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ABSTRACT 

Graphene, a two-dimensional layer of carbon atoms, is prized for its extraordinary 

properties including high electrical and thermal conductivities, surface area and 

exceptional mechanical strength. These supreme properties make it a promising material 

for applications such as electronics, nanocomposites, and energy storage devices. The 

scalable and repeatable production of high-quality graphene in large quantities is a 

challenging task. Among all the various production methods, the liquid-phase exfoliation 

from graphite is a promising technique due to its potential scalability, low cost, and 

simplicity of processing.  Yet, the reaggregation of graphene sheets in the liquid, caused 

by the strong inter-sheets attractive forces, restricts the graphene yield of this method.  

One of the main goals of this thesis is to increase the yield of liquid-phase 

exfoliation method without compromising on the graphene quality. Non-covalent 

functionalization of graphene with specific dispersant molecules prevents reaggregation 

of the sheets and increases the graphene concentration in dispersions, while it preserves 

the π-conjugated network of the nanosheets. Here, pyrene-derivatives are used as 

dispersants to stabilize pristine graphene in aqueous dispersions through non-covalent 

functionalization. We study the dependence of the graphene yield on the dispersant 

concentration, functional groups, counterions, solvent choice, and pH of solution. The 

graphene yield and graphene/dispersant ratio obtained by pyrene derivatives exceeds 

those obtained by polymers and surfactants.   

The pyrene-graphene interactions are then exploited for designing novel 

copolymer dispersants which can improve the graphene dispersion in polymer 
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nanocomposites. Normally, the incompatibility of pristine graphene surface energy with 

polymers increases the interfacial tension within the nanocomposites and prevents 

proper dispersion of the graphene nanosheets. The pyrene-polysiloxane copolymers, 

synthesized through a hydrosilylation reaction, act both as graphene stabilizers in the 

dispersions and the host matrix of the resulting nanocomposite. The 

graphene/polysiloxane composite films are cast from the dispersion and their electrical 

properties and morphological structure is characterized by various techniques. Similar 

strategy is used to prepare pyrene-functional copolymers of polystyrene (PS) and 

poly(methylmethacrylate) (PMMA) as graphene dispersants. The graphene dispersions 

prepared by these dispersant are vacuum filtered to yield Janus graphene/PS and 

graphene/PMMA composite films with one electrically-conductive side and another 

electrically-insulating side.  

In order to prepare aggregation-resistant graphene powder, we crumple graphene 

nanosheets via rapid evaporation of the dispersions in an industrially scalable spray 

dryer. Morphological transition of 2D nanosheets to 3D crumpled particles is directly 

observed by sample collection within the spray dryer. The particle size and morphology 

of the crumpled sheets is tuned by adjusting the Peclet number of spray drying process. 

The unfolding of the crumpled particles upon rewetting depends on the sheet type and 

the solvent choice. The crumpled GO nanosheets are then used to prepare porous 3D 

networks of graphene using an aqueous sol-gel technique. The high surface area and 

electrical conductivity of these networks can be exploited in applications such as energy 

storage, chemical sensing, oil adsorption and catalysis. 
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CHAPTER I 

INTRODUCTION 

 

1.1    Motivation 

The scientific and technological developments over the last few decades have 

globally touched our life styles; nowadays, we demand faster data processing and 

storage systems, stronger and lighter structural materials, sustainable energy supply, 

precision medicines, and targeted drug delivery. Hence, the urge to create new materials 

with properties to satisfy the consumer demands has been the deepest motivation for 

scientists all around the globe. With improvements in electron and atomic microscopy 

techniques, it has become feasible to resolve and manipulate the materials structure at 

nanoscale. The discovery of fullerenes and carbon nanotubes (CNT), two carbonaceous 

materials with nanometer-size dimensions, is one of the main outcomes of the search for 

novel materials in the “era of nanotechnology”. Like some other nanomaterials, CNTs 

present an extraordinary combination of material properties including electrical, thermal, 

mechanical and optical properties. Exploring the possible synthetic routes for 

preparation of CNTs and developing methods to apply their properties in existing 

technologies have led to discovery of a new carbon nanomaterial, called “graphene”. 

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, is the 

first two-dimensional atomic crystal that was identified in the lab in 2004 by Andre 

Geim and Konstantin Novoselov. The achievement was a scientific breakthrough which 

brought the 2010 Nobel Prize of physics to them. The theoretical studies have predicted 
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extremely high electrical and thermal conductivities, exceptional mechanical strength 

and elasticity, and high surface area for graphene. The experimental measurements 

performed on a single layer of graphene, exfoliated form HOPG (highly ordered 

pyrolytic graphite), verified the theoretical predictions. Ever since, researchers from all 

different scientific disciplines have explored its potential applications in preparation of 

electronic devices, composite materials, sensors, energy conversion and storage, and 

biomedical devices. Some researchers have claimed that graphene will replace the 

traditional materials like silicon in the existing electronic products market.  

Although graphene shows a lot of promise for future applications, there are many 

challenges that need to be embraced and overcome before it can be adopted by the 

modern technologies. The main obstacle is the repeatable production of high-quality 

graphene in large quantities. Various methods have been developed to prepare graphene 

with qualities that meet the requirements of specific applications. The products of these 

methods are different in dimensions, defects density and electronic structure and offer a 

broad range of quality and properties. Yet, a scalable approach that is capable of 

producing graphene batches with similar properties is highly desirable. More 

importantly, the transition from atomic-scale graphene sheet to the bulk graphene-based 

products is associated with drastic changes in the properties. Thus, the lab-scale models 

of such products have to be precisely investigated to pave the way for design and 

manufacturing of graphene-based functional materials with industrial purposes. 

Furthermore, the graphene production and incorporation into the final products must 
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remain economic to meet the end-user expectations. Otherwise, the graphene products 

commercialization, like CNT products, will be hindered by economic considerations. 

Among all the graphene production methods, the liquid-phase exfoliation of 

graphene from graphite is a promising approach for scalable production of larger 

amounts of graphene. However, this method is restrained by the strong attractive forces 

between graphene sheets which cause reaggregation in the liquid phase. Thus, strategies 

need to be developed to prevent reaggregation of the sheets and enhance their 

processability in the liquid phase. Also, the strong inter-sheet attraction and surface 

chemistry of graphene make is incompatible with many other materials such as 

polymers. To process graphene sheets in presence of these materials, the graphene 

surface has to be modified. However, the modification of graphene surface must 

preserve the structure and quality of the original graphene sheets. Additionally, 

alternative approaches that enable the production of aggregation-resistant graphene 

sheets and their bulk macroscale structures are highly demanded.     

 

1.2    Goals and outline of thesis 

Facile and inexpensive production of graphene that suits composite material and 

energy storage applications is the main theme of this thesis. Our goals can be categorized 

as follows: (1) preparation of stable graphene colloidal dispersions, (2) modification of 

graphene sheets into a more polymer-compatible surface, (3) morphological transition 

of graphene to prepare aggregation-resistant sheets, and (4) assembly of the graphene 

sheets in a three-dimensional network. To achieve these goals, a specific class of 
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dispersants was used to stabilize graphene in water. Also, graphene-philic copolymers 

have been synthesized and used for preparation of graphene-polymer nanocomposites. 

Moreover, graphene sheets have been crumpled into 3D morphology to produce 

aggregation-resistant particles. Finally, the graphene planar 2D and crumpled 3D sheets 

were used to prepare graphene hydrogels and aerogels.     

Chapter II of the thesis is a review of the graphene structure, properties and 

production methods. The graphene atomic, electronic and chemical structure is discussed 

in this chapter. Electrical, mechanical, thermal and optical properties of graphene are 

explained. Also, other graphene derivatives including graphene oxide (GO) and reduced 

graphene oxide (RGO), their molecular structure and properties are introduced. Then, 

the main approaches of graphene production are discussed with an emphasis on the 

processing-structure-property relationships in their products and their suitability for 

various applications. The bottoms-up and top-down methods with their advantages and 

disadvantages are introduced. The liquid-phase exfoliation of graphene and its variation 

based on the starting material, processing techniques and the product quality are 

extensively discussed.  

In Chapter III, the graphene-based materials for various applications along with 

their fabrication methods are introduced to the reader. First, the graphene-polymer 

nanocomposites and their current fabrication methods are reviewed. The challenges for 

fabrication of nanocomposites and the possible strategies to overcome those challenges 

are discussed. Next, the two-dimensional assemblies of graphene including graphene 

thin films and freestanding papers are presented. The fabrication methods and the 
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potential application of these materials are also explained. Finally, the three-dimensional 

graphene structures are introduced and their fabrication methods are reviewed in details. 

In Chapter IV, our work on preparation of colloidal graphene dispersions using 

pyrene-derivatives is presented. The quality of graphene sheets is investigated and the 

mechanism of graphene stabilization by these dispersants is studied. The effects of 

various parameters such as dispersant functional groups, counterions, concentration and 

pH of dispersion on the graphene yield are evaluated. The yield of graphene in these 

dispersions proves the higher efficiency of these dispersants as graphene stabilizers 

compared to surfactants and polymers. Also, the stability and processability of these 

dispersions at various pH and temperatures are assessed. The dispersions are then used 

to prepare graphene-epoxy composites; the enhancement of composite mechanical and 

electrical properties upon addition of graphene is evaluated.   

Chapter V describes the design and synthesis of a graphene-philic copolymer 

through grafting pyrene groups to the polymer backbone. The pyrene groups are grafted 

to the polysiloxane backbone via hydrosilylation reaction. The pyrene-functional 

polysiloxane copolymer acts as the graphene stabilizer in the dispersions, and as the host 

matrix in the resulting nanocomposite. This designer dispersant improves the non-

covalent interactions at graphene-polymer interface to enhance the compatibility and the 

dispersion of graphene within the polymer matrix. The graphene dispersions are 

prepared in solvent and cast to form highly conductive graphene/polysiloxane films. The 

variation of polymer synthesis chemistry leads to formation of conductive self-

crosslinking networks of graphene/polysiloxane. 
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In Chapter VI, we apply the designer stabilizer strategy to prepare pyrene-

functional polystyrene (PS) and poly(methylmethacrylate) (PMMA) copolymers. These 

copolymers stabilize graphene through the non-covalent interactions of pyrene and 

graphene. Vacuum filtration of the resulting graphene dispersions leads to formation of 

Janus graphene composite films with an electrically-conductive side and another 

electrically-insulating side. We demonstrate that formation of this specific structure is 

feasible through leaching of the unbound polymer chains from the graphene film.   

Chapter VII describes the crumpling of graphene sheets into three-dimensional 

semi-spherical particles via spray drying the graphene dispersions. The π-π stacking of 

the crumpled graphene sheets is less likely to occur and thus, these particles are prone to 

aggregation. The mechanism of the morphological transition from 2D sheets to 3D 

particles is observed by collecting samples within the spray dryer during the process. 

Also, we demonstrate that the crumpling behavior of the sheets depends on their surface 

chemistry and elasticity and differs for graphene oxide and pristine graphene. It is 

possible to tune the product morphology and size by adjusting the Peclet number of the 

drying process. Furthermore, the stability of the crumpled particles against rewetting 

with various solvents is evaluated. 

In Chapter VIII we study the formation of graphene 3D networks through a sol-

gel transition in graphene oxide aqueous dispersions. We indicate that the gelation 

occurs due to the partial reduction and simultaneous crosslinking of the sheets and. The 

reduction of the nanosheets triggers the π-π stacking between the reduced sections and 

creates physical crosslinks, whereas the covalent bond formation between functional 
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groups of the GO nanosheets forms chemical crosslinks. We study the effect of GO 

concentration and catalyst/GO ratio on corsslinking mechanism. We also assess the 

effect of nanosheets morphology on the crosslinks density in the aerogels by using 

crumpled graphene oxide particles as the GO source. To correlate the morphology of 

aerogels with their bulk properties, we measure their electrical conductivity, surface area 

and thermal stability.  

Chapter IX summarizes the results of all the previous chapters. It also contains 

concluding remarks about the importance of graphene dispersants, the design of novel 

dispersants for nanocomposite applications, the mechanism of morphological transition 

in nanosheets, and the application of crumpled graphene in 3D networks preparation. 

Finally, the potential future research directions that can be followed based on the current 

thesis is described.   
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CHAPTER II 

GRAPHENE: STRUCTURE, PROPERTIES, PRODUCTION AND 

APPLICATION 

 

2.1    History of graphene 

Graphene is the most recent addition to the carbon allotropes family consisting of 

graphite, diamond, carbon nanotubes (CNT) and fullerenes. It is a freestanding atomic 

layer of sp
2
 hybridized carbon atoms which was first isolated from HOPG (highly 

ordered pyrolytic graphite) and indentified in the lab in 2004.
1
 This achievement brought 

the 2010 Nobel Prize of physics to Professor Geim and Professor Novoselov at the 

University of Manchester. The subsequent experiments revealed its exceptional 

electrical, mechanical, optical, and thermal properties. Ever since, Scientists of all 

research backgrounds have explored its potential applications in electronics, photonics, 

spintronics, composites, and energy conversion and storage.  

Despite the enormous recent excitement, graphene has been known since 1940s 

in scientific communities.
2
 However, it was only depicted as a theoretical 2D crystal 

such that its existence in real world was considered to be thermodynamically 

unfavorable and thus, impossible. In fact, it was believed that such an atomic thin 2D 

crystal cannot sustain the thermal fluctuations at room temperature and its structures 

would collapse due to atomic dislocations and defects.
2
 If such a structure existed, it 

should be embedded in a 3D structure as graphite.
2-4

 Many scientists tried to grow a 

graphene layer on a substrate, particularly by adopting the chemical vapor deposition 
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(CVD) technique used for carbon nanotubes growth on SiC substrate.
5,6

 Unfortunately, 

most of these attempts were not capable of producing a large, single layer and defect-

free “pristine graphene” sheet. It was not until 2004, the year that Geim and Novoselov 

isolated graphene using the “scotch-tape” method (mechanical cleavage), that a single 

layer of pristine graphene was introduced to the world.
1,7

 Since then, enormous effort has 

been dedicated to devise various methods for graphene production such as epitaxial 

growth, organic synthesis and solid- or liquid-phase exfoliation.
8,9

 

 

2.2    Structure of graphene 

2.2.1    Atomic structure 

Graphene is a 2D monolayer of carbon atoms arranged into a honeycomb lattice. 

