cost effectively traps the graphene sheets at the water/heptane interface, a 

phenomenon similar in some ways to the trapping of nano- and micro-particles at a 

water/oil interface in Pickering emulsions.114  

 

 

Figure 14-2: (A) Potential of the mean force for a graphene flake calculated along z-axis 
normal to water/styrene interface. Insets show typical graphene flake configurations. 
The solvent into which the graphene flake is pulled is transparent. In the insets, the 
hydrogen atoms of water molecules are yellow, oxygen atoms of water are blue, the 
carbon atoms belonging to styrene are red, and the hydrogen atoms of styrene are 
green. Graphene flakes are shown in cyan. (B) Schematic representation of a water 
droplet with size R covered with a graphene skin formed by flakes of size a.  

mmNg /2.2
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In order to compare graphene affinity in heptane/water emulsions with that in the 

styrene/water emulsions used to make the reported composites, we have performed all 

atom molecular dynamics simulations to calculate the potential of the Mean Force 

between a graphene flake and water/styrene interface. In these simulations we use the 

Generalized Amber Force Field115 for the atomistic model of styrene and graphene. The 

graphene flake is modeled as a polycyclic aromatic hydrocarbon consisting of eight 

generations of carbon rings terminated by hydrogen, C384H48.87,88 The partial charges on 

the styrene and the graphene flakes are obtained from the Mulliken population analysis 

from ab initio calculations using the Gaussian09 simulation package with the 6-31G(d) 

basis set and B3LYP DFT method116 as described in the work of Woltornist,87 Oyer,88 

and section 23.2. For water we use the TIP3P force field potential.117 The system 

consists of 9,360 water molecules, 1,360 styrene molecules and one graphene sheet. 

The simulations are performed following methodology developed for modeling of the 

graphene flakes in heptane/water mixture,87 with details of the simulation procedure 

describe in SI1. In order to determine the surface activity of a graphene sheet in a 

water/styrene system, the Weighted Histogram Analysis Method118 is used to calculate 

the potential between the graphene sheet and the water/styrene interface.  

 All simulations are performed at constant temperature T equal to 300 K. The 

variation of the potential of the mean force along the z-axis normal to the interface is 

shown in Figure 14-2A. The minimum of the potential is located in the styrene phase, 

indicating that although insoluble in both phases, the preference of graphene is for 

styrene rather than water. The increase of the potential in the styrene phase is not as 

steep as that observed in the water phase, another indication that styrene is a better 
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solvent for graphene than water. Oscillations seen in the potential of mean force 

indicate displacement of the aligned styrene molecules as the graphene flake is moved 

further away from the interface. The magnitude of the potential in the plateau regime is 

on the order of . It is important to point out that similar calculations done 

for the heptane/water mixtures show that this free energy change is even higher 

 
for that system.87 Using these values, we can estimate the work 

required to displace a 100 X 100 nm graphene sheet from the water/styrene interface 

into the styrene phase to be 966 kBT, sufficiently strong to trap graphene sheets at the 

water/styrene interface. The work required to displace the graphene sheet into a 

heptane phase is about six times larger. 

14.3  Theoretical Modeling  

To model the total potential of the mean force in our system, we consider an 

emulsion prepared by mixing oil, water and graphite with masses mo, mw and mg, 

respectively. The emulsion composition can be characterized by two mass ratios of 

graphene to water, g=mg/mw and water to oil, w/o=mw/mo. The oil forms a continuous 

phase surrounding the water droplets with size R. Each water droplet is covered by a 

graphitic skin of thickness h which is made of graphene sheets with average size a (see 

Figure 14-2B). The thickness of the graphitic skin h depends on the size R of the water 

droplets due to the mass conservation requirement such that , where we 

introduced parameter with w = 1.0 g/cm3 and g =2.66 g/cm3 being the 

mass densities of water and graphene respectively (see SI2 for details). The volume of 

emulsion per water droplet V0 can be expressed in terms of the emulsion composition 

mmNg /4.0

mmNg /2.2

3/Rh 

gwg  /
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w/o where with parameter 
 
and o is the oil mass density. 

Thus in the emulsion occupying volume V there are V/V0 water droplets with size R. The 

total free energy change due to emulsion formation is the sum of contributions from 

individual droplets (see SI2 for derivation details). It has contributions from the graphitic 

skin bending energy and from the change of the oil/water interface free energy due to 

bringing graphene sheets to the interface. Equation (1) describes the result:  

     (1) 

where E is the Young’s modulus of the graphene sheet (~1TPa). It follows that the 

affinity of the graphene towards the water/oil interface promotes the formation of smaller 

droplets to maximize the system free energy gains. However, graphene sheets 

adsorbed at the surface of smaller droplets have to bend more in order to remain at the 

interface, producing a bending energy penalty for each graphene sheet covering the 

surface of a droplet.  

The size of the emulsion droplets is thus determined by a balance between the affinity 

of the graphene towards the solvent interface and the rigidity of the graphene sheets. 

The optimal size of the droplets is obtained by optimizing the system free energy Ftotal 

with respect to droplet size R: 

      (2) 

Equation 2 shows that we can control the size of the droplets by changing the 

graphene/water ratio (changing parameter β), by varying the graphene sheet size a, or 

by changing the identity of the oil. For example, in an emulsion with about 1% weight 
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fraction of graphite with respect to water, , of radius a = 1.4 µm, we can 

estimate the diameter of the droplets in a water/heptane mixture to be on the order of 54 

µm. This estimate is consistent with the emulsion droplet size of 55 µm observed 

experimentally (see Figure 14-1B). Repeating the same calculations for a water/styrene 

mixture, we estimate the diameter of the droplets to be 95 m. This is consistent with 

the image shown in Figure 14-4B of a foam resulting from an emulsion with 80 to 90 µm 

diameter droplet sizes. Note that the increase in the droplet size is consistent with a 

decrease in the graphene flake affinity to the water/oil interface in these two systems. 

However, this is only an upper bound estimate for the size of the droplets covered with 

the graphitic skin. In reality the droplets in the emulsions are smaller due to droplets’ 

breakup upon emulsion shearing in the homogenizer.119 Indeed, we see a steady 

decrease of the average droplet size with increasing homogenization time.  

14.4  Rheological Studies 

The same approach is used to make emulsions with styrene as is used to make 

emulsions with heptane. In both cases, the graphitic skin stabilized water droplets settle 

to form a densely packed phase of spheres with the oil phase filling the space between 

them. The aggregation between graphitic skin covered droplets is due to van der Waals 

attraction between graphene sheets forming the skin layer. The excess of the oil phase 

forms a pure liquid phase above the emulsion, and the densely packed emulsion phase 

remains stable as confirmed by measuring G’ at extended time (see Figure 14-3).  

 

b»0.0033
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Figure 14-3: G’ vs Oscillatory Stress of styrene/water/graphite emulsion systems over 
time. Even after 7 days, the traces overlap, indicating a stable emulsion. 
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14.5  Styrene/Graphene Nanocomposites 

 

Figure 14-4: Composite Foam Morphology. (A) Graphene composite foams of various 
sizes with a US quarter for scale. (B) Scanning electron micrograph of a cross-section 
of the composite after polymerization made from an emulsion with a 50:34:0.44 mass 
ratio of water/styrene/graphite. (C) Graphene sheets seen lining the inside of the 
spherical cavities of the composite foams. (D) Micrograph of a cross section of a 
sphere-sphere contact point. The small spheres seen on both sides of the graphitic skin 
arise from the very small amount of styrene solubilized in the water phase. 

 

In the case of styrene as the oil phase, gentle heating polymerizes the monomer. 

After the styrene monomers are polymerized, the graphitic skin covered water droplets 

are fixed in space, forming a rigid foam. This approach is highly scalable as illustrated in 

Figure 14-4A showing composites of increasing overall size, all with the same 
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underlying foam structure. A cross sectional image of a typical graphene foam using a 

JEOL 6330 field emission scanning electron microscope (FESEM) is shown in Figure 

14-4B. The imaged surface is much like that of a golf ball, with concave dimples 

covering the entire surface. A higher magnification image of the interior of a dimple, 

shown in Figure 14-4C, clearly shows a layer of graphene sheets lining the interior of 

the cavities. Figure 14-4D shows where the emulsion droplets make contact, with little 

or no polymer observed, only a thin layer of overlapping graphene sheets. This 

structural feature is crucial to the electrical conductivity of the composites as it provides 

the contact between graphene sheets of different spheres. The spheres observed on 

the surface of the graphitic skin in Figure 14-4D are the result of a very small amount of 

dissolved styrene in the water phase that polymerizes and precipitates out. This is 

verified by the addition of NaCl to the water phase, reducing the solubility of styrene, 

and resulting in nearly no small polystyrene spheres being observed in the composite 

(see section 15.1).  
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14.6  Morphology and Mechanical Strength 

 

Figure 14-5: Morphology and Compressive Strength. (A) Scanning electron micrograph 
of a composite foam with visible sphere-sphere contact points indicated with arrows.  
These areas often sag because of the lack of supporting polymer. (B) Stress/Strain 
curves of the composite foam and other industrial materials normalized by material 
density.120 (C) Compressive strength vs volume percent graphite of the composite 
samples.   
 

The placement of these thin contact regions can be seen in Figure 14-5A. In 

some instances a tear can be observed in the graphitic skin, providing a pathway for 

water removal. If gentle heat is applied, these regions provide ample space for water to 

escape. Placing the water wet material in high vacuum, however, causes the water to 

burst out of the spheres, creating a popcorn-like effect. These openings between 
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spheres also allow for the infusion of various polymers into a dried foam. Adding a 

second polymer to the inside surface of the spheres, along with controlling the average 

size of the spheres, provides a powerful handle for tuning the mechanical and electrical 

properties of the foams. A comparison of the specific stress of the foams versus those 

of concrete and Styrofoam may be seen in Figure 14-5B.  The foams are seen to have 

both the specific strength of concrete and the plateauing failure mechanism of 

Styrofoam. As the graphene content increases, the compressive breaking strength 

increases until it reaches a local maximum, as seen in Figure 14-5C. 

The sphere size is controlled by altering the ratio of styrene to water in the 

emulsion, as well as by varying the amount of graphite. Table 14-1 shows the 

progression of sphere sizes from a 4/1 to a 1/1 water/styrene ratio with a constant 

graphene to total water/styrene ratio (and DVB to styrene ratio). The graphene 

concentration dependence of sphere size is shown in section 15.2. The relative amount 

of each solvent in the initial mixture also determines the volume fraction of the emulsion 

phase in the total mixture. For a 7/3 water/styrene ratio, the final volume of the sample 

is composed almost entirely of the emulsion. If the volume fraction of the water is less 

than 7/3, the system has an excess styrene phase and spheres become smaller. When 

the volume fraction of water is raised above 3/1, the emulsion loses its stability and the 

graphene spheres coalesce, leaving an excess of water and a larger average sphere 

size. At a 9/1 ratio and above, the emulsion structure is lost. The relationship between 

solvent volume ratio and emulsion volume fraction is plotted in section 15.3.  

The sphere size in the foams strongly influences both compression strength and 

electrical conductivity, with foams composed of spheres smaller than ~160 µm diameter 
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having a higher compressive strength than foams with larger spheres. At diameters 

greater than ~190 µm, the emulsions begin to coalesce and the volume fraction of the 

emulsion in the mixtures becomes smaller. At a 4/1 ratio, the regular foam structure is 

nearly gone and an average sphere size cannot be determined. Even though the 

composite contains a large fraction of graphite, the collapse of the regular sphere 

structure results in a weak material. Our material compares favorably to commercial 

materials formed by dispersing graphite flakes in foamed polystyrene, and have 

compressive resistances on the order of 0.173 MPa at 10% yield.121 

 

Table 14-1: Water/Styrene Ratio Study 

Ratio 

Water/Styren

e (volume) 

Ratio 

Water/ 

Graphite 

(mass) 

Observed 

Sphere 

Diameter 

(µm) 

Density 

(g/cm3) 

Compressive 

Strength 

(MPa) 

Conductivity 

(S/m) 

Loading 

Percent 

(by TGA) 

1/1 114 90 0.26 5.33 0.043 5.73 

3/2 136 130 0.27 5.25 0.051 4.90 

7/3 159 160 0.30 5.38 0.054 4.81 

3/1 170 190 0.22 3.63 0.070 4.29 

4/1 182 x 0.15 1.07 0.148 8.76 

 

14.7  Electrical Conductivity 

Unlike the mechanical strength, the electrical conductivity is observed to depend 

on the overall level of graphene loading rather than on the spherical structure of the 

foam. This results in larger sphere foams showing increased conductivity as the 
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emulsion phase gets smaller while the amount of graphene stays constant. The densely 

packed sphere structure of the graphene foam composite allows for electrical 

conductivity at low graphene loadings, although increased graphite loading levels in 

non-optimal systems can also lead to highly conductive material.  

Increasing the conductivity and mechanical properties of the foams is also 

achieved by the addition of a second polymer to the interior of a previously dried foam. 

The passageways for the removal of water provide an opportunity to infuse a second 

polymer into the system. Submerging a composite sample in a polymer solution and 

placing the system under gentle vacuum, the solution replaces the air in the foam. 

Subsequent removal of the solvent leaves behind the dissolved polymer from the 

solution. Infusing the graphene composite foam with an aqueous suspension of 

poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), followed by 

evaporation of the water, leaves a layer of PEDOT:PSS lining the interior surfaces of 

the foam. After the water evaporates, the PEDOT:PSS left behind is “draped” over the 

PS beads and graphene sheets as shown in Figure 14-6. A dramatic increase in 

conductivity and compressive strength is observed, with conductivities improved by up 

to two orders of magnitude, from 0.07 S/m to 7 S/m for a 3/1 initial water volume fraction 

sample. Compressive strengths are also improved by as much as 20%. 
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Figure 14-6: Film of PEDOT:PSS Draped over graphene layer. 
 

 Although the graphene foam composite described uses water with styrene as the 

oil phase, many other monomers have been used. These include isoprene, butyl 

acrylate, divinylbenzene, and butyl methacrylate. Flexible foam composites are 

observed with polyisoprene and ultra low densities are realized with butyl acrylate.  

14.8  Conclusion 

 We have demonstrated the ability of graphene to serve as a two-dimensional 

surfactant for the stabilization of water-in-oil emulsions and have used this ability to form 

low density, conductive, high compressive strength graphene/graphite polymer 
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composites. A conductive network with low graphite loading is formed by the contact 

between thin graphitic skins surrounding the droplets of the closely packed dispersed 

phase. Computational results indicate an interface trapping mechanism operates to 

form the emulsions that serve as the composite template.  Additionally, we 

demonstrated that the electrical conductivity and strength of the composite foams may 

be increased dramatically through control of the emulsion droplet size and the infusion 

of additional polymers such as PEDOT. The foams are inexpensive and their formation 

is environmentally friendly with no volatile organic solvents, oxidations, reductions, high 

temperatures, or large input of energy required.  

Limitations on the choice of monomer comes from the requirement that graphene 

stabilize the oil/water interface.87 The oil phase must have a surface energy less than 

the surface energy of graphene and be nearly insoluble in the water phase. As 

graphene has a surface energy of 54.8 mN/m,57,58 and water has a surface energy of 

72.9 mN/m, the surface energy of the oil phase must be below 54.8 mN/m. The low 

surface energy of styrene and most other monomers easily fit this criterion, making the 

described approach both robust and diverse. Applications such as strong and 

lightweight building materials, ultra capacitor electrodes, conductive catalyst supports, 

and filtration are expected to be enabled by these materials and are currently being 

investigated. 
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Chapter 15:  Supplementary Information 

15.1  Salt Studies 

It was found that adding salt to the water used in composite preparation removes 

the small polystyrene spheres found in the hollow cavities after the reaction. This is due 

to the salt lowering the solubility of styrene monomer in the water prior to 

polymerization. The experimental procedure for sample preparation was simply 

modified by using 1M NaCl solution in place of the pure water. Salt crystals were left 

behind when the water dried, but these were removed by rinsing the sample with water 

prior to imaging. A FESEM micrograph of an edge of the sample without styrene 

spheres may be seen below in Figure 15-1: 

 

Figure 15-1: FESEM micrograph of salt trial. 
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15.2  Graphene Concentration Studies 

 Samples were prepared with various initial graphite concentrations to test the 

effect of graphite concentration on the system. Three concentrations were studied: the 

original concentration, one quarter of the original, and one eighth of the original. The 

FESEM micrographs of the quarter and eighth concentrations may be seen below.  

Note the larger sphere sizes as the concentration of graphite is decreased. 

 

Figure 15-2: FESEM micrographs of lower concentration samples.  (A) Sample with one 
quarter the initial amount of graphite. (B) Sample with one eighth the initial amount of 
graphite 
 

15.3  Initial Solvent Volume vs Final Phase Volume 

The effects of changing the initial volumes/ratios of the solvents were analyzed 

by making samples with initial volume ratios of 9/1 to 2/3 water/styrene. Additional 

styrene was added in the place of divinylbenzene. The samples were prepared exactly 

as described in section 13.1, except without AIBN so they would not polymerize.  The 

samples were also allowed to sit for 1 hour to let the spheres settle. The results are 

plotted below: 

A B 
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Figure 15-3: Final phase volume fraction as a function of the initial volume fraction of 
water in the system.  The fraction of emulsion in the system goes up until it reaches the 
stable 7/3 ratio. After that, we start to see minor coalescence at 3/1 and major 
coalescence at 4/1.  By 9/1, there is little, if any, emulsion. 
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Chapter 16:  Alteration of Interstitial Polymer 

16.1  Introduction 

Up to this point in my dissertation, all of the composites have been templated by 

graphene-stabilized water and pure monomer (styrene and divinylbenzene) emulsions.  