Each carbon atom is connected to three other carbon atoms with covalent σ bonds of 

0.142 nm length.
10

 The angel between the bonds is 120 ⁰. Also, each carbon atom shares 

a delocalized double bound with adjacent atoms through its π orbital which is located 

above and below the lattice plane. Such a sp
2
 hybridization of carbon atoms contributes 

to the delocalized network of π electrons and forms a conjugated system along the 

graphene layer. This 2D crystal may be a few microns in lateral size and is only 

terminated at the edges by sp
3
 hybridized carbon atoms bonded to hydrogen atoms. Such 

a thin layer of graphene may be pictures as a flat sheet; however, studies have shown 

that some “rippling” occurs on the surface of freestanding graphene sheet.
2,9

 The rippling 

intensifies with an increase in the sheet lateral size.
11

 Additionally, surface roughness of 
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a graphene sheet captured on a substrate is different than a freestanding one due to the 

interactions with the substrate.
12

  

 

 

Figure 2.1. (a) Atomic-resolution TEM image of a structurally perfect graphene sheet 

(reproduced from Dato et al.
14

), (b) Atomic model of a corrugated large-area  suspended 

graphene sheet (reproduced from Meyer et al.
9
) and (c) Graphene as the building block of carbon 

buckyballs, carbon nanotubes and graphite (reproduced from  Geim et al.
2
). 

 

 

 A graphene layer can be theoretically considered as the building block of other 

carbon nanomaterials including fullerenes and carbon nanotubes (Figure 2.1). In reality, 

graphene layers stack on top of each other to make graphite with interlayer spacing of 

0.335 nm.
2
 Stacking of graphene layers occurs through sharing their π orbital electrons. 

Attention must be paid to this stacking phenomenon, as it draws a distinction between 
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graphene and graphite.
2
 A single layer graphene sheet (SLG) poses specific atomic and 

material properties which will be mentioned in the next section in this text. A bilayer 

graphene represents almost similar properties, but further increase in the number of 

layers changes the properties drastically and makes the sheets with more than 10 layers 

of graphene to resemble graphite rather than a SLG sheet.
13

 Any graphene sheet with 2-

10 layers is called few-layer graphene (FLG).
2
  

 

2.2.2    Electronic structure 

A graphene layer has one type of electron and one type of hole as charge carriers. 

These charge carriers behave as massless relativistic particles (known as Dirac 

Fermions) when subjected to a magnetic field.
7
 The nature of these charge carriers 

resembles electrons which have lost their rest mass and their behavior could be described 

by a (2+1) dimensional Dirac equation.
2,7,15

 The carrier mobility in single layer graphene 

is exceptionally high.
1
 The rapid carrier transport could be attributed to the low defect 

density in pristine graphene, which allows the carriers to travel long interatomic 

distances without being scattered, a phenomenon known as “ballistic transport”.
16

 

Defects, impurities and surface roughness (wrinkles and ridges) may act as scattering 

sites and reduce the carrier mean free path. Therefore, the carrier mobility measurement 

highly depends on the graphene quality and also its interactions with the substrates and 

surrounding environment.
17

 Carrier motilities up to 15,000 cm
2
/Vs have been measured 

at ambient conditions.
1,7,15

 Impurity-induced scattering was minimized by measurements 
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under vacuum for a mechanically-exfoliated freestanding graphene layer and carrier 

motilities as high as 200,000 cm
2
/Vs were obtained.

18
  

The other extraordinary electronic property of graphene is the fact that single 

layer graphene is a zero band gap semiconductor.
1,7

  The valence and conduction bands 

of graphene meet at the neutrality point (Dirac point). The carrier transport in such a 

structure is ambipolar; meaning that the charge carrier can be tuned between holes and 

electrons by applying a proper gate voltage. A positive gate bias promotes electrons as 

carriers and a negative gate bias makes holes the dominant carriers.
2,7,18

   

All the above-mentioned structural properties belong to single-layer graphene 

and to some extent to bilayers. Addition of more layers to graphene, as in few-layer 

graphene, potentially alters the electronic state, band structure and carrier transport due 

to the interlayer interactions.
13,19

 

 

2.2.3    Chemical structure 

Pristine graphene sheet exhibits very low chemical reactivity due to its atomic-

thin flat structure.
20

 The lack of curvature in graphene 2D morphology hinders its 

reactivity compared to CNTs and fullerenes.
21

 As expected, pristine graphene is a 

hydrophobic material and prone to agglomeration in water. It is not soluble in most 

organic solvents and remains inert in presence of air at temperatures up to ~ 250 ⁰C. On 

the other hand, the atomic structure of a graphene layer is not always perfect; it contains 

topological defects (pentagons and heptagons instead of hexagonal rings), vacancies 

(missing atoms), adatoms (extra atoms) and impurities adsorbed on the surface (Figure 
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2.2a and b).
22,23

 The presence of these defective sites on the graphene increases its 

reactivity.
21,24

 Also, the surface corrugation is expected to induce some defects and local 

high-energy sites which may participate in chemical reactions.
21

  

Because of the difference in carbon atom hybridization at the basal plane and the 

edges, the chemical reactivity of these locations is not similar (Figure 2.2c). The sp
3
-

hybridized edges are more reactive and open to accept covalent fictionalization.
25

 In 

contrary, the basal plane requires a sp
2
 to sp

3
 transformation to become reactive. Such a 

transformation is energy consuming and perturbs the π-conjugated system. Therefore, 

highly energetic species are needed to attack the π network of the basal plane in order to 

create covalent functionalization on the basal plane (Figure 2.2d). The edges of pristine 

graphene have been decorated by hydrogen atoms and stronger bonds with fluorine.
21,26-

29
 Additionally, nitrogen-containing groups have been covalently attached to the basal 

plane of graphene through the reaction of energetic free radicals such as aryl diazonium 

salts and benzoyl peroxide and dienophiles such as azomethine ylide with the C=C bond 

in the π system.
30-32

 Oxidation reactions that introduce oxygen-containing functional 

groups to the pristine graphene surface will be discussed later in Section 2.4.1. 

  The non-covalent functionalization of graphene occurs through π-π interaction 

with other chemical species (Figure 2.2e). Small organic molecules, polyaromatic 

hydrocarbons such as pyrene,
33

 porphyrin
34

 and perylene,
35

 surfactants,
36,37

 

polymers,
38,39

 and electron-donors and -acceptors such as aniline and nitrobenzene
40

 are 

a few examples of the chemical species whose adsorption and vdW interactions with 

graphene basal plane have been studied.
21
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Figure 2.2. (a) Atomic model of various structural defects of a monolayer graphene sheets, (b) 

HRTEM image of similar structural defects on a monolayer graphene sheet (reproduced from 

Hashimoto et al. 
23

), (c) The STEM image of the edge of a graphene layer (reproduced from 

Suenaga et al. 
41

), (d) schematic of different covalent fictionalizations of pristine graphene, and 

(e) schematic of different non-covalent functionalization of pristine graphene (reproduced from 

Rodriguez-Perez et al.
21

).   

 

 

2.3    Graphene properties 

2.3.1    Electrical properties 

As was mentioned earlier, graphene has an extraordinary electronic structure. 

The rapid charge transport along the basal plane is the origin of its high electrical 

conductivity.
2
 The highest value of electrical conductivity that has been reported for a 

freestanding SLG is 6000 S/cm.  The corresponding resistivity was in the range of 10
-6

 

Ω.m which is 100 times lower than that of silver.
16

 Obviously, these values change as the 

number of the layers or the defects density increase in the graphene sheet.  
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2.3.2    Mechanical properties 

Theoretical studies and simulations anticipated that a pristine single-layer 

graphene exhibits spectacular mechanical properties because of its sp
2
-hybridized carbon 

structure which provide the three-fold coordinated covalent C-C bonds along the 

surface.
42

 An AFM nanoindentation technique (with a diamond AFM tip) was used to 

measure the breaking strength and strain of a graphene monolayer suspended over a 

silicon wafer substrate. A fracture strain of 25% was obtained for this sample and the 

corresponding intrinsic tensile strength and the Young’s modulus were 130 GPa and ~1 

TPa, respectively.
43

 This experiment and a couple of similar measurements confirmed 

that graphene is the strongest material ever measured and could supersede strong 

structural materials such as steel and Kevlar. Mechanical properties of few-layer 

graphene were also investigated using the same AFM technique and Young’s modulus 

of ~ 0.5 TPa was reported for these samples.
44,45

 

 

2.3.3    Thermal properties 

The in-plane thermal conduction in graphene is isotropic and mainly occurs by 

phonon transport. The large phonon mean free path in the basal plane of pristine 

graphene is responsible for the ballistic conduction at low temperatures.
46

 The presence 

of impurities and defects in the structure contributes to phonon scattering and diminishes 

the thermal conductivity. The in-plane thermal conductivity of graphene at room 

temperature is among the highest values measured for a material, ~ 5000 W/mK for a 

mechanically exfoliated SLG.
47

 Another measurement for a CVD grown sample showed 
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a thermal conductivity of 2500 W/mK.
48

 This value is in the same range as diamond 

thermal conductivity (~ 2200 W/mK). The thermal conductivity of the SLG supported 

by SiO2 was measured as 600 W/mK; the reduction of conductivity was attributed to 

phonon transfer from graphene to the substrate.
49

 The cross-plane thermal conductivity 

of graphene is pretty low and is in the same range of graphite thermal conductivity, ~ 

6W/mK.
50

 Interestingly, an increase in the number of layers of graphene sheets does not 

alter the cross-plane thermal conductivity drastically.
51

 

  

2.3.4    Optical properties 

The optical transmittance of single-layer graphene has been experimentally 

observed to be a constant value of ~ 97.7%.
52,53

 The independence of the transmittance 

constant on material characteristics in graphene originates in its electronic properties and 

the fact that carriers are massless Dirac fermions.
52,54

 The light absorption increases 

linearly with the increase in number of layers of graphene and the absorption spectra is 

flat at wavelengths of 300-2500 nm.
53,54

 The absorption of light generates electron/hole 

pairs on graphene surface which tend to recombine very rapidly.
55

 The separation and 

quick recombination of electron/hole along with electronic properties of graphene can be 

promising in photodetectors.
53

 It is also possible to obtain photo luminescence in 

graphene by perturbation of the π system through oxidation or doping. The interrupted π 

system prevents the fast recombination of electron/hole pairs and allows for photo 

luminescence. It is a reversible process, meaning that it is possible to quench the 

luminescence by restoring the π conjugated network. 
53

 



17 
 

2.3.5    Other properties 

In addition to its extraordinary mechanical, electrical and thermal properties, 

graphene also has a theoretical surface area of 2630 m
2
/g.

56
 Although this value is higher 

than the surface area of CNTs, but the experimental values reported for the graphene 

sheets produced in the lab is not even close to it.
57

 Also, graphene has been highlighted 

as an efficient gas barrier material; the diffusion of small gas molecules through the 

graphene layer is very difficult and selective.
58,59

 Graphene also has interesting magnetic 

and spintronic properties.
60

    

 

2.4    Other graphene derivatives  

2.4.1    Graphene oxide (GO) 

Graphene oxide is an important graphene derivative that has been widely used as 

a precursor for graphene production through chemical or thermal reduction.
8,61,62

 

Graphene oxide refers to a highly oxidized single layer of graphene in which the basal 

plane and the edges are heavily functionalized with oxygen-containing groups. It is 

produced by oxidization of graphite to form graphite oxide, followed by exfoliation of 

GO from graphite oxide that can be accomplished via a variety of mechanical and 

thermal techniques.
63,64

 Graphite flakes can be oxidized by chemical treatment in 

presence of various oxidizing agents such as KClO3, HNO3, KMnO4 and H2SO4. Several 

oxidation approaches have been developed to achieve higher degree of oxidation in the 

resultant graphite oxide, with the modified Hummers’ method known as the most 

efficient and common one.
65

 Like its graphite precursor, the graphite oxide obtained by 
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this method consists of stacks of many layers of GO that are held together by hydrogen 

and other type of covalent bonds between the functional groups of the adjacent layers. 

The interlayer spacing in graphite oxide is slightly larger than that of graphite due to the 

presence of functional groups on its surface.  It is very common to exfoliate GO from 

graphite oxide in a solvent (usually water) by sonication.
66,67

 Upon exfoliation in liquid 

phase, single-layer GO can be obtained in the dispersion.  

The atomic structure of GO has been a matter of controversy; several models 

have been suggested over the years to represent the atomic structures of GO. The most 

recent models suggest a non-stoichiometric atomic composition and amorphous structure 

for GO.
68-70

 The ambiguity associated with its atomic structure originates in the variation 

of synthetic approaches and the extent of oxidization reaction from one sample to the 

other. This makes the C/O atomic ratio of GO to be different for each sample.  Various 

spectroscopic techniques such as NMR, XPS, XANES, FTIR and Raman spectroscopy 

and also, microscopic techniques including HRTEM, AFM and STM have been used to 

investigate the structure of the GO nanosheets.
71

  The results show that GO consists of 

small islands of sp
2
-hybridized carbon atoms and larger areas of functionalized sp

3
-

hybridized carbon atoms as well as atomic defects and holes.
70,72

  The main functional 

groups covalently bonded to the surface of GO include hydroxyl and epoxide groups 

which are randomly distributed on the basal plane (Figure 2.3). Fewer amounts of 

carboxyl, carbonyl, quinine and phenol groups can be found at the edges of a GO 

sheet.
64,73

 The atomic defects mainly form under the harsh synthetic condition required 

for oxidation reaction.  
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Figure 2.3. Most recent atomistic model of graphene oxide containing hydroxyl, carboxyl and 

epoxide functional groups (reproduced from Szabo et al.
70

).  