This yields composites where the interstitial spaces between the graphene spheres are 

filled with polymer (crosslinked polystyrene).  By replacing the pure monomer oil phase 

to one comprised of monomer and an inert oil (heptane), we theorized that the resulting 

foam would have voids left behind where the inert oil had been during the 

polymerization process.  This would result in one of two different morphologies: 1) the 

interstitial space would be filled with a sponge-like polymer with holes where the 

heptane was during polymerization, or 2) the polymer would form a wall surrounding the 

graphene spheres with a thickness determined by the amount of heptane added to the 

system.  The sponge-like morphology actually has been seen before, when we used 

what we suspect was partially polymerized butyl acrylate as the oil phase (an old bottle).  

This may be seen in Figure 16-1. 



 77 

 

Figure 16-1: Scanning electron microscope images of composite made using partially 
polymerized monomer as the oil phase. (A) General structure of the foam.  It is 
comparable to other composites made using the same technique. (B) Interstitial spacing 
filled with sponge-like polymer.   
 

With either morphology, there would be a dramatic increase in surface area and 

void volume.  This is very important for certain applications.  In filtration, the increased 

empty space would allow higher flows.  The higher surface area could also be beneficial 

to energy storage applications. 

16.2  Experimental Methods 

16.2.1  Preparation of Low Density / High Surface Area Composite Foam 

A flask was charged with 629 mg of graphite (Asbury Carbons Grade Nano 24), 

along with 100 mL water (Deionized), 100 mL styrene (Acros Organics, 99.5%), 23 mL 

divinylbenzene (Aldrich, 80%), 300 mg of azobisisobutyronitrile (AIBN) (Aldrich, 98%), 

and a stir bar. The system was then mixed on a stir plate for 1 minute. The stir bar was 

removed, and the system was emulsified using a Silverson L5M-A for 1 minute.  The 

newly formed emulsion was placed into a 250 mL jar and sealed. The jar was then 

placed in an oven (Thermo Electron Corporation, Model 6500) at ~70 °C for 24 hours. 
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After the reaction was complete, the composite samples were removed from the jars 

and heated at ~80 °C for ~2 days to remove all water.  

The above procedure was used to make a 100/0 styrene/heptane (S/H) and 

50/50 water/oil (W/O) composite.  The procedure was altered to make composite 

materials in a matrix, where both the styrene/heptane and oil/water ratios were 

changed.  100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and 10/90 S/H 

sets varying the W/O ratio to 70/30, 60/40, and 50/50 were made.  It must also be noted 

that the water to initial graphite ratio was kept constant.  This was unlike in the initial 

study in section 13.1, where the graphite to oil + water ratio was kept constant. 

16.2.2  Characterization 

16.2.2.1  Electron Microscopy 

Samples were first prepared as in section 16.2.1.  To prepare composite samples 

for the electron microscope, they were first cut with a razor blade.  The slices were then 

mounted on aluminum stubs using carbon tape and carbon glue, and coated with Au/Pd 

in a sputter coater (Polaron Unit E5100). The samples were characterized with a Teneo 

low vacuum field emission scanning electron microscope with a 10 kV accelerating 

voltage.   

16.2.2.2  Electrical Measurements 

 Samples were first prepared as described in section 16.2.1.  To prepare the 

samples for electrical conductivity testing, they were first cut into rectangular prisms on 

the scale of a few centimeters in length.  These were cut from the bottom of the 

cylindrical sample, as this area was seen to have the highest conductivity. The ends 
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were then covered with silver paint (Ted Pella) and allowed to dry.  Copper tape (Ted 

Pella) was then attached to the silver contacts and the resistance was measured using 

a Keithly Model 2420 SourceMeter. 

16.2.2.3  Mechanical Measurements 

 Samples were first prepared as described in section 16.2.1.  To prepare the 

samples for testing, they were first cut into cylinders around 5 centimeters in diameter 

(the diameter of the glass jars they are prepared in) and a few centimeters in height.  

These were cut from the top of the cylindrical sample, as this area was seen to have the 

highest compressive breaking strength.  They were then tested using an Instron Model 

5869 in compression mode.  

16.3  Results and Discussion 

In previous studies, the initial graphite to total water and oil ratio was held 

constant.  This led to the average sphere size in the composites changing as the 

graphene to water ratio changed through the studies.  Here, we kept the graphene to 

water ratio constant in order to test our previous theoretical work which states the 

sphere size is determined in part by that ratio.  The results of our testing may be seen in 

Figure 16-2. 
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Figure 16-2: Scanning Electron Micrographs of 100/0 S/H 50/50 W/O (A), 100/0 S/H 
60/40 W/O (B), and 100/0 S/H 70/30 W/O (C). Conductivity (D) and compressive 
breaking strength (E) of composite materials with varied S/H and W/O ratios. 
 

 The micrographs show that the average sphere size does not change as the W/O 

ratio is varied while the graphene to water ratio is held constant.  In practice, this leads 

to more emulsion phase, and therefore more final composite, in the 70/30 W/O ratio 

samples.  Furthermore, both the conductivity and compressive breaking strength data 

points to samples being nearly identical in the same S/H sets since the graphene to 

water ratio is held constant.  Because of this, to simplify the data from this point forward, 

only samples made using the 50/50 W/O ratio will be presented.  

 As the amount of styrene in the oil phase is reduced and replaced with heptane, 

a morphology change is seen, especially in the spaces between the spheres. Scanning 

electron micrographs of the interstitial spacing may be seen in Figure 16-3. 
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Figure 16-3: Sanning electron micrographs of the interstitial spacing of (A) 100/0, (B) 
90/10, (C) 80/20, (D) 70/30, (E) 60/40, (F) 50/50, (G) 40/60,and (H) 30/70 S/H samples. 
 

As can be seen in the figure above, as the amount of styrene is reduced, the polymer in 

the interstitial spacing begins to form a textured surface.  Upon closer inspection, the 

textured surface in between the spheres is seen to actually be voids developing as the 

styrene amount is lowered (Figure 16-4). 

 

Figure 16-4: Sanning electron micrographs of the interstitial spacing of (A) 80/20, (B) 
70/30, (C) 60/40, (D) 50/50, (E) 40/60,and (F) 30/70 S/H samples. 
 

 These voids are indicative of the sponge-like morphology mentioned earlier.  At 

the 30/70 S/H ratio, however, the interstitial polymer network suddenly seems to be 

unstable.  Note that the composite is still formed, so the emulsion network is still stable.  

At this point, the interstitial polymer takes on the shell morphology, where it covers the 

outside of the graphene sheets.  Polymer “globs” are seen to cover the outer surface of 

the spheres in Figure 16-5. 
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Figure 16-5: Scanning electron micrographs of a 30/70 S/H 50/50 W/O composite 
material.  (A) The interstitial space between the spheres, with the outer shell of a sphere 
visible in the middle.  (B) Close-up of the polymer-“glob” coated shell of a sphere. 
 

 A mechanism where the polymer coating the graphene shells comes from 

precipitating polymer would not seem to lead to a stable emulsion.  A more likely 

mechanism would incorporate something seen in graphene oxide (GO) styrene/water 

emulsion systems:107 styrene oligomers adsorbing to the surface of graphene due to 

 interactions.  Once adsorbed, the oligomers would continue polymerization from the 

surface of the graphene sheets.  Evidence of this has actually been seen before in our 

original composite samples.  This may be seen in Figure 16-6. 
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Figure 16-6: Scanning electron micrograph of interstitial polymer and inside of graphene 
composite sphere. (1) Bulk interstitial polymer. (2) Polymer grown from graphene sheet. 
(3) Precipitated polymer. 
 

We believe that there are actually three different types of polystyrene in this 

image.  The first is the main part of the interstitial polymer.  This is the darker-colored, 

smooth part of the image above (Figure 16-6-1).  Next, there is the polymer that 

appears right under the graphene sheets, and forms a lip over the bulk interstitial 

polymer (Figure 16-6-2).  Lastly, there are the white-colored polystyrene beads that 

form when the styrene monomer dissolved in the water layer polymerizes and 

precipitates out of solution (Figure 16-6-3). 
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The compressive strength of several of the different S/H composites (all at 50/50 

W/O) were also tested.  The results may be seen in Figure 16-7.   

 

Figure 16-7: Compressive breaking strength as a function of the volume % of styrene in 
the oil phase. 
 

As expected, the compressive breaking strength decreases with the decreasing amount 

of styrene in the oil phase.   

 The conductivity of the foams was also tested.  In Figure 16-8, the conductivity 

and density of the foams is seen to decrease as the amount of styrene in the system 

decreases.   
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Figure 16-8: Conductivity and Density as a function of the volume % of styrene in the oil 
phase. 
 

The lowering of the density of the foams with decreasing styrene in the oil phase was 

expected, as the space usually filled with polystyrene in the final foam was filled with 

voids where the heptane was.  The conductivity, however, is a more curious matter.  

Initially, our expectation was that as the amount of styrene in the system was lowered, 

the conductivity would increase because there would be less polymer that could get in 

between the sheets.  This did not prove to be the case.  Somewhat subtly seen in the 

SEM images is that as the amount of styrene in the oil phase decreases, the amount of 

graphene sheets visible on the inner surface of the spheres decreases as well.  Instead, 

a smooth polymer layer is seen to develop.  We believe the answer lies in the potential 

of mean force diagrams of graphene in both the styrene/water and heptane/water 
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systems.  In the styrene/water system, the graphene sheet is at the lowest energy 

around 2 angstroms from the interface.  In the heptane/water system, the sheet is at 

lowest energy around 4 angstroms from the interface (Figure 16-9).  This suggests that 

as the amount of heptane in the oil phase is increased, the sheet migrates further from 

the water/oil interface, and ultimately results in the sheets being encapsulated by 

polymer instead of exposed at the surface.  This leads to more polymer between the 

sheets, and greater resistance. 

 

Figure 16-9: Potential of Mean Force Plots for (left) a heptane and water systems and 

(right) a styrene and water system. 

 

16.4  Conclusion 

Replacing the pure styrene oil phase with a mixture of styrene and heptane has 

resulted in low-density, high surface area composite foams.  The density, strength, and 

conductivity are all tunable through alteration of the styrene/heptane ratios, and 

densities an order of magnitude lower than those previously recorded have been 
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achieved.  Possible applications of these foams include low density sensors, as well as 

high-flow filters.    
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 Part IV: Pristine Graphene / 
Poly(butyl acrylate) Foams 

Templated by Graphene Sheet 
Stabilized Emulsions  
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Chapter 17:  Introduction 

The creation of a bicontinuous arrangement of exfoliated few layer graphene 

(FLG) sheets by the thermodynamically driven self-assembly of pristine graphite 

provides a unique scaffold for templated polymerization. Rather than attempting to 

modify the hydrophobic graphite with oxidation or added surfactants, we rely on the 

insolubility to form an ordered scaffold that templates the polymerization of elastomeric 

polymer to create a bicontinuous nanocomposite with an open network of FLG lined 

spheres. The resulting elastomer displays electrical resistivity that is sensitive to 

deformation and has absorption properties that are selective for certain solvents. These 

properties are enabled by an interfacial trapping mechanism that utilizes pristine 

graphene as a surfactant and avoids the use of difficult to remove solvents,102 extended 

sonication times,103 and harsh chemical reduction treatments100,101 

Even though the electrical and mechanical properties1–3,15,90,91,93,122,123 of pristine 

graphene are superior compared to graphene oxide (GO) and reduced graphene oxide 

(rGO), GO and rGO are commonly used instead of graphite to impart conductivity and 

increase strength in polymeric composite materials.92,104,110,124–126 Although GO and 

rGO have degraded properties when compared to pristine graphene, due to the 

disruption of the delocalized pi electron network,35,36,94,95,97 graphene’s lack of solubility 

in virtually all solvents hinders the application of pristine graphene in traditional 

nanofiller incorporation techniques. Here, we take advantage of graphene/graphite’s 

insolubility and use it as the surfactant,87,127,128 where it exfoliates, lowers the interfacial 

energy of the oil/water interface, and templates the creation of poly(butyl acrylate) 

graphene composite foams.   
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As the FLG sheets are found solely at the interface during polymerization, in the 

final graphene composite material they cover the surface of the empty (formerly water 

filled) spherical cavities.  This highly ordered FLG network is conductive, and therefore 

could lead to potential applications in electrochemical sensing, catalyst support, and 

capacitive deionization.  At the areas where the spheres touch, little to no polymer is 

found, only graphene sheets.  These areas tend to be weaker than the rest of the walls, 

and often break to form holes that connect the spaces inside the spheres.  These 

pathways enable oils to be absorbed readily into the system. Furthermore, the specific 

arrangement of the sheets, along with some kind of shape change (from swelling, 

physical deformation, etc.) leads to an electrical response.  This opens up a wide variety 

of new potential applications, from chemical sensing to pressure sensing. 
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Chapter 18:  Experimental Methods 

18.1  Preparation of Typical Composite Sample 

A 250 mL Erlenmeyer flask was charged with 0.88 g graphite (Asbury Carbons, 

grade Nano 24), 120 mL DI water, 80 mL butyl acrylate (Acros Organics, 99%), 500 uL 

divinylbenzene (Sigma Aldrich, 80%), 0.24 g 2,2’-azobis(2-methylpropionitrile) (Sigma 

Aldrich, 98%), and a stir bar.  The contents were then mixed for about 1 min on a stir 

plate.  The stir bar was then removed, and the contents were mixed at ~10,000 rpm for 1 

min using a Silverson L5M-A high shear blender with a ¾” tubular blending head with the 

square hole, high shear screen.  After mixing, the contents were poured gently into a 240 

mL glass jar.  The jar was then sealed and placed into a convection oven (Blue M, Stabil-

Therm) at 65°C for 24 hr to react. The jar was then broken to remove the composite 

sample, which was then placed in the same oven for several days (~3) until dry. 

18.2  Characterization 

18.2.1  Electron Microscopy 

Samples were first prepared as in section 18.1.  To prepare composite samples 

for the electron microscope, they were first cut with a razor blade. The slices were then 

mounted on aluminum stubs and coated with Au/Pd in a sputter coater (Polaron Unit 

E5100). The samples were characterized with a JEOL 6330 field emission scanning 

electron microscope with a 10 kV accelerating voltage.   
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18.2.2  Swell Testing with Various Solvents 

 A typical composite sample was first prepared as in section 18.1, then placed in 

a liquid nitrogen bath for 3 s to get it to below the glass transition temperature.  The 

sample was removed from the bath and the top and bottom (~0.5 cm each) were 

immediately cut off and discarded using a band saw. The sample was then submerged 

again in liquid nitrogen again for 3 s, and cut into 1.5 cm discs immediately after being 

removed from the bath.  It was then submerged in liquid nitrogen for 3 s, and cut into 

rectangular prisms with the approximate dimensions of 1.5 cm x 1.5 cm x 3 cm 

immediately after removal from the bath. These samples were then used in the swell 

testing. 

 To perform the test, the cut sample was first measured and weighed. 70 mL of 

the chosen solvent was then poured into a 120 mL jar.  The composite sample was then 

placed into the jar, and left to sit for 15 min.  The sample was then removed and 

measured and weighed again.  The solvents used include: 

Acetone (Fisher, 99.5%) 

Isopropanol (Sigma Aldrich, 99.5%) 

n-Heptane (Fisher, 99%) 

Dimethyl Sulfoxide (JT Baker, 99.9%) 

1,4 Dioxane (Fisher 99%) 

Toluene (Sigma Aldrich, 99.5%) 

Ethanol (Acros Organics, 99.5%) 

Diethyl Ether (Sigma Aldrich, 99%) 

Methanol (Sigma Aldrich, 99.8%) 
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Chloroform (JT Baker, 99.8%) 

Tetrahydrofuran (JT Baker, 99.8%) 

Styrene (Sigma Aldrich, 99%) 

Hexane (Sigma Aldrich, 98.5%) 

Butyl Acrylate (Acros Organics, 99%) 

Pentane (Alfa Aesar, 98%) 

Acrylonitrile (Sigma Aldrich, 99%) 

DI Water 

18.2.3  Swell Testing with Various Crosslinking Amounts 

A 250 mL Erlenmeyer flask was charged with 0.88 g graphite (Asbury Carbons, 

grade Nano 24), 120 mL DI water, 80 mL butyl acrylate (Acros Organics, 99%), 0.24 g 

2,2’-azobis(2-methylpropionitrile) (Sigma Aldrich, 98%), a stir bar, and either 0.201, 

0.403, 0.805, 1.61, or 3.22 mL divinylbenzene (Sigma Aldrich, 80%).  The contents 

were then mixed for about 1 min on a stir plate.  The stir bar was then removed, and the 

contents were mixed at ~10,000 rpm for 1 min using a Silverson L5M-A high shear 

blender with a ¾” tubular blending head with the square hole, high shear screen.  After 

mixing, the contents were poured gently into a 240 mL glass jar.  The jar was then 

sealed and placed into a convection oven (Blue M, Stabil-Therm) at 65 °C for 24 hr to 

react. The jar was then broken to remove the composite sample, which was then placed 

in the same oven for several days (~3) until dry. 

The dried composite samples were then cut as described in section 18.2.2.  