 

 

The presence of functional groups and defects induces higher surface roughness 

in GO and give rise to a highly wrinkled structure compared to pristine graphene.
70

 The 

surface roughness along with other parameters such as density and location of the 

functional groups determine GO electronic structure which is quite different from that of 

pristine graphene. The as-synthesized GO sheet is electrically insulator with a large band 

gap; this is because of the high population of sp
3
 functionalized carbon atoms that 

disrupts the π-conjugated system.
66,74,75

 Also, the carrier mobility in GO surface is very 

low due to the lack of a proper percolation path between the sp
2
-hybridized islands.

64
 

However, it is possible to tune its electronic structure by reducing the density of 

functional groups (particularly, epoxide and hydroxyl groups) on the basal plane through 

chemical or thermal reduction.
71

 This allows for higher carrier motilities, introduces an 

energy gap in the GO electron density of states and turns GO into a semiconductor.  

Further removal of functional groups will lead to recovery of a large portion of the 

network of sp
2
 carbon atoms and a highly conductive sample.

76,77
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Although the functional groups of GO withhold achieving superior electrical 

properties, but they can be advantageous to its chemical reactivity.
64

 Due to the high 

polarity of the oxygen-containing groups, GO is easily dispersible in water and many 

other solvents. It has recently been reported that GO on its own is not soluble in water; 

instead, it is stabilized by anomalous oxidative debris.
78

 The solution-processability of 

GO is important for preparation of bulk graphene products; processing of GO in liquid 

phase via solution casting, spin coating, and vacuum filtration is very common. Also, the 

functional groups are reactive sites that can be targeted in various chemical reactions for 

modification of GO structure into a graphene derivative with tunable properties.  For 

example, the epoxide groups may be exposed to amine-containing groups to initiate a 

ring-opening reaction and nitrogen-dope the GO surface.
71,79

 The carboxyl groups can be 

activated by several chemical species and allow for attachment of small or large 

molecules (i.e., surfactants and polymers) to the GO surface.
80

 Also, the hydroxyl groups 

are always available for hydrogen bonding and spur the possibility of non-covalent 

functionalization of GO.
30,81

  Most importantly, the chemical reactivity of GO stimulates 

various chemical and thermal routes for its reduction which will be introduces in the 

following section.      

Like pristine graphene, the mechanical properties of GO change with addition of 

more layers to the sheet. The Young’s modulus of single-layer GO is 156.5 GPa which is 

almost five times lower than that of single layer pristine graphene. The Young’s 

modulus of bi- and tri-layers of GO have been measured and reported to be 223.9 and 
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229.5 GPa, respectively.
82

 It is worthy to mention that these values are prone to change 

with alteration of the type and density of the functional groups on the surface of GO.  

 

2.4.2    Reduced graphene oxide (RGO) 

Reduction of GO is very important for restoring the π-conjugated system in the 

basal plane and thus, producing graphene. The product of the reduction process is 

“reduced graphene oxide (RGO)” which has similarities with pristine graphene in atomic 

and electronic structure, but never attains the same properties of pristine graphene.
83

 The 

reduction process can reconstruct the sp
2
-bonding network only partially and leaves 

some oxygenated species and lattice defects on the RGO surface (Figure 2.4). The 

residual sp
3
-functionalized atoms and atomic defects act as scattering sites and prevent 

the ballistic transport of charge carriers that has been observed in pristine graphene.
84

 In 

fact, the carrier transport in RGO occurs through a percolation path which is created by 

restored sp
2
-hybridized domains within the basal plane.

72,83
 The mechanical properties of 

RGO also suffer from the inhomogeneity of its atomic structure. The Young’s modulus 

of an RGO sheets was measured as 185-250 GPa which is similar to modulus of 2-3 

layer GO rather than that of pristine graphene.
85

 The degree of sp
2
 network restoration 

fully depends on the initial oxidation level, reduction method and the extent of reduction. 

The chemical reactivity of RGO is less than GO because of the loss of a large portion of 

functional groups. Also, RGO renders less polarity and higher hydrophobicity compared 

to GO and is not dispersible in water and the other solvents. The RGO sheets obtained 

by chemical reduction in solution phase tends to aggregate due to the increased vdW 
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forces between the restores sp
2
 domains of their basal planes and thus, need to be 

reduced in presence of some surfactant or polymers to prevent reaggregation. 

 

 

Figure 2.4. HRTEM images of (a) Pristine graphene, (b) GO, and (c) RGO. The graphitic area 

are shown in yellow, the oxidized regions are shown in red and holes are shown in blue 

(reproduced from Erickson et al. 
72

). 

 

 

2.5    Production and synthesis of graphene 

Since the first successful isolation of single-layer graphene in the lab in 2004
1
, 

scientists have investigated numerous strategies to achieve repeatable production of 

high-quality graphene in large quantities. Though all these methods produce graphene, 

the quality, purity, quantity, form and processability of their products are extremely 

different. The products vary over a broad spectrum from pristine graphene to GO and 

present a wide range of morphological (i.e., sheet size and thickness) and compositional 

(i.e., sp
2
- and sp

3
-hybridized carbon, defects, oxygen-containing groups and impurities) 
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structures; thus, offer a various range of material properties. On the other hand, a diverse 

combination of material properties is required for different applications (Table 2.1). For 

example, the graphene used in solar cells needs to be both electrically conductive and 

extremely transparent, while the optical transparency is not as important as electrical 

properties in supercapacitors and batteries.  Therefore, it is expected that each 

production method yields a graphene product which suits certain applications; the 

competency of the product for a specific application can be estimated by accurate 

inspection of its morphology and chemical composition.
86

 

 

 

Table 2.1. Property-application relationships for graphene sheets. Here, a thick indicates 

importance, cross indicates unimportance and square means the property is sometimes important 

(reproduced from Edwards et al. 
86

).  

 

 

Depending on the preparation strategy, the graphene sheets indicate differences 

in the morphological properties such as lateral size and thickness, the density of 

structural and compositional defects on the surface, the residual impurity content, 

surface chemistry and the chemical reactivity. These parameters can be used as metrics 

for evaluation of graphene quality since they affect the graphene properties.  In this 
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sense, high-quality graphene with superior material properties is a single- to few-layer 

sheet with at least a few microns in length and minimal defects and impurities. 

Characterization techniques used for assessment of these parameters have to be non-

destructive, have high resolution, provide both molecular and morphological 

information, and be applicable for all product forms.
53,87

 Raman spectroscopy is an 

invaluable tool that provides information about the sheet thickness 
88

 and structural 

defects
89

 (i.e. sp
3
-hybridized carbon content and edge effects)

90
. Microscopy techniques 

including HRTEM and AFM have been extensively used to determine the sheets 

thickness and lateral size.
22,88,91

 Also, the XPS spectroscopy has been used to assess the 

compositional defects by measuring the C/O atomic ratio and distinguish pristine 

graphene from RGO and GO.
71

 The necessity of using such high quality graphene 

depends on the application type; electronic (e.g. transistors) and optical (e.g. light 

emitting diodes OLED) devices, in which fast charge transportation over a micron-range 

distance is required, demand single- and bilayer graphene sheets with the least defects 

density.
21,92,93

 On the contrary, some of graphene properties like its chemical reactivity 

and solubility in water do not improve with the quality and even enhance with higher 

number of defects.
21

 Hence, graphene sheets of mediocre quality (i.e. smaller few-layer 

sheets with more atomic defects) are appropriate for applications such as gas storage, 

energy storage
94

 and sensors.
95

  

Currently, the available techniques produce graphene in two major forms: (1) 

large-area graphene sheets (usually adhered on a substrate) and (2) smaller free-standing 

sheets (usually dispersed in a liquid).  Large area graphene sheets are mainly produced 
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by bottom-up approaches such as chemical vapor deposition
96-100

 and epitaxial growth 

on a substrate
101,102

 and can be few centimeters in size. These sheets are promising 

candidates for preparation of thin films for flexible electronic devices and transparent 

electrodes for photovoltaic devices. Top-down approaches have been explored to 

exfoliate graphene from graphite in solid or liquid phase.
74,103,104

 These methods usually 

produce a few micron-sized sheets which are suitable for preparation of electrodes in 

batteries and supercapacitors, polymer composites and conductive inks and coatings 

(Figure 2.5).  

 

 Figure 2.5. Various graphene synthesis method and respective product quality and applications 

(reproduced from Sivudu et al.
105

).  
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Aside from the general quality standards of the graphene sheets, each of these 

product forms have to be processable in industrial procedures to make their way to the 

final applications. The impurities associated with the products of these approaches are 

from different origin; they can be metallic and catalyst particles or polymer and 

surfactant chains in a solution and hence, require different removal processes. The large 

area graphene sheets that can be transferred to other substrates, without being damaged 

or contaminated, are of special interest to the device manufacturers. Likewise, 

processing of smaller freestanding graphene sheets in liquid phase (e.g. solvent 

evaporation and rewetting) and its exposure to various chemicals and flow fields (e.g. 

during spin coating, solution casting, vacuum filtration, etc) is an inevitable step of 

nanocomposites, batteries and coatings preparation. These smaller freestanding sheets 

should be originally stable when dispersed in the liquid phase, be aggregation-resistant 

after drying and rewetting in the liquid phase, remain stable over time and 

centrifugation, have a high concentration in solution and carry the minimum dispersant 

content.  

Not all the methods produce the same amount of graphene and not all the 

applications require comparable graphene quantities. Lower quantities of graphene are 

demanded for production of transparent graphene electrodes and sensors or for the 

fundamental studies of graphene properties. Lab-scale production methods are capable 

of providing sufficient high quality graphene for these applications. Conversely, 

graphene-based energy storage devices and polymer nanocomposites require bulk 

quantities of graphene. So far, production of larger amounts of graphene has been 
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associated with a dissipation of quality which arises by an increase in the number of 

layers and/or defects and/or reduction of the sheets lateral size. Hence, for such 

applications, the quality of graphene has to be compromised to obtain larger quantities of 

product.  

It is also critical to produce these large quantities of graphene in a scalable, high-

yield fashion. The yield is defined by the ratio of graphene product / graphite feedstock, 

and most prior studies report yields that are fairly low. One might think that yield is a 

less important metric, given the relatively low cost of graphite, but the associated 

handling and solvent usage dictates that pre-treatments and recycle streams should be 

used to increase yields to useful levels. In the same context, the scalability of the 

production methods becomes of great importance. Scalability may be understood 

through the scaling law for production as a function of the system size. One may 

undertake a scalability analysis for each separate unit operation within the graphene 

production, with graphene synthesis distinct from graphene separation or handling units. 

Some methods are more appropriate for scale up and some of them cannot be scaled up 

due to difficult processing and demanding operational conditions such as high 

temperature and pressure. Additionally, parameters such as cheap and easily accessible 

precursor source and the efficiency of the process play a role in choosing the graphene 

production method (Figure 2.6). 

With all the above-mentioned points in mind, researchers have developed various 

methods in the laboratories, with some of them being well-suited for certain 
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applications. These methods include a wide range of top-down and bottom-up 

approaches which will be addressed in the following sections.    

 

 

Figure 2.6. Categorization of main graphene production method based on their cost and product 

quality (reproduced from Ren et al.
106

).   

 

 

2.5.1    Bottom-up approach 

This approach refers to growth or synthesis of graphene at atomic level using 

non-graphitic carbon sources. The main advantages of these methods include their 

capability of producing large-area graphene films and tuning the graphene electronic 

structure at the atomic level during the synthesis process. These features make the 

product of bottom-up methods appropriate for applications that aim to harness the 



29 
 

superior charge carrier mobility in a graphene sheet including electronic devices such as 

transistors and OLEDs.  

The main bottom-up methods include epitaxial growth on silicon 

carbide,
101,102,107

 chemical vapor deposition (CVD) on various substrates 
96-100,108

 and wet 

chemical synthesis of graphene (Figure 2.7).
109-111

 In epitaxial growth, sublimation of 

silicon atoms from SiC surface at high temperatures (>1000 ⁰C) is followed by 

graphitization of remaining carbon atoms on the surface. The resultant graphene has 

single to few layers, but suffers from non-uniformity in crystalline structure which 

originates in the polycrystalline nature of the initial SiC wafer. Using CVD technique, 

graphene layers can be deposited from solid, liquid or gaseous precursors on a substrate 

through thermal, plasma enhanced, reactive and many more processes. Thermal CVD on 

metals is the most common method in which pyrolysis of carbon containing gases such 

as methane occurs at high temperature on metallic substrates. The type of metal, 

pressure, temperature and gas feed rate are some of the parameters that define the final 

structure of the product.
99

 The deposition on semiconductor and insulator substrates has 

been recently investigated.
112

  

The growth methods provide the opportunity to selectively dope graphene with 

other molecules and functional groups to create a band-gap which is vital in applications 

such as graphene-based field effect transistors (FETs), OLEDs, solar cells and battery 

electrodes.
113,114

 However, the as-grown graphene contain some atomic defects and 

impurities which are induced by the substrates and inhibit the charge transport along the 

sheets surface. Also, in most cases the large graphene films have to be transferred to 
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another substrate (e.g. transfer from a conductive metallic substrate to an insulating 

substrate in transistors); this can be challenging due to the strong interactions of the 

graphene and the original substrate.
115,116

 Moreover, the lack of control on the number of 

layers is another drawback of the CVD and epitaxial growth methods.
117

 Recently, 

molecular beam epitaxy (MBE) has been applied to grow graphene on insulator 

substrates with a considerable control over the number of layers.
118

 All these issues, as 

well as the high cost of the substrate materials (which are usually etched away after the 

synthesis), high operational temperature and pressure and the low yield of the continuous 

growth process make the scalability of these methods problematic.  

  Researchers have recently attended to alternative bottom-up approaches, mainly 

wet chemical methods, which let them avoid the challenges associated with using a 

substrate and harsh growth conditions. These approaches have not been studied as vastly 

as other methods and currently are in their early stages. Unzipping of carbon 

nanotubes
119-121

 and organic synthesis of graphene-like polyacyclic hydrocarbons 

(PAHs)
109,122

 are the two main routes of wet chemical synthesis. A controlled unzipping 

of CNTs in various solutions (e.g. sulfuric acids, KOH, etc.) produces graphene 

nanoribbons (GNR) of < 50 nm width which inherit the band-gap of the original CNT.
121

 

The products of PAH-based organic synthesis are single layers of graphene with small 

lateral size (< 200 nm).
122

 The main challenges in wet chemical synthesis methods are 

increasing the flake size and inhibiting sheets aggregation after synthesis in liquid 

phase.
111

 Despite all their limitation, the wet chemical approaches are promising because 

of the high quality and purity of their resultant graphene.  
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Figure 2.7. Main bottom-up graphene synthesis techniques (reproduced from Bonaccorso et al. 
123

).  

 

 

2.5.2    Top-down approach 

Graphite or its derivatives are the main carbon source in the top-down approach 

that aims to “exfoliate” single- to few-layer graphene sheets from the “parent” graphitic 

material. Since the interlayer vdW attractive forces in graphite are weak, they can be 

dominated by an external force, resulting in separation of adjacent layers.
1
 Also, the 

interlayer attractive forces can be diminished by intercalation of various atoms and 

molecules into the graphite structure and increasing the interlayer spacing.
124

 It is 

important to avoid disruption of the atomic structure and sp
2
 bonding network of 

graphene layers during this process. Exfoliation may be carried out in solid or liquid 
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phase using various sources of external energy. Maintaining the exfoliated state of the 

graphene sheets requires an energy barrier which prevents the reaggregation of the 

sheets, especially in a medium which prompts the Brownian motion of the sheets, i.e., 

liquid phase. Here we briefly discuss the solid phase exfoliation and then we will review 

the existing liquid phase exfoliation methods in depth, as it is the focus of this thesis.      

 

2.5.2.1    Exfoliation in solid phase 

Exfoliation of graphite into graphene sheets in solid phase may be accomplished 

by applying mechanical forces (Figure 2.8). Micromechanical cleavage is the oldest 

solid-phase exfoliation method that applies normal forces to separate graphene layers 

from graphite source. Although this process produces very high-quality graphene sheets, 

but it is extremely limited by its yield and efficiency and is impractical for large-scale 

production of graphene.
1
   

Ball milling is a well-established industrial technique that applies shear force to 

exfoliate graphene sheets from graphite.
125-129

 This technique can produce large-area 

graphene sheets in high quantities; however, intensive milling and grinding of the sheets 

is necessary for production of few-layer graphene sheets. This damages the basal plane 

of the graphene and increases the structural defects in the final product. The ball milling 

has also been performed in presence of other components to modify the graphene surface 

for specific applications.
129,130

 Thermal annealing or washing the product with solvents 

is a required step for removal of the impurities (metals of the milling unit) in this 

method. 
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Figure 2.8. Schematic of graphene production by (a) micromechanical cleavage reproduced 

from Bonaccorso et al.
123

), and (b) ball-milling (reproduced from Zhao et al.
131

). 

 

 

Thermal expansion of graphite oxide and graphite intercalation compounds 

(GICs) via microwave radiation or rapid heating to high temperatures (>1000 ⁰C) is 

another method to exfoliate graphene in solid-phase.
132

 First, the graphite oxide and 

GICs have to be synthesized in liquid phase to introduce functional groups and 

intercalants of various types to the graphite structure. The subsequent thermal shock 

leads to flash evaporation and release of the functional groups and intercalants into the 

interlayer spacing of graphite and ultimate exfoliation of graphene layers. The product of 

this method has lower C/O ratio compared to pristine graphene. 

In general, the solid-phase exfoliation methods are promising candidates for 

large-scale production of graphene powder. Yet, the products of these methods suffer 

from high density of structural and compositional defects.  Additional exfoliation and/or 

stabilization is needed to prepare the product of these methods for further liquid-phase 

processing.  
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2.5.2.2    Exfoliation in liquid phase 

Exfoliation of graphite in liquids allows for simple production of liquid 

dispersions with high graphene content and facilitates processing of graphene in 

industrial techniques. Parent graphite can be mechanically of electrochemically 

exfoliated into graphene in a solvent; however, the high interfacial tension at the 

graphene-solvent interface and strong inter-sheet attractive forces promote reaggregation 

of exfoliated sheets, necessitating stabilization of the sheets prior or simultaneously to 

the exfoliation. Stabilization can be achieved either by balancing the surface energy of 

the sheets and the liquid phase to minimize the interfacial tension or by modifying the 

sheets surface to eliminate the inter-sheet attraction and make them more solvent-

philic.
133

 The main stabilization routes include covalent functionalization through 

oxidation prior to exfoliation, exfoliation in the solvents with surface energies similar to 

graphene and non-covalent functionalization using surfactants, polymers and other types 

of dispersant molecules.   

The final products of these methods are colloidal dispersions of freestanding 

graphene sheets.  The choice of exfoliation technique and stabilization strategy 

determines the graphene quality and quantity. Other than the morphological and 

compositional properties of the sheets that can be assessed by characterization 

techniques such as Raman spectroscopy,
88-90

  XPS spectroscopy,
71

 HRTEM, and 

AFM,
22,88,91

 the concentration and stability of graphene in the dispersion are important 

parameters which need to be determined precisely.
134

 UV-vis spectroscopy is the 

common method of measuring graphene concentration; the absorption spectra of 
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graphene at wavelength of >500 nm is used to determine concentration according to the 

Beer-Lambert law.
103,135-137

 Thermogravimetric analysis (TGA) of the graphene powder 

cast from the dispersion may also be used for concentration measurements.
138

 The 

colloidal stability of the dispersions has been analyzed by zeta potential 

measurements.
139,140

 According to DLVO theory, a charge may develop at the interface 

of colloidal particles and the solvent molecules. The value of this surface potential (zeta 

potential) directly correlates to the colloidal stability of the dispersion. When the 

absolute value of the zeta potential exceeds 30 mV, the dispersion is considered 

stable.
134,141

 The long term stability is an important parameter in post-processing of the 

dispersions. Proper separation of exfoliated/stabilized sheets from graphitic materials 

and non-stabilized sheets through effective centrifugation improves the stability of 

dispersion over time.
134

  

Stable freestanding graphene sheets can be easily processed in presence of 

solvents, polymers and other chemicals to produce polymer nanocomposites, printed 

electronic devices,
75,76

 conductive inks and coatings, batteries and supercapacitors 

electrodes and chemical sensors. Most of these applications require a proper electrical 

conductivity, but ultrafast charge transportation is not essential for them. Thus, the 

smaller flake size and higher number of layers of exfoliated graphene sheets is not an 

impasse for such applications. Moreover, the yields of these methods, which could be 

evaluated by measuring the graphene concentration in the dispersions, mostly exceed 

those of bottom-up methods. Liquid-phase exfoliation require less demanding processing 

conditions and has a lower cost of production due to the comparably cheap starting 
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material. All these characteristics make liquid-phase exfoliation methods a promising 

candidate for large-scale production of graphene. Here, we outline the three main 

graphene liquid exfoliation techniques that have been broadly investigated.  

 

2.5.2.2.1    Oxidation-exfoliation-reduction of graphite 

Chemical conversion of graphite to graphene oxide is the oldest exfoliation 

technique for graphene production. It starts with oxidation of graphite into graphite 

oxide, followed by exfoliation of graphite oxide into GO in a proper solvent via 

sonication and ultimately, reduction of GO sheets to form RGO (Figure 2.9).
66,67,71

 The 

oxidation is usually performed based on the modified Hummer’s method in presence of 

oxidants including sulfuric acid, nitric acid and potassium permanganates.
65,70

 Oxidation 

introduces covalent functional groups such as hydroxyl (-OH), carboxyl (-COOH), 

epoxide (-O-) and carbonyl (C=O) to the layers of the resultant graphite oxide and makes 

it hydrophilic. Graphite oxide can be easily exfoliated and dispersed in water to form 

stable GO aqueous dispersions. The dispersed GO sheets are mostly single layer with 

several hundreds of nanometer to a few micrometers length and are stable at 

concentrations up to 10 mg/ml.
71

  

As mentioned earlier in section 2.4.1, GO has a different composition and 

structure than graphene and has to be reduced in order to restore the sp
2
-hybridized 

network of carbon atoms and unique properties of graphene. Chemical reduction in 

solution 
77,142

 or vapor phase
143,144

, thermal annealing 
61,145

 and electrochemical 

techniques 
146

 have been used to prepare RGO.  The chemical reduction has been 
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performed using various reducing agents such as hydrazine
77,142,147

, sodium borohydride 

148
 and hydroquinine

149
 in the solution or vapor phase. Every reducing agent introduces a 

different reduction reaction pathway; therefore, is capable of removing specific 

functional groups and leaves the other oxygen-containing functionalities in the final 

RGO product.
53

 It has been reported that the C/O atomic ratio of RGO can be increased 

to 14.9:1 by choosing the proper reducing agent and reduction conditions.
150

 During the 

chemical reduction in liquid phase, the brown aqueous dispersion of GO turns black and 

the RGO sheets which are no longer hydrophilic aggregate and precipitate. To prevent 

reaggregation, the reduction has to be performed in presence of proper dispersant 

molecules in the solvent.
74

  

 

 

Figure 2.9. Schematic of graphene production through oxidation-exfoliation-reduction route 

(reproduced from Ren et al.
106

). 

 

 

In an alternative approach, the GO dispersions could be filtered and dried to 

prepare GO powder for thermal reduction. Heating GO to temperatures as high as 1050 

⁰C removes the hydroxyl and epoxide groups in form of carbon dioxide, but leaves some 

stable carbonyl and ether functionalities on the basal plane.
145,151

 Electrical conductivity 
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of 1000-2300 S/m has been reported for thermally-reduced RGO.  Electrochemical 

reduction is an alternative method to avoid the hazardous chemicals (e.g. hydrazine) and 

harsh reduction conditions (1100 ⁰C). In this technique, a voltage is applied to a GO 

electrode in presence of a buffer solution.
146

  

The high yield of the process, large quantities of the product and low cost of 

production are the main advantages of this method. Moreover, the chemical reactivity 

and hydrophilicity of the GO sheets allows using wet chemistry techniques to modify the 

structure and properties of the sheets to prepare customized graphene for specific 

applications. However, the demanding processing conditions and the mediocre quality of 

RGO hinder the versatility of this route as a scalable graphene production method.  

 

2.5.2.2.2    Intercalation-exfoliation of graphite 

Graphene sheets can be produced quickly through electrochemical intercalation 

and exfoliation of graphite. This method includes electrochemical oxidation/reduction of 

graphite, intercalation of ions into the spacing of graphite layers and exfoliation under an 

electrochemical bias, followed by a subsequent ultrasonication step to complete the 

exfoliation (Figure 2.10). This whole electrochemical treatment of graphite can be 

accomplished in less than an hour.
152,153

 A simple experimental set up for this method 

includes a graphite working electrode, a reference electrode, electrolyte solution and a 

DC power supply. The graphite host material could be a graphite rod, graphite flexible 

foil or HOPG and common reference electrode materials are Pt, calomel and Ag/AgCl2. 

The electrolyte which provides the intercalant ions can either be an aqueous solution of 
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acidic materials (sulfuric, perchloric, etc) and/or surfactants (SDBS, SBS, etc) or non-

aqueous solutions of ionic liquids and organic solvents.
154-156

  

Applying a potential causes the oxidation (or reduction) of the graphite which 

leads to intercalation of anions (or cations) from the electrolyte. The intercalation 

increases the interlayer spacing and results in structural expansion of the electrode. Upon 

completion of the intercalation, a reverse potential is applied to exfoliate the graphene 

layers from the electrode. The graphene flakes precipitate in the solution and form 

sludge at the bottom of the cell.
152,153

 In the anodic intercalation a positive potential is 

applied to oxidize the graphite and intercalate anions.
132,156-159

  In this case, the potential 

required for ion intercalation is usually higher than the potential needed for graphite 

oxidation.
2,152

 Thus the product is partially oxidized graphene with sp
3
 carbon defects 

and oxygen-containing functional groups. Non-oxidative intercalation and exfoliation 

has been accomplished by cathodic reduction of graphite in presence of lithium ions to 

avoid oxidation of graphite.
160,161

 Although the product offers a high C/O ratio and 

minimal sp
3
 defects, but the quantity of the material produced by this method is very low 

in the absence of acidic ions.
153

 

 

 

Figure 2.10. Schematic of graphene production through electrochemical intercalation-exfoliation 

route (reproduced from Ren et al.
106

). 
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The graphene flakes produced by electrochemical exfoliation generally have 

higher sheets size (up to 50 µm) than the other liquid-phase graphene products. The 

number of layers of the sheets varies over a wide range from single to multiple layers 

and hence, require further exfoliation though ultrasonication.
152,153

 Consequently, the 

electrochemical intercalation and exfoliation of graphite is more perceived as a pre-

processing step rather than a main method of graphene production. The poor quality of 

the anodic intercalation products, low yield of the cathodic intercalation products, and 

the difficulty of removal of the residual electrolyte ions and solvents from the final 

product are some issues that should be resolved before considering this method for large-

scale production of graphene.    

 

2.5.2.2.3    Direct liquid-phase exfoliation 

A more recent strategy is to directly exfoliate graphite in a solvent using 

ultrasonication. This process involves three steps: (1) exfoliation of graphite, (2) 

stabilization of graphene layers and (3) separation of graphene sheets from unexfoliated 

and non-stabilized graphitic material (Figure 2.11). In exfoliation step, the ultrasonic 

waves produce cavitation bubbles in the solvent; as these bubble collapses due to the 

pressure increase, they generate high energy micro-jets and shock waves that act on the 

bulk graphite and exert compressive stress on the sheets to induce exfoliation.
130

 In a 

secondary mechanism, the unbalanced compressive forces on two adjacent layers cause 

a shear-induced exfoliation. Additionally, the micro-jets may act as wedges that diffuse 

to the interlayer spacing of graphite and enforce exfoliation.
130

 After exfoliation, the 
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sheet-liquid attractive forces have to exceed the graphene interlayer attractive forces in 

order to prevent reaggregation. This could be accomplished by reducing the sheet-liquid 

interfacial tension through various strategies such as usage of organic solvents, ionic 

liquids or aqueous solutions of dispersants molecules. After sonication, unexfoliated 

thick graphitic sheets are a large fraction of the solid content in the dispersion. These 

heavier graphitic sheets can be separated from the exfoliated graphene by centrifugation 

to obtain dispersions of high-quality graphene sheets with long term stability. The yield 

of the process could be calculated by measuring the amount of starting graphite and the 

concentration of graphene sheets in the centrifuged dispersions (using UV-vis 

spectroscopy technique).  The type of the solvent and the dispersant, as well as 

processing parameters such as sonication time and power and centrifugation force and 

time are the main factors that affect the graphene quality and process yield. Here, we 

discuss various liquid systems and processing that have been used in direct liquid-phase 

exfoliation of graphite and introduce the recent improvements of exfoliation techniques.   