Swell testing was also as in section 18.2.2, although it was performed only in acetone.  
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18.2.4  Swelling and Resistance / Mass Change 

A typical sample was first prepared as described in section 18.1.  It was then cut 

into a rectangular prism by first submerging it in liquid nitrogen and then cutting it with a 

band saw.  The final dimensions were ~1.5 cm x 1.5 cm x 3 cm.  Two sides of the prism 

were then painted with colloidal silver paste (Ted Pella, Pelco). The sample was then 

placed in the oven overnight to cure the paste. After removal from the oven, copper tape 

(3M, ¼”) was placed on top of both of the ends covered with the silver coating.  The 

tape was then painted again with silver paste to ensure it was bound to the composite.  

The resistance was measured using a Keithley 2420 sourcemeter.  The instrument was 

set to start taking measurements, and then 0.5 mL of acetone (Fisher, 99.5%) was 

pipetted onto the top of the sample, directly in between the faces covered with silver 

paste.  This was to ensure the sample did not swell at the location of the silver paste.  

300,000 data points were taken at a sampling rate of 600 ms/pt and at 0.01 V.  The 

experiment was repeated several times until there was no hysteresis. 

After the resistance tests were completed, the sample was placed on an 

analytical balance (with the silver paste and copper tape).  0.5 mL of acetone was then 

placed on the sample in the same place as before.  The mass data was taken at 5 s, 10 

s, 20 s, 30 s, 1 min, 2 min, 3 min, 5 min, 10 min, 20 min, 30 min, 40 min, 50 min, and 60 

min. 

18.2.5  Repeated Compression Test 

 A typical composite sample was first prepared as described in section 18.1, 

submerged in liquid nitrogen for 3 s, then removed and immediately cut using a band 

saw to remove the top and bottom (~0.5 cm).  The flat top and bottom of the sample 
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were then painted with colloidal silver paste (Ted Pella, Pelco).  The sample was then 

placed in the oven overnight to cure the paste.  After removal from the oven, copper 

tape (3M, ¼”) was placed on top of both of the ends covered with the silver coating.   

 Before the sample was placed into the Instron 1350 for testing, the instrument 

was prepared by covering the compression plates with paper and tape to prevent 

electrical conductivity.  Once the sample is placed between the plates, it was 

compressed 100 times to approximately 50% of its original height.  The resistance was 

measured before, during, and after the compression cycles using a Keithley 2420 

sourcemeter, taking 100,000 pts 140 ms apart with a voltage sweep from 0.001 V to 0.1 

V.  This measurement was repeated several times (~3) to remove any hysteresis. 

Chapter 19:  Results and Discussion 

19.1  Foam Morphology 

Polymerizing the continuous phase of the FLG stabilized emulsion holds the 

bicontinuous structure in place. Using a monomer that polymerizes to a flexible polymer 

allows us to form soft, low density, and electrically conductive materials with very low 

loadings of graphite.  Figure 19-1A illustrates the internal structure of the material.  The 

observed spheres range from roughly 100 to 300 µm depending on the flake size of the 

graphite and the processing conditions.  The surface is much like a golf ball covered 

with dimples where the water droplets had been. As the FLG serves as a surfactant in 

the system, the sheets are only found at the monomer/water interface, allowing for 

percolation at very low loadings. After polymerization and following removal of the water 

by evaporation, the resulting foam is lightweight (D ~0.10 g/cm3), flexible, and 



 97 

electrically conductive. When the emulsion is formed, at the locations where the 

spheres touch, there is little to no polymer formed.  This is also where the electrical 

percolation pathway continues from sphere to sphere. These areas, seen in Figure 

19-1B, tend to be weak and tear, thus creating a pathway of windows for water to 

escape during the evaporation process.   

 

Figure 19-1: SEM image of graphene based foam showing (A) structure composed of 
packed spheres, (B) openings, or “windows” between spheres that allow for the 
passage of materials in and out of the foam.  
 

19.2  Oil Absorption 

While the openings between the spheres are important for water evaporation, 

they also allow other liquids to be absorbed.  The high surface area, combined with 

significant capillary action, enables the foam to swell and absorb a wide range of 

organic solvents. The foam prior to swelling but after removal of the water used in its 

synthesis, may be seen in Figure 19-2A.  Despite the role of water in the formation of 

the template used to produce the foam, the foam is highly hydrophobic. As seen in 

Figure 19-2B, pouring water on the foam results in no swelling and the foam remains 

the same size. The result is much different with organic solvents, however. Adding 
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tetrahydrofuran (THF) (Figure 19-2C) immediately swells the foam as it absorbs the 

liquid.   Furthermore, as the solvent evaporates out of the composite material, it returns 

to its original shape (Figure 19-2D). 

 

Figure 19-2: Image of graphene based polymerized high internal phase emulsion, (A) 
before swelling, (B) after addition of water, (C) after addition of THF, (D) after 
evaporation of the solvent. While water is not absorbed, THF is shown to swell the 
material.  After the evaporation, the material is seen to return to its original size and 
morphology. 
 

The volume expansion of the material with organic solvents is typically greater 

than the initial void volume. Due to the high surface area of the foam, the swelling and 

absorption take place very quickly, normally only a few seconds. All solvents do not 

swell the material equally, however, and to investigate the factors affecting absorption, 

swell tests are performed using 17 different solvents, both hydrophilic and hydrophobic.  

Figure 19-3A shows a histogram of the percent volume expansion for each solvent 
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tested. The foams clearly favor organic solvents, and solvents with solubility parameters 

closest to that of poly (butyl acrylate) are found to swell the material to the greatest 

extent (Figure 19-3B).  Although the polymer does not dissolve, and solvent can be 

squeezed out like a sponge, the favorable interaction of solvent and polymer plays a 

critical role and leads to the chemically selective uptake of liquids. 

This chemical selectivity can be seen when two solvents are mixed. Depending 

on the miscibility of the solvents, the final results can vary.  When a piece of graphene 

composite is placed in a container that has two immiscible solvents, e.g. heptane and 

water, the foam absorbs the oil phase exclusively. When placed in a container with two 

miscible solvents, the foam swells, but to a degree between that of the two solvents if 

they were by themselves.  This may be seen in Figure 19-3C.  Also seen in Figure 

19-3C is the fact that the swelling takes place very quickly, and then is constant over 

long periods of time, showing great stability. 

 

Figure 19-3: (A) Histogram of the percent volume expansion of the foam with different 
solvents. (B) Plot of volume expansion as a function of the solubility parameter of the 
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solvent. It is observed that the closer the match between solvent and polymer solubility 
parameter, the larger the volume expansion. (C) Expansion of the foam in acetone as a 
function of crosslink density.  (D) Change in mass of the foam as a function of time.  
Also note the effect of mixed solvents. 
 

In addition to the chemical identity of the solvent playing a role, the ability of the 

material to expand also contributes to the extent of swelling. Increasing the 

concentration of cross linker in the polymer increases its stiffness, thus hindering 

swelling. Figure 19-3D illustrates the effect on swelling of increased cross-link density. 

As would be expected, the stiffer the material, the less solvent it can absorb. The role of 

the graphene surface in the swelling is more difficult to elucidate. Plotting the swelling of 

the composite as a function of the difference in solubility parameter between graphene 

and solvent (see section 20.1 for details) finds no clear correlation. Although the FLG’s 

role in swelling is not clear, it provides the necessary framework for the absorbent 

material. 

 

19.3  Chemical Sensing 

Beyond providing the framework, however, the FLG does play a crucial role in 

potential applications.  As stated previously, the FLG sheets are found solely at the 

interface between the oil and water in the initial emulsion.  After polymerization, they are 

found only at the surface of the spheres, between the polymer and where the evaporated 

water once was.  Any distortion of the original arrangement of FLG sheets leads to a 

change in the conducting network, thus leading to a measurable change in electrical 

resistance.  During swelling by solvent absorption, there is an increase in the internal 

surface area of the material that leads to an observable change in resistance.  In Figure 
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19-4, the effect of the absorption of a small amount of acetone (0.5 mL) is shown. The 

stretching of the network spreads FLG sheets, increasing the distance electrons must 

travel and breaking contacts. The resistance thus rises with a nearly instantaneous 

response rate, although slightly slower than the mass.  This is due to oil first going into 

the cavities in the foam, and then being absorbed into the polymer. As the acetone 

evaporates, the foam and spheres slowly return to their original shapes.  As this occurs, 

the FLG sheets are brought back into their original alignment; there is a return to the 

original resistance.  There is a slight difference in the speeds at which the resistance and 

the mass change.  This is most likely due to the polymer returning to its original shape 

before all of the acetone has been evaporated.  The complete reversibility demonstrates 

the robustness of the FLG network.  

 

 

 

Figure 19-4: Resistance and mass change of the foam as a function of swelling.  
 