 

 

Figure 2.11. Direct liquid-phase exfoliation of graphite into graphene sheets (adapted from Ren 

et al.
106

). 
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(I) Dispersion in organic solvents 

From a thermodynamic point of view, direct liquid-phase exfoliation can be 

perceived as “dissolution” of graphene in the liquid phase for which the enthalpy of 

mixing should be minimized. The following expression suggested by Coleman et al.
103

 

shows the enthalpy of mixing of graphene in a pure solvent: 

     
    

 
 

   
             

 
   

where       is the enthalpy of mixing,      is the volume of the mixture,     is the 

thickness of graphene sheet,      and      are the square root of the surface energies of 

the solvent and graphene, respectively, and    is the graphene volume fraction. The 

surface energy of graphene is defined as the energy per area required for separation of 

two adjacent layers. The term in parentheses represents the interfacial tension of 

graphene sheets immersed in the solvent. Higher surface tension in the solution increases 

the tendency of the sheets to adhere to each other; thus, complicates the exfoliation in 

first place and later, induces reaggregation of exfoliated layers. When the surface 

energies of solvent and graphene are equal or close, the enthalpy of mixing has its 

minimal value and the exfoliation and dispersion occurs spontaneously or more easily.  

Coleman et al. measured the graphene concentration after sonication and 

centrifugation in a range of organic solvents to find the optimum surface tension for 

graphene exfoliation and dispersion which was 40 mJ/m
2 

(Figure 2.12).
103

 Solvents 

including N-methyl-2pyrrolidone (NMP), N,N-dimethylformamide (DMF) and ortho-

dichlorobenzene (o-DCB) have the surface energy within this desired range and have 

been widely used to exfoliate single- and few-layer graphene sheets. Additionally, 
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Hansen solubility parameters, which are the square root of dispersive, polar and 

hydrogen bonding components of the materials cohesive energy density, allows for more 

accurate prediction of solubility of the graphene sheets in various solvents.
103,162

 The 

concentration of graphene in organic solvents is too low (~ 0.01 mg/ml) for practical 

industrial applications. Several strategies were adapted to improve the yield of graphene 

in these solvents including longer sonication times (up to 460 hrs),
135

 higher sonication 

powers (tip sonication instead of bath sonication) and addition of intercalants
163

 and 

surfactant
164

. All of these modifications increased the process yield, but led to a 

considerable drop in sheets size and increased defect density. Moreover, most of these 

solvents are highly toxic, impose health hazards, are expensive and their high boiling 

points (>200 ⁰C) hinder their application in industrial techniques (e.g. solution casting) 

which aim to prepare transparent electrodes, solar cells, etc. To address these issues, 

several attempts have been made to exfoliate graphene in low boiling point solvents such 

as isopropanol, chloroform and acetone using longer sonication times.
165,166

 Also, 

solvent exchange methods have been used to transfer exfoliated graphene from original 

solvent (e.g. NMP) to low boiling point solvents like ethanol.
167

 Although the graphene 

concentrations obtained in these solvents are comparatively high, the stability of these 

dispersions is a matter of controversy.  
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Figure 2.12. (a) Graphene concentration in various organic solvents vs. solvent surface tension 

plot reveals the optimum surface tension (40-50 mJ/m
2
) for graphene dispersion, and (b) TEM 

image of few-layer graphene sheets in NMP dispersion (reproduced forom Hernandez et al. ). 

 

 

Bourlinos et al. found that the charge transfer between the graphene and a solvent 

with electron-withdrawing or –accepting components also leads to the exfoliation and 

stabilization of the sheets.
168

 For example, the charge transfer between graphene and a 

group of perfluorinated aromatic molecules (through π-interactions) facilitates the sheets 

exfoliation and stabilization. The capability of other hydrocarbon solvents with 

analogous electron-withdrawing or –accepting structure (e.g. toluene, benzene, pyridine) 

to exfoliate and stabilize graphene has also been investigated.   

Additionally, acids have been used for dissolving graphite. Chlorosulfonic acid can 

dissolve graphene with concentration up to 2 mg/ml without sonication.
169

 The 

protonation of the graphite layers is responsible for spontaneous exfoliation and 

dispersion of graphene sheets, as it increase the interlayer spacing and induces repulsion 

between the sheets. Addition of H2O2 to this acid resulted in immediate exfoliation of 

large quantities of few-layer graphene sheets with minimum defect density.
170

 However, 
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the risks associated with working with the superacids and the need for many washes to 

increase the pH before post-processing has restricted the practical application of the 

product.     

(II)  Aqueous dispersions 

Water is widely used in industrial applications due to its low boiling point, non-

toxicity, biocompatibility, and low cost. However, its surface tension of 72 mJ/m
2
 is 

higher than that of an ideal exfoliation medium for graphene. Addition of surfactants, 

polymers and small organic molecules reduces its surface tension and facilitates 

exfoliation of graphite. Furthermore, adsorption of these dispersant molecules on the 

graphene surface assists the stabilization of exfoliated sheets and prevents reaggregation 

(Figure 2.13). 

 

 

Figure 2.13. Production of stable aqueous graphene dispersions in presence of dispersants.  

  

 

Surfactant molecules contain a hydrophobic tail and a hydrophilic head. The 

hydrophobic tail of surfactants adsorbs on graphene surface via vdW, hydrophobic or π-

π interactions. In ionic surfactants, the hydrophilic head which is capable of dissociation 
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in presence of water molecules, positively or negatively charges the graphene surface. 

This surface charge (reflected in the zeta potential value) induces an electrostatic 

repulsion between the graphene sheets covered with surfactant molecules and stabilizes 

these sheets. Surfactants like sodium dodecylbenzene sulfonate (SDBS)
171

, sodium 

cholate (SC)
37,172

, sodium deoxycholate (SDC)
173

 have been used to disperse graphene 

sheets of 2-4 layers with 1 micron lateral size at a concentration of 0.1 mg/ml. Longer 

sonication time can improve the graphene concentration and yield. Non-ionic surfactants 

stabilize graphene sheets through steric repulsion induced by their long hydrophilic 

heads spread into the water. Guardia et al. and Smith et al. compared the graphene 

concentration obtained from ionic and non-ionic surfactants and reported that non-ionic 

surfactant can produce graphene dispersions with higher concentrations.
174,175

  

Further, polymers have been widely used to stabilize graphene in water and in 

organic solvents. Long polymer chains adsorbs on the graphene surface while some 

segments of the chain extend into the solvent and provide a shield around the graphene 

sheet through steric repulsion or depletion effects. Polyvinylpyrrolidone (PVP)
38,39

 and 

polyacrylamide (PAM)
176

 are a few example of the polymers that assist exfoliation of 

few-layer graphene sheets with average one micron lateral size. The yield of polymer-

assisted graphene dispersions is comparably higher than those obtained with ionic 

surfactants. Furthermore, the polymer-assisted graphene dispersions can be directly 

processed to fabricate polymer nanocomposites.    

One of the main issues associated with surfactant- and polymer-assisted 

dispersions is the high excessive dispersant content of the final graphene product. 
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Removal of the excessive dispersants is tedious task which requires further processing of 

the dispersions and a 100 % removal of the dispersant is unachievable. Polycyclic 

aromatic hydrocarbon (PAH) derivatives are a promising alternative to the polymers and 

surfactants.
33,177,178

 These molecules have lower molecular weight than polymers and 

surfactants and are capable of stabilizing high quantities of graphene in the aqueous 

dispersions via π-π interactions with the sheets.  

(III)  Dispersions in Ionic liquids 

Ionic liquids are semi-organic salts with hydrophobic and hydrophilic 

components in their molecular structure.
138,179,180

 Certain ionic liquids have been used as 

electrolyte in electrochemical exfoliation of graphite. Also, they have been used as 

solvents for direct liquid-phase exfoliation of graphite via sonication. The graphene 

sheets in dispersions of 1-butyl-3-methyl-imidazolium 

bis(trifluoromethanesulfonyl)imide ([Bmim][Tf2N]) and 1-hexyl-3-methylimidazolium 

hexafluorophosphate (HMIH) had less than 5 layers and were few microns in size.
138,179

 

The graphene yield for one hour of sonication was quite high (~ 5 mg/ml) compared to 

the organic and aqueous dispersions of graphene. However, the stability of graphene in 

the dispersion, removal of the ionic liquids and high impurity content of the final product 

remain as serious challenges.  

(IV)  Exfoliation via shear-mixing 

All the above-mentioned graphene dispersions were prepared using 

ultrasonication as the source of mechanical force. The average graphene concentration in 

these dispersions is about 1-2 mg/ml which may yield high quantities of the sheets if and 
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only if large volumes of the dispersions are produced. However, the sonication 

efficiency and graphene concentration in the dispersion decrease upon the increase of the 

liquid volume. Hence, the improvement of the production rate by scaling up the 

dispersion volume is impossible. Shear exfoliation is an alternative exfoliation technique 

that has been recently used for graphene exfoliation.
181

 When higher shear rates are 

applied in a liquid containing graphite and proper solvent and dispersant, the graphene 

layers delaminate from graphite. Recent reports have demonstrated that high-shear 

mixing can exfoliate nanosheets from the parent material with a power law relationship 

written as: 

    
  

where    is the production rate,   is the volume of the exfoliation vessel and   depends 

on the choice of nanosheet, solvent, and dispersant. If   is greater than or equal to 1, then 

scaling up to large volumes becomes feasible from a manufacturing standpoint. If   is 

less than 1, then scaling up results in diminishing returns, and this nanomanufacturing 

approach will remain confined to the labscale. Coleman and co-workers have reported 

that precise control of parameters such as initial graphite concentration, liquid volume, 

mixing time, rotor diameter and speed can yield values of   > 1 for several 

dispersant/solvent combinations. 
181

 This shows excellent promise for scalable 

exfoliation of pristine graphene from parent graphite materials. The graphene sheets 

produced by this method are of high quality, have minimal defects and demonstrate 

excellent material properties in various applications.    
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2.6    Conclusion 

The unique 2D structure of graphene results in extraordinary properties that can 

be exploited in applications such as electronics, composites, and energy conversion and 

storage. GO and RGO are other graphene counterparts which share similar 2D planar 

structure with pristine graphene. However, their properties are inferior relative to pristine 

graphene due to their different chemical composition, atomic, and electronic structure. 

Various bottom-up and top-down production techniques have been developed to produce 

graphene sheets (i.e., pristine graphene, GO and RGO). Most of these production 

techniques are restricted by a trade-off between the quality and quantity of their 

products. Thus, scalable production of large quantities of high-quality graphene is a 

challenging task. Bottom-up techniques produce high-quality pristine graphene sheets, 

but they are not suitable for industrial production of graphene due to their low yield and 

incapability for scale up. On the other hand, the liquid-phase exfoliation of graphene 

from graphite is a promising method because of its high yield, ease of processing and 

potential scalability. The tendency of graphene sheets for reaggregation in the solvent is 

the main issue in this method. Functionalization of graphene sheets has been used as a 

strategy to prevent reaggregation. GO and RGO can be produced by covalent 

functionalization of graphene in liquid phase, while non-covalent functoinalization of 

graphene yields pristine graphene dispersions. The liquid-phase exfoliated pristine 

graphene, GO or RGO sheets can be processed further to prepare graphene-based 

functional materials. In Chapter III, we discuss the fabrication of various graphene-based 

materials using the liquid-phase exfoliated graphene sheets.  
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CHAPTER III 

GRAPHENE-BASED FUNCTIONAL MATERIALS 

 

3.1    Graphene-polymer nanocomposites 

3.1.1    Challenges and opportunities for graphene-polymer nanocomposites  

Reinforcement of polymers with filler materials enhances their bulk properties to 

meet the requirements of the final application. Nanomaterials are often incorporated in 

the polymer matrices to improve their electrical and thermal conductivity, mechanical 

strength and stability, electrochemical reactivity, and many other physical properties. 

The fillers morphology and content are the important factors that determine the 

structure-property relationships in the nanocomposites. The higher surface area to 

volume ratio, i.e. the aspect ratio, of the nanofiller enables effective filler-polymer 

interactions in the nanocomposites and boosts the mechanical load transfer (e.g. normal 

and shear forces) between the two phases. Most importantly, the high aspect ratio of the 

nanofiller allows for enhancement of the bulk properties by addition of minimal filler 

content to the polymer matrix. Therefore, the overall structure of the nanocomposite will 

be dictated by the polymer phase, while its properties will be defined by those of the 

polymer-filler interface.  

Among various types of nanofillers, two-dimensional nanofillers are of great 

importance due to their high aspect ratios. Graphite nanoplatelets have been traditionally 

used as filler because their layered structures provide a larger interface and improve the 

polymer-filler interactions.
182-184

 The graphene sheets obtained from top-down 
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approaches offer high aspect ratios that are two to three orders of magnitudes higher than 

graphite. Also, these liquid-phase exfoliated single- to few-layer graphene sheets are 

ideal fillers due to their high quality and their processability in presence of solvents; this 

enables the usage of existing polymer processing techniques with no or minimum 

modifications for fabrication of graphene-polymer nanocomposites. Graphene (including 

pristine graphene, GO and RGO) has been added to polyolefins (e.g. PE, PP), acrylic 

polymers (e.g. PMMA, PAM, PNIPAM, PAN), Vinyl polymers (e.g. PVA, PS, PVDF), 

epoxy, polyurethane, conductive polymers (e.g. PANI, PPy, PEDOT), polycarbonate, 

polyamide and polyimide.
185,186

 Addition of graphene to these polymers has enhanced 

their mechanical strength, thermal conductivity, electrochemical activity and imparted 

electrical conductivity and gas barrier properties.
8,185-187

     

The improvement in polymer composites properties depends on the distribution 

of the fillers in the polymer matrix and the filler-polymer interfacial interactions.
188

 

Dispersion of pristine graphene in most of the polymer matrices is a challenging task due 

the significant mismatch in their surface energies. This usually leads to aggregation of 

the sheets in the polymer matrix.  Moreover, incompatibility of the pristine graphene and 

polymers surface energies induces a high interfacial tension that may weaken the 

mechanical load transfer within the nanocomposite. Also, the low chemical reactivity of 

pristine graphene reduces the chance for interfacial interactions through chemical bonds. 

On the other hand, the hydrophilic nature of GO (and to some extent RGO) and the 

presence of functional groups on its surface facilitates the interfacial interactions and 

surface energy compatibility between the two phases. However, the insulating nature of 
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the GO and its inferior properties relative to pristine graphene necessitates further 

restoration of the π-network though chemical or thermal reduction.  

Additionally, the thermal and electrical conduction within an insulating polymer 

matrix can only be accomplished through a percolation path, i.e. an interconnected 

network of graphene sheets within the polymer matrix. Theoretically, such a percolation 

path can form upon addition of very low amount of graphene to the composite. In 

practice, the poor dispersion and agglomeration of graphene in polymer matrix hinder 

the formation of an effective percolation path at such low graphene loadings.
8
 

 

3.1.2    Incorporation of graphene into polymer matrices 

Various techniques have been used to incorporate graphene sheets into polymer 

matrices. Melt blending is a common technique in which the graphene in powder form is 

added to the polymer while high temperatures and shear forces are applied to bring the 

polymer into its melt phase.
189-192

 The mobility of the polymer chains in the melt phase 

allows for proper mixing of the powder into the matrix and the strong shear forces assist 

to distribute the graphene sheets in the matrix.
191

 The graphene powder used in this 

method should be stabilized and aggregation-resistant in order to improve the dispersion 

quality. This method is one of the least expensive, most versatile and, from 

manufacturing point of view, scalable techniques for processing graphene in presence of 

the polymers. However, the preparation of graphene in powder form requires drying of 

the graphene dispersions obtained by liquid-phase exfoliation techniques. Moreover, the 

high viscosity of the polymers, regardless of how strong the shear forces are, restricts the 
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proper mixing of graphene and polymer phases.
193

  Also, the incompatibility of the 

graphene and polymer phases may result in a phase separation and subsequent 

agglomeration of graphene sheets. In general, the final dispersion of the graphene in the 

polymer matrix obtained by melt blending technique is not ideal.
194

 

Solution blending is a simple method to prepare uniform graphene-polymer 

nanocomposites.
8,195-199

 In this method the graphene is dispersed and the polymer is 

dissolved separately in similar or two miscible solvents and then, these solutions are 

mixed together by agitation, stirring or sonication to homogeneously disperse graphene 

in the final solution. In the next step, the solvent is removed by various techniques such 

as evaporation and filtration.
200

 This method facilitates the processing of graphene 

dispersions in presence of polymers and presumably can yield higher dispersion quality 

in the nanocomposite. However, it is restricted by the limited number of proper solvents 

for garphene. Additionally, the solvent removal can be problematic as it may induce 

phase separation and aggregation; complete removal of the solvent from the product is 

also a matter of concern. Furthermore, the bulk quantities of the solvent used in this 

method is an obstacle to its scalability.  

In situ polymerization in presence of graphene sheets is another strategy that has 

been explored extensively.
201-205

 In this method, the graphene sheets (pristine graphene, 

GO or RGO) are added to polymer monomers in a common solvent and properly mixed 

to yield a homogenous dispersion, followed by initiation and completion of the 

polymerization. Various polymerization routes including radical 
204,206,207

 and emulsion 

polymerization
203

 and polycondensation 
208

 have been practiced depending on the 
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chemistry of the host monomers and the properties demanded by the final 

nanocomposites. This method improves the dispersion of graphene in the polymer 

matrix considerably and yields highly uniform nanocomposites. However, the possibility 

of graphene aggregation during the polymerization step in absence of external shear 

force, difficulties associated with the removal of remaining solvent and residual reaction 

initiators are the drawback of this approach.  

Latex and emulsion mixing have also been used to incorporate graphene into 

polymer matrices; this approach is especially useful when it is impossible to achieve a 

uniform dispersion of graphene and polymer in the liquid phase.
209-211

 Using this 

method, the graphene sheets and polymer particle are mixed into a solvent and graphene 

sheets assemble at the graphene-polymer particles interface and form a segregated 

network. Upon removal of the liquid, graphene-coated polymer particles are obtained 

that can be processed by various techniques such as hot-pressing and vulcanization to 

produce the final nanocomposites. This method has mainly been used to fabricate 

electrically conductive composites with ultralow percolation threshold; the enhancement 

of other properties of the nanocomposite is not the main focus of this approach.
212,213

 

 

3.1.3    Modification of graphene-polymer interface 

Some of the techniques mentioned in previous section improve the graphene 

dispersion in polymer matrices, but they cannot resolve the incompatibility of graphene 

and polymer surface energies. Thus, modification of graphene surface in order to 

enhance the interfacial polymer-graphene interactions is inevitable.
214,215

 The 
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modification may be practiced through covalent 
216-220

 or non-covalent functionalization 

221-224
 of the graphene sheets. While the versatile surface chemistry of GO makes it a 

promising candidate for covalent functionalization, the low chemical reactivity of 

pristine graphene only allows for non-covalent functionalization. The covalent 

functionalization of GO surface is possible through two different approaches called 

“grafting to” and “grafting from” methods. 

 In “grafting to” methods, the polymer chain is grafted onto the GO surface via 

chemical reaction with GO functional groups, mainly carboxyl and epoxide groups.
216-218

 

Polymers containing amine groups can react with the carboxyl groups of GO, and the 

epoxide groups of GO can engage in ring-opening reactions and be substituted by the 

polymer chains. In “grafting from” method, the precursor or monomer of the final 

polymer is first introduced to the GO surface and reacts with its functional groups and 

then, through various polymerization methods, the polymer chains are directly grafted 

from the GO surface.
219,220

 An example of “grafting from” modification route is 

represented in Figure 3.1. This method combines the advantages of the graphene surface 

modification and in situ polymerization to enhance the compatibility of graphene and 

polymer matrix.  Both of these grafting methods heavily rely on the density and 

reactivity of the GO functional groups. While the “grafting from” method provides a 

higher surface coverage with longer polymer chains, the “grafting to” method allows for 

a wider range of polymer choices and is not restricted by the polymerization methods 

available for specific GO surface chemistry.
214,215
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Figure 3.1. Schematic of the covalent fictionalization  of graphene with polystyrene using 

“grafting from”  approach (reproduced from Fang et al.
219

).  

  

 

The non-covalent functionalization of graphene surface is feasible through π-π 

stacking of aromatic units of the polymers and graphene, graphene-polymer hydrogen 

bonding and electrostatic interactions of charged polymers and graphene surface.
214,215

 

The π-π interactions can be used to modify pristine graphene, RGO and GO, but the 

hydrogen bonding and electrostatic modifications are restricted to RGO and GO, as they 

need hydroxyl groups and electrostatic charges on the graphene surface to interact with 

the polymer. To non-covalently functionalize the RGO or pristine graphene sheets, π-π 

stacking molecules such as pyrene and perylene have been grafted to various polymer 

chains and the final polymers were used to homogeneously disperse graphene in a 
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solvent (Figure 3.2).
222,225

 Also, conjugated polymers such as PEDOT are capable of π-π 

stacking with graphene and dispersing it in the solvent.
223,224

   

 

 

Figure 3.2. Non-covalent functionalization of graphene by grafting pyrene-terminated 

PANIPAam to its surface (reproduced from Liu et al. 
222

).  

 

 

3.1.4    Fabrication of graphene-polymer nanocomposites 

The graphene-polymer mixture can be processed via various fabrication 

techniques to produce the final nanocomposite (Figure 3.3). Conventional 

nanocomposite fabrication techniques such as melt processing in extruders, internal 

mixers and twin-roller mills, as well as masterbatching and molding approaches can be 



58 
 

applied on melt-blended graphene-polymer mixtures.
191,226-229

 The solvent in the solvent-

blended mixtures can be removed by simple casting and evaporation or filtration 

techniques.
8,197-199

 The latex or emulsion-mixed samples usually require hot-pressing to 

form an integrated nanocomposite structure.
209-211

        

 

 

Figure 3.3. Fabrication of (a) graphene-polycarbonate nanocomposite through solution mixing 

and melt blending (reproduced from Shen et al.
227

) , and (b) graphene-natural rubber 

nanocomposite through latex-mixing, melt mixing and hot-pressing (reproduced from Zhan et 

al.
210

).  
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Electrospinning of a graphene-polymer solution is another fabrication method 

that produces nanocomposite fibers.
230,231

 This method produces mechanically strong 

fibers; however, the stability and homogeneity of graphene dispersion in the polymer 

solution and the lack of variety in the morphology of the final composites remains as the 

main concerns in this method.    

A different strategy has been applied to control the arrangement of the graphene 

sheets within the polymer matrix. In contrast to graphene-filled nanocomposites, in 

which the graphene sheets are randomly distributed within the polymer matrix, 3D 

graphene-based aerogels have been filled with polymers to yield graphene-polymer 

nanocomposites with a well-structured 3D percolating path.
232

 In this method, the in situ 

polymerization and cross-linking of the polymer chains in presence of well-dispersed 

graphene sheets results in graphene/polymer hydrogels.
176

 These hydrogels can then be 

dried via freeze-drying and critical point drying techniques to yield a monolithic 

graphene/polymer aerogels. Preparation of polymer-free 3D graphene-based aerogels is 

also possible through hydrothermal and sol-gel techniques which will be discussed in 

next section.
233,234

 Backfilling of the 3D graphene-based aerogels with other polymers 

such as epoxy results in formation of electrically conductive graphene-polymer 

nanocomposites with low filler content.
232

  

 

3.2    Graphene two-dimensional assemblies   

Graphene-based 2D materials have potential applications in transparent 

conductive films,
77,235-237

 electronic devices and transistors,
85,238-240

 batteries and 
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supercapacitors,
241,242

 sensors 
243-245

 and membranes.
246,247

  Unlike in nanocomposites, 

where low amounts of graphene are used to reinforce the polymer matrix, these 

applications demand the availability of graphene properties along the surface of a large-

area graphene network. The properties of such a network are dictated by the individual 

graphene sheets properties, as well as the connectivity of those sheets in the network. 

These 2D networks can be produced by using CVD technique or by processing the 

graphene-containing solutions. The liquid-phase processing allows for fabrication of 

freestanding graphene papers and thin films of graphene sheets on a substrate.  

 

3.2.1    Graphene-based thin films  

Liquid-phase preparation of graphene thin film occurs through deposition of 

graphene sheets from a solution on a substrate, followed by solvent removal. This 

process can be performed using various fabrication methods including the conventional 

processing techniques such as drop-casting, as well as more recent ones like layer-by-

layer (LBL) assembly (Figure 3.4). The graphene-containing solution can be chosen 

from various types of graphene dispersions, solution mixtures of graphene and polymers 

and mixtures of graphene and other nanomaterials. According to the existing literature, 

GO and RGO are the main sources of graphene in liquid-phase thin film preparation. 

Their higher solubility in the solvents simplifies their processing, while their chemical 

reactivity facilitates the network formation through inert-sheet and sheet-substrate 

interactions. However, simultaneous or subsequent reduction of these sheets is necessary 

to enhance the electrical, thermal and optical properties of the film.  There are fewer 
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reports of pristine graphene 2D network in the literature; in most of these reports 

polymers are used as stabilizers. The choice of graphene solution, substrate and 

fabrication technique determines the alignment of the sheets, graphene content, thickness 

and uniformity of the film. Repeatability and scalability of the processing technique are 

other key issues in graphene thin film preparation. 

In drop casting, the dispersion or the solution mixture of graphene and polymer 

are cast on a substrate, allowing for solvent evaporation with or without heating.
248,249

 

The thickness of the film depends on the solid content of the solution. The film 

formation is controlled by various parameters such as graphene (and polymer, if present) 

concentration, temperature and the solvent evaporation from the air-liquid interface. The 

uniformity of the final film is usually affected by drying effects (e.g. coffee ring 

formation) and graphene sheets are aligned randomly within the film. Rod-coating is a 

variation of drop casting in which a metal bar is used to control the deposition and 

coating of the graphene solution on the substrate. Moreover, it is feasible to manipulate 

the sheets arrangement through graphene-substrate interactions; to do so, the surface of 

the substrate needs to be modified to attract the graphene sheets deposition. 
250

 

   Spin-coating is another popular technique that has been used to fabricate 

graphene thin films.  The graphene concentration (and polymer, if present), spinning 

speed and duration, and solution viscosity affect the thickness of the final film. The fast 

evaporation of the solvent, mostly resolves the drying issues associated with the drop 

casting method.  However, the alignment of the graphene sheets in the film is dictated by 
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the rotational motion of the solution and cannot be altered. Mostly GO and RGO-based 

films have been prepared using this technique.
75,251,252

  

 

 

 

Figure 3.4. (a) Typical graphene ink/solution used in the thin film fabrication, (b) a transparent 

graphene conductive thin film, (c) graphene-PVA composite thin film, (d) dip-coating of a 

substrate  in graphene dispersion is another method for thin film fabrication, (e) rod-coating of 

graphene solution on substrate, (f) spray-caoting of graphen dispersion through air on the 

substrate, and (g) inkjet-printing using graphene ink (reproduced from Bonaccorso et al. 
123

). 
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Spray-coating of the graphene dispersions allows for more uniform deposition of 

graphene sheets on a substrate. The thickness of the film can be controlled by graphene 

concentration and spraying duration. Developing patterned thin films is feasible in this 

method by using a patterned substrate. Like with spin-coating, mostly GO and RGO-

based films have been prepared using this technique.
62,253,254

 

Furthermore, electrophoretic deposition of graphene sheets from GO and RGO 

dispersions has been reported.
238,255-257

 In this method the negatively charged graphene 

sheets are deposited on a positively charged electrode. The graphene concentration in the 

solvent, the working voltage, and the deposition time are the parameters affecting the 

thickness and uniformity of the final film.  