 102 

19.4  Pressure Sensing 

Alternatively, mechanical compression also distorts the spheres and causes a 

change in electrical resistance. In Figure 19-5A, the foam is compressed to about 50% 

(after about 1 hour) and held under compression.  The resistance is seen to jump to 

over three times its original value at rest, but then slowly decreases while left under the 

compression.  It must be noted, however, that the resistance never reaches the value of 

the foam at rest pre-compression.  In Figure 19-5B, the foam is released from 

compression.  Interestingly, the foam again sees a spike in resistance upon the release 

of the compression, and then gradually decreases until it reaches the pre-compression 

at rest value.  As the foam is compressed, the spheres are initially distorted and yield a 

higher resistance value.  The slow lowering of the resistance after the initial spike 

suggests that the spheres slowly find an equilibrated shape after a certain amount of 

time.  Once the compressive pressure is released, the spherical shapes are again 

disrupted and we see an increase in resistance.  From there, the spheres are able to 

slowly return to their usual shape, and we see the lowering of the resistance to its 

original value. 

In Figure 19-5C, the resistance of the foam is seen over 100 compression and 

release cycles (50% compression). No significant degradation is observed. At the end of 

the cycles, there is a noticeable relaxation time while the resistance returns to its 

original value.  As the spheres relax back to their equilibrium shape, the resistance 

decreases.  
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Figure 19-5: Resistance as a function of compression. (A)The foam is compressed and 
then left under compression.  (B) The foam is released from compression.  (C) The 
foam is compressed and allowed to recover numerous times, returning to its original 
resistance each time. 

19.5  Conclusion  

By templating poly(butyl acrylate) foams with few layer graphene sheets, we 

have created a material with its internal surface area covered with an ordered 

percolating electrical network.  The foam not only has applications in oil capture 

because of its swelling and absorption capabilities, but also electrochemical sensing, 

catalyst support, pressure sensing, and oil sensing because of the FLG sheet network.  

Due to their ease of synthesis and use of cost effective reagents, Graphene composites 

have the potential to be brought to real world use quickly and efficiently. 
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Chapter 20:  Supplementary Information 

20.1  Swelling vs Graphene Solubility Parameter 

Samples were prepared and tested as in the method described in section 18.2.2.  When 

the swelling is plotted against the absolute value of the difference in solubility parameter 

of graphene and the solvent, no trend is observed. 

 

 

Figure 20-1: Swelling of the composite material in various solvents in relation to the 
difference in solubility parameter of graphene and the solvent. 
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20.2  Alteration of Graphite Sheet Size 

In addition to the standard foams, materials were made using other starting 

graphites.  One particular example uses Asbury Carbons Micro 890 graphite.  Samples 

are prepared using the same method as described before, except the Asbury Carbons 

Nano 24 graphite is substituted for an equal mass of Micro 890 graphite (~10 um lateral 

sheet size). 

 The resulting foams are then dipped in liquid nitrogen for 3 seconds to bring them 

below their glass transition temperature, and then cut on a band saw to yield cylinders.  

A small piece is then cut off with a razor blade and attached to an aluminum SEM stub 

using both carbon tape and carbon glue.  It is then coated with Au/Pd in a sputter coater 

(Polaron Unit E5100). The samples are characterized with a JEOL 6330 field emission 

scanning electron microscope with a 10 kV accelerating voltage and may be seen in 

Figure 20-2.    
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Figure 20-2: Scanning electron microscopy images of Graphene / PBA Composite 
made using Micro 890 graphite. 
 

 Since the Micro 890 graphite has a larger lateral sheet size than the usual Nano 

24 (~10 um as opposed to ~1 um), the sphere sizes of the emulsions templated by the 

larger graphite are much larger than those templated by the smaller graphite.  This 

yields the larger final composite sphere sizes we see in Figure 20-2A and B.  The 

sheets also seem to prefer to stay a little more in the oil phase, as can be seen in Figure 

20-2C, which is the surface of a sphere.  In Figure 20-2D, the area where two spheres 

meet is seen. The graphene sheets seem to be less exfoliated, which is expected 

because of their larger lateral dimensions.   
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 Perhaps most interesting about this system is that the composite is a closed cell 

system.  We think this is due to the larger sheet size increasing the strength of the 

sphere-sphere contact areas.  Having a closed cell system opens of many potential 

applications, as the aqueous phase (and anything in it) is now trapped in the spheres. 

20.3  Swelling Resistance Comparison w/Polystyrene 

Composite 

 To compare the change in resistance of the poly(butyl acrylate) foam to that of a 

traditional polystyrene composite material, samples were first made using the following 

procedures.  The poly(butyl acrylate) sample was made using the standard procedure 

outlined in the experimental section.  To make the polystyrene composite sample, a 250 

mL Erlenmeyer flask was charged with 0.88 g graphite (Asbury Carbons, grade Nano 

24), 140 mL DI water, 60 mL butyl acrylate (Acros Organics, 99%), 14 mL 

divinylbenzene (Sigma Aldrich, 80%), 0.18 g 2,2’-azobis(2-methylpropionitrile) (Sigma 

Aldrich, 98%), and a stir bar.  The contents were then mixed for about 1 min on a stir 

plate.  The stir bar was then removed, and the contents were mixed at ~10,000 rpm for 

1 min using a Silverson L5M-A high shear blender with a ¾” tubular blending head with 

the square hole, high shear screen.  After mixing, the contents were poured gently into 

a 240 mL glass jar.  The jar was then sealed and placed into a convection oven (Blue 

M, Stabil-Therm) at 65°C for 24 hr to react. The jar was then broken to remove the 

composite sample, which was then placed in the same oven for several days (~3) until 

dry. 
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 After drying, the samples were cut using a band saw to about 1.5 cm x 1.5 cm x 

3 cm.  The poly(butyl acrylate) samples were frozen in liquid nitrogen for 3 seconds 

before being cut to ensure they were below the glass transition temperature.  Two sides 

of the prism were then painted with colloidal silver paste (Ted Pella, Pelco).  The 

sample was then placed in the oven overnight to cure the paste.  After removal from the 

oven, copper tape (3M, ¼”) was placed on top of both of the ends covered with the 

silver coating.  The tape was then painted again with silver paste to ensure it was bound 

to the composite.  The resistance was measured using a Keithley 2420 sourcemeter.  

The instrument was set to start taking measurements, and then 500 uL of acetone 

(Fisher, 99.5%) was pipetted onto the top of the sample, directly in between the faces 

covered with silver paste.  This was to ensure the sample did not swell at the location of 

the silver paste.  Data points were taken at a sampling rate of 600 ms/pt and at 0.01 V. 

The experiments were repeated several times until no hysteresis was seen.  The results 

are seen in Figure 20-3. 
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Figure 20-3: Change in resistance over time as acetone is placed on a composite 
sample and then evaporated. 
 

 As is clearly seen in the figure, the poly(butyl acrylate) composite showed almost 

twice the change in resistance compared to the polystyrene composite tested with the 

same amount of acetone.  Furthermore, a larger amount of acetone was tested: 0.5 mL.  

While the poly(butyl acrylate) samples were easily able to swell to absorb the liquid (as 

seen in previous tests), the polystyrene samples did not swell enough to accommodate 

the liquid.  This ultimately led to the acetone dissolving the conductive adhesive on the 

copper tape.  In conclusion, both because of the larger change in resistance, and the 

ability to swell to absorb large amounts of solvent, the poly(butyl acrylate) composite 

material is the superior choice for chemical sensing. 
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Summary and Future Work 

Chapter 21:  Summary 

A new method for the production of pristine graphene has been presented in this 

dissertation.  The interface trapping method utilizes graphene’s insolubility in virtually all 

solvents by trapping the sheets at the interface, where they lower the interfacial energy 

of the system.  Once there, the sheets exfoliate and self-assemble to form a 

macroscopic conductive network.  Part I of this dissertation saw the utilization of the 

interface trapping method to produce macroscopic, conductive, transparent thin films of 

pristine graphene.  The films were first formed in scintillation vials, where they climbed 

up glass slides.  They could then be transferred to virtually any substrate using a float-

off technique.  The graphene that made up the films was seen to be about 3-5 layers 

thick, as determined by SEM, TEM, Raman, and computational simulations.  

Transparencies up to 95 %T, and conductivities up to 400 S/cm were attained. 

Using the same theory, a mixture of graphene and graphite was infused into 

fabric to impart conductivity in Part II of this dissertation.  The fabrics show great 

promise in smart textile applications.  In Part III, stable graphene emulsions were 

demonstrated and utilized to create graphene/polymer nanocomposite foams.  This 

technique is extremely versatile, and can be used to create rigid and flexible foams with 

wide ranging applications including: chemical sensing, pressure sensing, construction 

reinforcement, filtration, and capacitors. 
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Chapter 22:  Future Work 

In this dissertation, I have laid out the groundwork for this novel technique.  

There is still much exciting work to be done.   

With regard to the films: developing a continuous technique would be enormously 

beneficial. 

Concerning the fabrics: further developing this technology with conductive 

polymers has shown great promise. 