Layer-by-layer assembly of graphene sheets allows for a precise control over the 

alignment of the graphene sheets and the film microstructure.
258-265

 In this technique, 

alternating layers of materials are deposited from a graphene-containing solution and a 

polymer solution.  The adhesion of the alternative layers is accomplished by electrostatic 

attraction between oppositely charged materials of each layer, hydrophobic attractions or 

the covalent interactions of the materials within each layer. GO has been usually used as 

the graphene source; GO sheets can participate in electrostatic and/or covalent 

interactions with the polymers in the adjacent layers. The deposition of each individual 

layer can be achieved via drop-casting, spin-coating, dip-coating 
262

 or spray-coating,
266

 

or vacuum filtration; in this sense, the properties of each layer is controlled by the 

parameters mentioned earlier in discussion of these methods. However, the inter-layer 

interactions can be precisely controlled by adjusting the pH, temperature, deposition 
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time of each layer and the concentration of materials in the solutions.
260,261

 The 

thickness, uniformity and properties of the resultant thin film depends on the both 

individual layer properties and the inter-layer interactions. Recently, the LBL assembly 

using polymer-stabilized pristine graphene dispersion has been reported.    

Inkjet-printed graphene thin films are promising candidates as electrically 

conductive constituents of transistors,
267

 solar cells,
268

 supercapacitors
242

 and chemical 

sensors
244,269

. Using this technique, droplets of graphene ink can be deposited on 

different substrates. The graphene ink needs to satisfy some requirements to yield a 

uniform, well-connected film of graphene flakes.
270

 First, large quantities of graphene 

are needed to form a continuous film upon deposition and thus, graphene dispersions 

with concentration much higher than those obtained by liquid-phase exfoliation methods 

are required.
271

 Also, the graphene sheet size has to be smaller than the inkjet cartridge 

nozzle diameter to avoid clogging the nozzle.
268

 Moreover, the inkjet printing process 

requires a particular range of ink viscosity and surface tension that usually cannot be 

obtained through the common liquid-phase exfoliation of graphene.
271,272

 GO dispersions 

in water are good candidates as graphene inks since their high solubility in water assists 

with obtaining high concentrations of graphene.
273,274

 However, the GO sheets are not 

conductive, so further thermal annealing is necessary to restore electrical conductivity.
242

 

The thermal annealing conditions (i.e. high temperatures) are not always compatible 

with the thermally sensitive substrates. Pristine graphene inks have been developed by 

adding ethyl cellulose and ethyl glycol during the exfoliation process to tune the 

viscosity and surface tension of the ink.
268,271,275-277

 Presence of ethyl cellulose in the ink 
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prevents aggregation of the nanosheets caused by the drying effects. Recently, shear-

exfoliated graphene dispersions have been used as graphene inks.
278

 Moreover, an 

alternative annealing method, intense pulsed light annealing, has been applied to remove 

the remaining polymer content and improve the conductivity of the films.
279

  It is worth 

mentioning that non-covalently functionalized graphene thin films have been prepared 

by vacuum filtration of surfactant-stabilized graphene dispersions. 
171

 

 

3.2.2    Freestanding graphene-based papers 

Freestanding graphene films have been used to prepare battery and 

supercapacitor electrodes, and membranes for water purification and gas sensors. These 

films have been prepared by the flow-directed vacuum filtration of graphene dispersions 

and graphene-polymer mixture solutions. During the filtration process, the graphene 

sheets align and assemble on top of the filtration membrane.
280

 The tightly packed 

graphene film can be peeled off from the membrane to yield a paper-like freestanding 

film.  These films were first prepared from GO dispersions; the mechanical properties of 

the GO paper-like films surpassed those of CNT buckypapers (Figure 3.5a and b).
281

 It 

was argued that the interlocking of the GO sheets through hydrogen bonding between 

the film layers enhanced the inter-layer load transfer. The film thickness and 

transparency could be controlled by the dispersion concentration and total mass of the 

GO.
77

  However, the GO freestanding film are not electrically conductive, therefore, 

attempts have been made to reduce them by filtering hydrazine over the film
282

 or by 

flash photothermal reduction.
283

 The alternative was to vacuum filter the RGO 
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dispersion; the resultant RGO freestanding films were highly conductive and 

mechanically strong (Figure 3.5c and d).
284,285

 Also, graphene-polymer composite films 

have been produced using this method, including GO-PVA and GO-PMMA,
286

 pristine 

graphene-cellulose,
287

  GO-cellulose,
288

 RGO-pyrenebutyrate. 
289

  

3.3    Graphene three-dimensional networks  

Three-dimensional networks of graphene have exceptional surface area and 

porosity, mechanical stability and electrical conductivity.
290,291

 Combination of all these 

unique properties in a bulk macroscale structure can be exploited in preparation batteries 

and supercapacitors electrodes, adsorbents, sensors, and catalysts.
292-294

 Production 

methods of these networks include: (1) using a pre-existing 3D network as template, 

followed by removal of the templates, 
295-297

 and (2) assembly of the GO sheets in the 

liquid phase, followed by removal of liquid phase, and reduction of GO.
233,234,298

  

Products of these two approaches are very different in their properties and applications.  
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Figure 3.5. (a) Digital photo of flexible freestanding GO film, (b) SEM image of the the cross-

section of GO freestanding film (reproduced  from Dikin et al. 
281

), (c) digital photo of RGO 

freestanding films, and (d) SEM image of the cross-section of RGO freestanding film 

(reproduced from Chen et al.
285

).  

 

 

Pristine graphene 3D networks have been prepared by growing graphene via 

CVD on metallic templates such as nickel foam
295

 and copper mesh
299

, graphitization of 

3D carbonaceous structures and coating or soaking of sponges of various materials in 

pristine graphene dispersions.
300

 Due to the intact π-structure of pristine graphene, these 

3D structures have high electrical conductivities. However, alteration of their porous 

structure is difficult as it is patterned by the template structure. Moreover, removal of the 

template is tedious and sometimes impossible. The etching techniques used for removal 
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of nickel foam from CVD-grown networks are costly and time consuming; also, the 

graphitization of sponges and carbonaceous templates demands high temperature.    

On the other hand, the versatile surface chemistry of GO enables assembly of 

these sheets in the liquid phase to produce GO 3D networks with exceptional porous 

structure.
233,234

 To obtain electrical conductivity and mechanical strength, those networks 

need to be dried and reduced to form RGO aerogels. A homogeneous colloidal 

dispersion of GO sheets in the solvent is the starting medium for the assembly process. 

Specific combinations of the solvent polarity, GO surface chemistry (i.e. atomic 

composition, density, type and ionic strength of its functional groups), GO 

concentration, sheets size and pH of the dispersion are required to attain stable 

dispersions.
301

 Alteration of any of those parameters may lead to destabilization of the 

dispersion; the assembly process initiates when the dispersion is destabilized and the GO 

sheets tend to aggregate. Various assembly techniques apply different stimuli such as 

temperature, pressure or pH of the dispersion to change the GO interactions to prompt 

aggregation. As the sheets approach each other, inter-sheet physical and/or chemical 

bonds form; under proper condition (e.g. optimum GO concentration, dispersion pH, 

etc), formation of these bonds leads to gelation. Subsequently, the well-integrated gel 

can be dried via lyophilization (i.e. freeze drying) or critical drying point (CPD) 

techniques in order to maintain the original porous structure and produce aerogels. 

Further thermal reduction of the aerogels restores the graphene π network and removes 

the residual functional groups from the sheets.  
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Hydrothermal reduction of GO sheets in an aqueous dispersion has been widely 

used to prepare GO hydrogels (Figure 3.6).
233

 In this method, increasing the temperature 

and pressure in an autoclave vessel reduces the solubility of the GO in the liquid 

phase.
302

 Simultaneously, partial reduction of the GO sheets takes place as the dispersion 

heats up to higher temperatures.
303

 The sheets assembly occurs upon the phase 

separation of GO and water, and the alteration of GO surface chemistry. The reduced 

sections of the GO sheets overlap and π-π stack to form physical cross-links. 

Furthermore, the remaining hydroxyl groups which survived the reduction can 

participate in hydrogen bonding with other sheets.
233,304,305

   

Usually, temperatures higher than 150 ⁰C are required to accomplish sufficient 

degree of reduction for effective localized π-π stacking.
233,306

 The GO concentration is a 

definitive factor that can promote gelation as opposed to aggregation. At low 

concentrations, the distant GO sheets are incapable of forming a continuous network; 

thus, a minimum saturation concentration is required for gelation.
233

 As the 

concentration goes above the saturation concentration, densely packed hydrogels will 

form. The same logic applies to the sheets size; GO sheets with larger lateral size can 

form the network at lower concentrations.
304,307

 The pH of the dispersion is another 

important parameter that can affect destabilization process and tunes the affinity of the 

GO sheets for assembly. The pH of solution determines the ionization status of GO 

functional groups, especially carboxyl groups, and the hydrophilicity of the sheets. An 

acidic medium reduces the ionization of carboxyl groups and facilitates the 

destabilization of nanosheets and even strengthens the inter-sheet hydrogen bonding 
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during gelation.
308,309

 Furthermore, extensive attempts have been made to perform 

hydrothermal-assisted co-assembly of GO sheets and various guest particles in order to 

accomplish multifunctional 3D networks with unique properties.
310

   

 

 

Figure 3.6. Hydrothermal synthesis of 3D graphene network, (a) digital photo of GO dispersions 

and GO hydrogel, (b) digital photo of the hydrothermally-reduced GO aerogels, and (c) SEM 

image of the microporous structure of the hydrothermally-reduced GO aerogel (reproduced form 

Xu et al. 
233

). 

 

 

In addition to physical cross-linking (i.e., π-π stacking and hydrogen bonding), 

GO sheets can be chemically cross-linked to form 3D networks. Formation of chemical 

bonds between the sheets promotes the network formation. These chemical bonds can be 

introduced to the gel structure through a second component which reacts with GO sheets 

and connects them together.  The second component could be a polymer, metal ion or 

some organic molecule.
298,304,308,311-313

 The polymers mostly interact with GO sheets 

through bonding with their functional groups, while the metal ions promote gelation 

through electron donor-acceptor and ion-π interactions. The type and morphology of the 

second component defines the porous structure of the gels. Although the presence of 
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second components improves the mechanical properties of the final aerogels, but it may 

restricts the electrical conductivity of the product.  

To address this issue, the sol-gel technique has been used to prepare highly 

conductive graphene aerogels by avoiding the usage of non-conductive second 

components. In this method, a catalyst is added to the GO dispersion to facilitate 

chemical bond formation between GO sheets and other components
234,314

 or to trigger 

direct chemical bonding of GO sheets through their epoxide and hydroxyl groups.
315

 

According to Worsley et al., the other components used in this method (resorcinol and 

formaldehyde) participate in a polymeric network formation that can later be pyrolyzed 

at higher temperatures (Figure 3.7a).
234

 Direct cross-linking of GO sheets occurs through 

ammonia-assisted deoxygenation of functional groups, covalent bonding, GO reduction 

and π-π stacking of locally reduced sections of GO sheets .
315

 In this case, higher 

temperatures (> 80 ⁰C) are needed to activate the chemical reaction path. Like 

hydrothermal-assisted assembly, the temperature, GO concentration and the sheet size 

are important factors that affect the gel formation. The pH of reaction medium is also 

important; the basic condition improves ionization of the functional groups and improves 

their chemical reactivity. Additionally, the catalyst concentration affects the extent of 

chemical reactions and is definitive to the final structure of the hydrogels and dried 

aerogels.  Room temperature drying of directly cross-linked GO sheets results in high-

density aerogels and an improvement of mechanical and electrical properties by several 

order of magnitudes. 
316
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In situ reduction of GO sheets in presence of a reducing agent is another method 

to induce GO sheets assembly.
306,317,318

 The mechanism of gelation is similar to that of 

hydrothermal method; however, in this case, the chemical reduction of GO sheets 

induces aggregation and eliminates the need for higher temperatures. Since various 

reducing agents are capable of reacting with different functional groups and restore the 

π-conjugated network to different extents, the type and density of chemical bonds that 

promote the sheets assembly are different in each case. Thus, the properties of the dried 

aerogels vary based on the reducing agent used in the assembly process.
317

 Moreover, 

addition of nanoparticles to the GO dispersion allows for simultaneous assembly of these 

particles within the 3D network of the gels.
312

  

 

 

 

Figure 3.7. SEM images of RGO aerogels porous structure prepared by (a) sol-gel technique 

(reproduced from Worsley et al. 
314

 ), and (b) freeze-casting technique (reproduced from Qui et 

al. 
319

) .  
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Freeze casting is another method to produce graphene-based porous structures 

with superior mechanical properties.
319

 Freezing GO or partially reduced GO dispersions 

forms a continuous network of GO which mimics the ice crystalline structure (Figure 

3.7b). During this process, as the water molecules solidify and form ice crystals, the 

sheets become entrapped within the ice-water crystal boundaries and form π- π stacks. 

Subsequent removal of the ice by freeze-drying yields a 3D GO structure which is 

connected by physical cross-links. Usage of partially reduced GO sheets as a starting 

material can enhance the π- π stacking and improves the properties.
319

  

 

3.4    Conclusion 

 The liquid-phase exfoliated graphene sheets are used for preparation of various 

graphene-based materials including nanocomposites, thin films, freestanding papers, and 

3D networks. Graphene-polymer nanocomposites can be prepared by conventional 

polymer processing methods such as solution and melt blending. However, the 

significant gap in the surface energies of graphene and most of the polymers prevents the 

homogeneous dispersion of sheets in the matrix. Modification of graphene surface 

through covalent and non-covalent functionalization improves the compatibility of the 

sheets and the matrix and promotes the load transfer between the two phases. 

Furthermore, the homogeneous dispersion of graphene sheets within the matrix allows 

for polymer reinforcement at lower graphene loadings.  

Two-dimensional assemblies of graphene are another category of graphene-based 

materials that are suitable for electronic devices such as transistors, sensors, and solar 
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cells. The thin films of graphene are deposited on various substrates via drop casting, 

spin coating, LBL assembly, or inkjet printing of graphene dispersions. The properties of 

the films are dictated by the individual sheet properties, as well as the arrangement and 

connectivity of the sheets within the 2D network.  