Finally, for practicality’s sake, we only focused on a few monomers to create the 

foams with.  In reality, almost any monomer that can undergo radical polymerization is 

able to be used in this process.  Furthermore, it would be tremendously beneficial to 

develop a method to form foams using a non-radical technique.  There are also a large 

number of application oriented projects that show great promise.  These include 

filtration, capacitors, sensors, and construction materials to name a few. 
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Chapter 23:  Appendix 

23.1  Simulation Details from Part I: Conductive Thin Films of 

Pristine Graphene by Solvent Interface Trapping 

We performed molecular dynamics simulations of adsorption of graphene at 

water/heptane interface. The Generalized Amber Force Field (GAFF)115 parameters 

were used for atomistic models of solvents (see Figure 23-1) and graphene. The partial 

charge distributions for heptane were obtained by performing ab-initio calculations using 

the Gaussian 09 (G09) simulation package116 with 6-31G(d) basis set and B3LYP DFT 

method. For water we used TIP3P force field potentials.117 

   

     



 














ji ij

ji

ij

ij

ij

ij

IMPROPER

eq

DIHEDRALS

n

ANGLES

eq

BONDS

eqrTOTAL

R

qq

R

B

R

A
Kn

V

KrrKU










612

2

22

cos1
2

    (3) 

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 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. 

The simulation box was built by using Chem3D,129 G09, Antechamber130 and 

AMBER2LAMMPS python script that is included with LAMMPS.131 The G09 input file for 

the heptane molecule was built in Chem3D, then G09 calculations were performed. The 
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Gaussian output from the calculation was used as an input for Antechamber to 

determine charges, atom type, bond type, angle and dihedral type assignments. 

 

Figure 23-1: Partial charge distributions used in simulations of water (a) and heptane 
(b). The water charges were obtained from Price and Brooks.(2) Charges for heptane 
were obtained by using Mulliken population analysis from ab initio calculations with 6-
31G(d) basis set and B3LYP DFT method. 
 

The AMBER topology file was created by using LEAP that was included in the 

Antechamber package. The AMBER topology file was converted into a LAMMPS data 

file using the python script AMBER2LAMMPS. Using output of the AMBER2LAMMPS 

script as a template, the solvent molecule was replicated and distributed in the 

simulation box using in-house code. 

 
Table 23-1: Studied Systems 

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 

 

a) b) 
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9- Sheets 128.94 122.3 121.29 3420 41184 2576 186688 

 

Graphene flakes were modeled by G8 coronene-like molecules consisting of 

eight generations of carbon rings and terminated by the hydrogen (see Figure 23-2). 

The partial charges of the coronene molecule were obtained from the Mulliken 

population analysis from ab initio calculations using G09 with 6-31G(d) basis set and 

B3LYP DFT method without geometry optimization. 

The NPT ensemble simulations were performed using GPU accelerated 

LAMMPS code6-7. The equations of motion were integrated by using the velocity Verlet 

algorithm with a time step 1.0 fs. The system was periodic in x, y and z directions.  

 
Figure 23-2: Generation eight (G8) coronene-like molecule C384H48. Carbon atoms are shown 

in black and hydrogen atoms are colored in light grey  
 

The standard PPPM132 method with accuracy 1.0 × 10
-5 

and the near-field cutoff 

set to 10.0 Å was used to account for contributions from the long-range electrostatic 

interactions. The graphene flakes were placed at the interface between two solvents. 
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Solvent molecules were distributed over the volume of the simulations box. The 

simulation box sizes and the number of atoms in a system are given in Table 23-1. The 

system was equilibrated for 3.25 ns to achieve the equilibrium box volume, average 

system pressure (1 atm) and temperature 300K. A Nose-Hoover thermostat and 

barostat with relaxation time 0.1 ps and 1.0 ps respectively were used to maintain 

temperature and pressure in the system. The Nose-Hoover barostat was applied along 

the z-direction only. During the first 0.25 ns of the equilibration run the location of the 

atoms belonging to graphene flakes were fixed, and the simulation box was allowed to 

stabilize, then all constraints were removed. Then NPT simulations were run for 3 ns 

allowing the system to equilibrate with no constraints. NPT simulations were followed by 

NVT simulations with a Nose-Hoover thermostat. These simulations lasted 3 ns during 

which the data were collected (production run). For the 9-sheet system the NPT 

simulation was run for 6.25 ns and data was collected over the final three ns, no NVT 

steps were used. 
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Figure 23-3: Density distribution in simulation box along z-axis for water/heptane (black 
line), water/heptane/graphene flake (red line), water/heptane/2 graphene flakes (blue 
line), water/heptane/4 graphene flakes (pink line), and water/heptane/8 graphene flakes 
(green line) systems. Insets show snapshots of the typical system configurations. In all 
figures hydrogen atoms are shown in light gray, oxygen atoms are colored in red, 
carbon atoms belonging to graphene and heptane are shown in black and green 
respectively. 
 

Number fraction distribution in different water/heptane systems is shown in 

Figure 23-3. In our simulations, the number fraction is obtained by binning the system in 

the z-axis, with a height of 0.1 Å , and assigning any atoms within this box to their 

molecule. The number fraction was then calculated by averaging the number of atoms 

corresponding to water, heptane and graphene to the total number of atoms within the 

box.  It follows from this figure that graphene flakes are preferentially located in the 

heptane phase. For a single flake system there is a heptane layer covering the flake. 

For multi flake systems we see two well-developed peaks close to the water/heptane 
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interface with the first peak located closer to the interface than the main peak in the 

single flake system. These peaks correspond to location of the graphene flake carbon 

atoms in two flake graphene aggregates. The magnitude of these peaks increases with 

increasing the number of flakes, which should not be surprising since number of carbon 

atoms belonging to aggregates increases as well. 

We used Weighted Histogram Analysis Method118 to calculate the potential of the Mean 

Force between a graphene flake and water/heptane interface. These simulations were 

performed at constant temperature and volume (system sizes are listed in Table 23-2). 

The constant temperature was maintained by coupling a system to the Nose-Hoover 

thermostat with relaxation time 0.1 ps. Initially a graphene flake was located at interface 

between water and heptane and had configuration taken from our NVT simulations.  

Table 23-2: Systems used in PMF simulations  

System Lx(Å) Ly(Å) Lz (Å) #Carbon #Water #Heptane Total 

1-Sheet 92.1 
85.0

8 
81.27 348 10000 

1280 59872 

9-Sheets 
128.9

4 

122.

3 
121.29 3420 41184 

2576 
186688 
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Figure 23-4: 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.  
 

In WHAM simulations the z-coordinate of the center of mass of the graphene 

flake or multi flake aggregate with z-coordinate of the center of mass z 
gr 

was tethered 

to z* by harmonic springs, 

 2
)1(

*
2

zz
K

U gr

cm

spring

spring 
     

(4) 

where the value of the spring constant is Kspring
(1) 

=250Kcal/mole/Å
2 

. To prevent the 

solvent interface from moving with the graphene we have tethered the z-coordinate of 

the center of mass of water molecules z
w 

at its initial location z0. The value of the 

tethering spring constant was set to Kspring
(w) = 750Kcal /mole / Å2. During these simulation 
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runs we varied location of the tethering point z* of the graphene flake or multi flake 

aggregate with increment Δz*= ± 0.1 Å until z*= ± 12Å is reached in water and heptane 

phases. For each location of the tethered point the system was equilibrated for a 0.1 ns. 

The equilibration step was followed by the production run lasting 0.3 ns during which we 

calculated the distribution of the center of mass location of graphene flake for WHAM 

calculations of the potential of the mean force. 

Figure SI4 shows the potential of the mean-force for single flake system. There is a 

shallow local minimum at water/heptane. The main minimum is located at about 5.5 Å. 

The potential saturates when the graphene flake is covered by approximately two layers 

of the heptane molecules on both sides. Note that the potential of the mean force 

increases faster with moving a flake into the water phase than into the heptane phase. 

Therefore the graphene has higher affinity to heptane than to the water. Furthermore 

graphene flake moves its solvation heptane layer into a water phase deforming the 

water/heptane interface (see Inset in Figure 23-4).   

23.2  Simulation Details from Part III: Pristine Graphene / 

Polystyrene Foams Templated by Graphene Sheet Stabilized 

Emulsions 

We use molecular dynamics simulations to model the affinity of a graphene flake 

to a water/styrene interface. In our simulations we used the Generalized Amber Force 

Field (GAFF)115 parameters for atomistic models of solvents (see Figure 23-5) and 

graphene. The partial charge distributions for styrene were obtained by performing ab-
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initio calculations using the Gaussian 09 (G09) simulation package133 with 6-31G(d) 

basis set and B3LYP DFT method. For water we used TIP3P force field potentials.117 
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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 by using the geometric mean approximation for interaction parameters 

between 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.  

The simulation box was built by using Chem3D,129 G09, Antechamber130 and 

AMBER2LAMMPS python script that is included with LAMMPS.131 The G09 input file for 

heptane molecule was built in Chem3D, then G09 calculations were performed. The 

Gaussian output from the calculation was used as an input for Antechamber to 

determine charges, atom type, bond type, angle and dihedral type assignments.  
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Figure 23-5: Partial charge distributions used in simulations of water (A) and styrene 
(B). The water charges were obtained from Price and Brooks.117 Charges for styrene 
were obtained by using Mulliken population analysis from ab initio calculations with 6-
31G(d) basis set and B3LYP DFT method. 
 

The AMBER topology file was created by using LEAP that was included in the 

Antechamber package. The AMBER topology file was converted into a LAMMPS data 

file using the python script AMBER2LAMMPS. Using output of the AMBER2LAMMPS 

script as a template, the solvent molecule was replicated and distributed in the 

simulation box using in-house code.  

Graphene flake was modeled by G8 coronene-like molecule consisting of the 

eight generation of carbon rings and terminated by the hydrogen (see Figure 23-6). The 

partial charges of the coronene molecule were obtained from the Mulliken population 

analysis from ab initio calculations using G09 with 6-31G(d) basis set and B3LYP DFT 

method without geometry optimization.  
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Figure 23-6: Generation eight (G8) coronene-like molecule C384H48. Carbon atoms are 
shown in black and hydrogen atoms are colored in light grey.  

 

The NPT ensemble simulations were performed using GPU accelerated 

LAMMPS code.131,134 The equations of motion were integrated by using the velocity 

Verlet algorithm with a time step 1.0 fs. The system was periodic in x, y and z directions. 

The standard PPPM132 method with accuracy 1.0 × 10-5 and the near-field cutoff set to 

10.0 Å was used to account for contributions from the long-range electrostatic 

interactions. The graphene flake was placed at the interface between two solvents. 

Solvent molecules were distributed over the volume of the simulations box. The 

simulation box size and the number of atoms in a system are given in Table 23-3. The 

system was equilibrated for 3.25 ns to achieve the equilibrium box volume, average 

system pressure (1 atm) and temperature 300K. A Nose-Hoover thermostat and 

barostat with relaxation time 0.1 ps and 1.0 ps respectively were used to maintain 

temperature and pressure in the system. The Nose-Hoover barostat was applied along 



 139 

the z-direction only. During the first 0.25 ns of the equilibration run the location of the 

atoms belonging to graphene flake was fixed, and the simulation box was allowed to 

stabilize, then all constraints were removed. Then NPT simulations were run for 3 ns 

allowing the system to equilibrate with no constraints. NPT simulations were followed by 

NVT simulations with a Nose-Hoover thermostat. These simulations lasted 3 ns during 

which the data were collected (production run).  

We have used the Weighted Histogram Analysis Method118 to calculate the 

potential of the Mean Force between a graphene flake and water/styrene interface. 

These simulations were performed at constant temperature and volume. The constant 

temperature was maintained by coupling a system to the Nose-Hoover thermostat with 

relaxation time 0.1 ps. Initially a graphene flake was located at interface between water 

and heptane and had configuration taken from our NVT simulations.  

 

 

Table 23-3: System sizes used in PMF simulations  

System Lx(Å) Ly(Å) Lz (Å) #Carbon #Water #Styrene Total 

1-Sheet 88.3 86.7 73.2 384 9360 
1360 50272 

 In WHAM simulations the z-coordinate of the center of mass of the graphene 

flake or multi flake aggregate with z-coordinate of the center of mass 
gr

cmz was tethered to 

z* by harmonic springs 
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where the value of the spring constant is 2)1( //250


AmoleKcalK spring  . To prevent the 

solvent interface from moving with the graphene we have tethered the z-coordinate of 

the center of mass of water molecules 
w

cmz  at its initial location z0. The value of the 

tethering spring constant was set to Kspring
(w) = 250Kcal /mole / A 2 . During these simulation 

runs we varied location of the tethering point z* of the graphene flake or multi flake 

aggregate with increment z*= 0.1 Å until z*=  12Å is reached in water and heptane 

phases. For each location of the tethered point the system was equilibrated for 0.1 ns. 

Equilibration step followed by the production run lasting 0.3 ns during which we have 

calculated the distribution of the center of mass location of graphene flake for WHAM 

calculations of the potential of the mean force.   

23.3  Stabilization of Emulsions by Graphitic Skin 

 

Figure 23-7: A water droplet with size R covered with graphitic skin formed by sheets of 

size a. 

a

R
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In our approach we assume that the emulsion consists of monodisperse water 

droplets with size R (see Figure SI2.1). The oil forms a continuous phase. The 

graphene sheets with a size a adsorb at water/oil interface. Graphene sheets form a 

skin layer of thickness h at the interface between oil and water. Due to curvature of the 

water droplets each graphene sheet should deform to remain at the interface between 

two immiscible liquids and form a skin layer. This results in the elastic energy penalty 

per sheet with radius a to be equal to135,136 
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U elast
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where E is the Young modulus of the graphene sheet with thickness d0. The thickness 

of the skin layer, h, can be related to the weight fraction of the graphene in the 

emulsion, g. The total mass of the graphene forming a skin layer covering a droplet 

with size R is equal to 

gg hRm  24       (8) 

The weight fraction of the graphene with respect to water content mw in the 

emulsion is equal to 
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where w = 1.0 g/cm3 and g =2.66 g/cm3 are mass densities of water and graphene  

respectively. Solving the last equation for the layer thickness h one obtains 

33

RR
h

g

wg 




       (10) 

It is important to point out that there is a low bound for the layer thickness h 

which corresponds to coverage of the droplet by a single graphene layer with thickness 
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d0. Thus for each mixture composition the size R of the droplet for full graphene 

coverage should be larger than /3 0min dR  . 

The total elastic energy stored in all water droplets in the emulsion occupying 

volume V is equal to the number of droplets in a system V/V0 times the elastic energy 

stored by deforming graphene sheets covering a droplet surface 
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       (11) 

where V0 is the volume per water droplet and the factor 0

22 /4 dahR  accounts for 

number of graphene sheets within thickness h at the droplet interface.  Here we assume 

additivity of the net elastic energy contribution from deformation of individual sheets. 

The volume per water droplet V0 can be related to mass ratio, w/o, of water to oil and 

size of the water droplet, R, as follows 
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where o is the oil mass density. Solving the last equation for V0 one has 
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Now we can write the total elastic energy of the emulsion per unit volume as a 

function of the droplet size R and emulsion composition  
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Placement of the graphitic skin layer at the interface between water and oil also 

changes the interaction part of the system free energy. In the general case one can use 

a thin film approximation to account for the change of the system free energy with the 

formation of the skin layer. This evaluation requires knowledge of the surface tension for 
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water/oil, water/graphene, graphene/oil interface and Hamaker constants to account for 

interactions across the graphene skin layer covering a surface of a droplet and 

solubilized graphene sheet in an oil phase.60,61 However, we can use results of the 

computer simulations of the water/graphene/heptane system to estimate the 

characteristic size of the droplets covered by graphene layer. In particular we will use a 

value of the change in the system free energy Δg for moving a graphene flake or flake 

aggregate from water/oil interface to the oil phase obtained from WHAM calculations. In 

our simulations we did not see a significant change for this quantity for pulling a single 

sheet or three flake aggregate. In both cases the energy change was about 4.5 RT for 

graphene sheets with area 848 Å2.87  Thus the adsorption free energy of the graphene 

layer at the interface can be estimated as mmNg /2.2 . The negative sign indicates 

affinity of the graphene to the water/oil interface. Taking this into account, the total free 

energy change of the water/oil/graphene system with total surface area of water 

droplets 0

2 /4 VVRA  is equal to 

R

V
ggAU surf


3
      (15) 

Combining elastic and surface energy terms together we finally arrive at the 

energy of the emulsion consisting of droplets covered by a graphitic skin 
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Analysis of eq (16) shows that the surface energy term promotes formation of the 

smaller droplets to increase the area of the water/graphene/oil interface while the elastic 

energy term tends to decrease the interface curvature. The equilibrium size of the 

droplets is obtained by optimizing the system free energy change ΔFtotal with respect to 

droplet size R 
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Using this expression we can estimate a size of droplets formed in the emulsion 

with the weight fraction of graphene at 1% ( 03.066.201.0  ) sonicated into flakes 

with size 0.1m. For the Young modulus E we use 1.0 TPa.5,93 This results in size of 

droplets to be on the order of 1.7m.  

 It is important to point out that eq SI2.11 can only be used for evaluation of the 

graphene stabilized droplets if there is enough graphene sheets to cover the water/oil 

interface. This is true as long as /3* 0dR  . This results in the following condition for 

the critical composition of the emulsion 
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For mixtures with composition such that , the growth of the coalescing 

droplets will continue until their surface is covered by a monolayer of graphene sheets. 

Such droplets will have size  

/3 0dR         (19) 
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