Three-dimensional macrostructures of graphene are usually obtained by 

assembly of GO sheets in aqueous dispersions. The physical and chemical cross-linking 

of the GO sheets in the solvents forms a hydrogel that can be subsequently dried to yield 

a porous 3D network. Hydrothermal, sol-gel, and freeze-casting techniques have been 

used to prepare these networks. These networks have been used for preparation of 

battery electrodes, oil adsorbents and catalysts.  

In Chapter IV, we present our work on dispersant-assisted exfoliation of pristine 

graphene in aqueous dispersions. In Chapter V and VI, we use the liquid-phase 

exfoliated pristine graphene to prepare composite films with enhanced electrical 

properties. In Chapter VII, we spray dry the pristine graphene dispersions to obtain 

crumpled graphene sheets. These crumpled particles are then used to prepare graphene 

3D networks in Chapter VIII.  
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CHAPTER IV 

GRAPHENE COLLOIDAL DISPERSIONS WITH PYRENE 

DERIVATIVES AS STABILIZERS
*
 

 

4.1    Introduction 

Production of large quantities of high-quality graphene sheets is essential for 

practical application of this unique material in real life. Liquid-phase exfoliation of 

graphene from graphite has been widely studied for its high graphene yield and quality, 

scalability, inexpensive precursors, ease of processing and versatility for a broad range 

of applications such as battery and supercapacitor electrodes,
241,320

 sensors,
321

 polymer 

nanocomposites
322

 and soft electronics
273,323

. Oxidation of graphite and subsequent 

exfoliation of graphene oxide in water is one of the most common liquid-phase 

exfoliation methods.
66,324

 However, graphene oxide, with structural defects and 

functional groups on its surface, is electrically insulating and needs to be thermally or 

chemically reduced to become conductive. 
71,325

 However, the complete restoration of 

the π-conjugated network, as in the pristine graphene structure, is impossible and RGO 

properties never reach those of pristine graphene. 
77,326

 

Direct liquid-phase exfoliation of graphite yields pristine graphene sheets with 

minimal structural defects,
172

 but the reaggregation of these sheets in the solvent due to 

                                                           
*
 Part of the data reported in this chapter was adapted by permission from (Parviz et al., “Dispersions of 

non-covalently functionalized graphene with minimal stabilizer”, ACS Nano, 2012, 6, 8857-8867). 
Copyright 2012 American Chemical Society. 
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the strong inter-sheet attractive forces is a huge obstacle for obtaining stable graphene 

dispersions.
175

 Using specific solvents with surface energies similar to that of graphene 

is a method to reduce the graphene-solvent interfacial tension and keep the graphene 

sheets dispersed in the solvent.
103,133

  However, many solvents including water do not 

have such surface energies; thus an alternative approach should be adopted to minimize 

the interfacial tension and/or increase the repulsive forces between graphene sheets such 

that they overcome the attractive forces and prevent reaggregation. Certain 

surfactants,
37,137,171,174,237,327

 polymers 
38,39

 and aromatic molecules 
328

 adsorb on the 

graphene surface and provide a repulsive shield around the graphene sheet and stabilize 

the exfoliated sheets in solvents with mismatching surface energies. However, presence 

of high quantities of adsorbed and non-adsorbed polymer and surfactants in the final 

dispersion affects the graphene quality by increasing the residual impurity content in the 

product. Thus, the search for alternative molecules that can stabilize higher graphene 

concentration with minimal stabilizer content is an ongoing process.  

Several groups have reported the usage of different pyrene derivatives to stabilize 

CNTs 
329,330

 and graphene 
177,178

 in dispersions.
289,331,332

 However, a systematic study of 

the stabilization mechanism and its relationship to graphene yield and dispersion 

stability is missing in the existing literature. In this chapter, we investigate the 

effectiveness of various pyrene derivatives as graphene stabilizers, as well as the effect 

of different constituents of their molecular structure such as functional groups and the 

counterions on the graphene yield and quality. Also, we demonstrate that exceptionally 
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higher graphene/stabilizer ratios can be accomplished through pyrene derivatives as 

compared to polymers and surfactants.  

The work presented in this chapter was published in 2012 as a journal article in 

ACS Nano.
33

  

 

4.2    Experimental procedures 

4.2.1    Materials 

 Expanded graphite was provided by Asbury Carbons (CAS# 7782-42-5, Grade 

3805). The pyrene derivatives including pyrene, 1-pyrenesulfonic acid sodium salt (Py-

SASS), 1,3,6,8- pyrenetetrasulfonic acid tetra sodium salt (Py-(SO3)4), 1-pyrenesulfonic 

acid hydrate (Py-SAH), 1-aminopyrene (Py-NH2), 1-pyrenemethylamine hydrochloride 

(Py-M-NH2), 1-pyrenebutanol, 1-pyrenecarboxylic acid (PCA) and 1-pyrenebutyric acid 

(PBA) were purchased from Sigma-Aldrich. Sodium dodecylbenzene sulfonate (SDBS) 

was purchased from MP Biomedicals. Polyvinylpyrrolidone (PVP) (Mw ~10000) was 

purchased from Sigma-Aldrich. Epoxy resin and hardener were purchased from 

FibreGlast Developments Corporation.  All the chemicals were used as received. 

 

4.2.2    Preparation of graphene dispersions 

In a typical preparation, a specific amount of stabilizer (pyrene derivatives, PVP 

or SDBS) was dissolved in 20 ml of deionized water (DI). In case of PCA and PBA, the 

pH of solution was increased to 10 by addition of ammonium hydroxide in order to 

completely dissolve them in DI water. Expanded graphite (EG) was added to the 

http://www.google.com/url?sa=t&rct=j&q=sdbs%20sodium%20dodecylbenzene%20sulfonate&source=web&cd=1&sqi=2&ved=0CCYQFjAA&url=http%3A%2F%2Fwww.acronymfinder.com%2FSodium-Dodecylbenzenesulfonate-(SDBS).html&ei=GK8AT-uMCNTfsQKq-KHsAw&usg=AFQjCNECq7rrD-v0U8MYJtOYbkCbeTyxuQ
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stabilizer solution and tip sonicated for one hour using a Misonix sonicator (XL 2000) at 

output wattage of 7W at room temperature. During the sonication the temperature was 

kept in at room temperature using a water bath as a heat sink. The dispersion was then 

centrifuged (Centrific Centrifuge 225, Fischer Scientific) at 5000 rpm for 4 hours to 

remove larger graphitic aggregates and the supernatant was collected as the final 

dispersion. This stable dispersion was used for further characterizations and composite 

production. The initial concentrations of stabilizers were varied over a range of 0.5-

7mg/ml. The ratio of the initial concentration of EG to initial concentration of stabilizer 

was 10, 20 and 30 in order to study the effect of concentration of EG on the graphene 

yield. The initial concentration of SDBS and PVP was 6 and 10 mg/ml, respectively. 

 

4.2.3    Preparation of graphene/epoxy composite 

Py-SASS-stabilized graphene dispersion with 3 mg/ml of Py-SASS and 0.8 

mg/ml graphene was freeze-dried overnight. To prepare 0.5 wt% graphene/epoxy 

composite 0.1 g of freeze-dried powder was added gradually to 3.15 g of epoxy resin and 

vigorously stirred for half an hour. Then the mixture was sonicated for 30 min. 0.85 g of 

hardener agent was added to the mixture and stirred. Resulting homogeneous mixture 

was degassed in vacuum oven at 50 oC to get rid of bubbles. Finally the sample was 

doctor-bladed on a dog-bone shaped substrate and cured in the oven at 77 oC for 6 

hours. For comparison, 0.5 wt% graphene/epoxy composite was prepared by same 

procedure using PVP-stabilized graphene. The final concentration value of graphene in 

PVP-assisted dispersion was 1 mg/ml. 
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4.2.4    Characterization of graphene dispersions 

To calculate the post-centrifugation concentration of graphene, the UV-vis 

spectroscopy was performed on a Shimadzu UV-vis spectrophotometer 2550 at a 

wavelength of 660 nm on the dispersions. A stabilizer solution with a concentration 

similar to that of graphene dispersion was used as the blank to eliminate the effects of 

the stabilizer on the absorbance. The graphene concentration was determined using 

Beer’s law. According to Beer’s law, A= *C*l, in which A is the absorbance at the 

given wavelength,   is the molar extinction coefficient in the solution, l is the path 

length of the light and C is the concentration. In order to calculate the extinction 

coefficient, a regular vacuum filtration setup was utilized to measure the concentration 

of graphene in the dispersion. Polytetrafluoroethylene (PTFE) membrane with a pore 

size of 0.02 µm was used as the filter. The mass of the PTFE membrane, before and after 

filtration was measured and used to determine the concentration of graphene. The 

absorbance of the same dispersion (with now known concentration) was measured at 660 

and used to calculate the extinction coefficient in the stabilizer solution. The same 

filtered samples were used to measure Raman spectra on a Renishaw Raman microscope 

using a 633 nm He_Ne laser. 

High Resolution Transmission Electron Microscopy (HRTEM) samples were 

prepared by deposition of a single drop of the dispersion on a 400-mesh carbon-coated 

copper grid (Electron Microscopy Sciences, CF400-Cu), followed by air drying for a 

few minutes. A voltage of 75 kV was used to image the samples on Hitachi H8100. 
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Thermogravimetric analysis (TGA) was carried out in TGA i 1000, Instrument 

Specialist Inc. The temperature was raised from 0 oC to 1000 °C at the rate of 10 

°C/min.    

Zeta potential measurements were conducted on a Zetatrac analyzer from 

Microtrac Inc. Two laser beams at 780 nm were irradiated to measure the electrophoretic 

mobility of particles using the principles of dynamic light scattering. The Zetatrac 

analyzer calculates the value of zeta potential from electrophoretic mobility using the 

Smoluchowski equation: ξ=µɳ /ε, where ξ is the zeta potential, µ is the mobility, ɳ is the 

viscosity of  solution and ε is the dielectric constant of the solvent. Also, stability of the 

dispersions against pH changes was examined by the zeta potential measurements at 

various pH values of the dispersions. For these experiments, drop-wise addition of 

hydrochloric acid (HCl) and sodium hydroxide (NaOH) to the dispersions in an 

autotitrator from Microtrac Inc was used to alter the dispersion pH. All measurements 

were carried at room temperature.  

The average particle size was measured using Dynamic Light Scattering (DLS) 

technique within the Zetatrac particle size analyzer unit from Microtrac Inc. Samples 

concentration, if necessary, were diluted to at 0.05 -0.1 mg/ml for these measurements. 

 

4.2.5    Dispersion stability tests 

 Graphene dispersions were frozen in a freezer at -15 ⁰C and then freeze-dried 

(Vitris Benchtop Freeze Dryer) overnight to yield graphene powder samples. The freeze-

dried samples were redispersed in water and sonicated for 5 min. Redispersed samples 
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were centrifuged and the concentration of graphene in supernatant was measured to 

evaluate the redispersibility of the graphene. Visible stability of the dispersion at higher 

temperatures was tested by heating and centrifugation of the dispersions. Samples were 

heated up gradually and after each 10 °C raise in the temperature they were centrifuged 

for 30 min to check the possibility of visible sedimentation at higher temperatures. 

Above 70 °C, samples were centrifuged after each 5 °C raise in the temperature.  

Desorption of Py-SASS from graphene surface in presence of ethanol was 

studied by adding ethanol to Py-SASS-assisted dispersions to get dispersions with 10 to 

90 vol% of ethanol. All samples were centrifuged simultaneously for 1 hr and then the 

concentration of graphene in supernatant was measured to study desorption of Py-SASS 

from graphene in presence of ethanol. Samples containing graphene in the supernatant 

were centrifuged for another 1 hr to test the time dependence of the desorption process.  

 

4.2.6    Characterization of graphene/epoxy composites 

Scanning Electron Microscopy (SEM): Samples were prepared by mounting the 

samples on double-faced carbon tape and sputter coating with gold at 10 mA current for 

1 min. An accelerating voltage of 5 kV was used to image the specimens on a Hitachi 

S4300 SE/N. 

Mechanical tests: Tensile tests were performed in a Test Resources
TM

 universal 

testing machine (made in USA). Young’s modulus and tensile strength were averaged 

from three tested specimens. Monotonic tensile testing was conducted on the specimens 

by moving the linear actuator of the machine; the upper grip was moved up with the 
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actuator over a fixed displacement of 10 mm in 1000 sec and the lower grip was 

fixed. The machine was operated on displacement feedback mode. The resulting load 

data was plotted as a function of the displacement and the initial part of the curve was 

fitted with a linear trend line. Based on a high fitting coefficient (i.e., R
2
> 95%), the 

elastic modulus and the yield strength were determined from this linear regime.
328

 

Electrical conductivity measurement: Electrical resistivity of the composites was 

measured by standard four point probe method. The four point probe head (Signatone, 

SP4-40045TBY) was mounted on a resistivity measurement stand (Signatone, Model 

302). Two outer probes were connected to high impedance current source (Keithley 

2400) to supply current through the sample and inner probes were coupled with a digital 

voltmeter (Keithley 2000) to measure the voltage drop across the two probes.
328

 

 

4.3    Results and discussion 

4.3.1    Quality of graphene sheets 

Various pyrene derivatives with various functional groups were used to stabilize 

graphene in aqueous solutions. The molecular structure of these pyrene derivatives is 

demonstrated in Figure 4.1. Among these derivatives, pyrene, P-NH2 and PB were 

insoluble in water, but all other derivatives were dissolved in water either by pH change 

or by heating the solution.  
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Figure 4.1. The molecular structure of various pyrene derivatives used in this study as graphene 

stabilizers. 

 

 

To evaluate the quality of graphene dispersed by pyrene derivatives, Py-SASS-

stabilized samples were characterized by HRTEM (Figure 4.2). Counting the number of 

layers at the edge of the graphene sheet, which is a common technique for assessment of 

the number of graphene layers,
38,169,171

 indicated that PY-SASS-stabilized graphene 

sheets are consisted of 2-4 graphene layers. Also, the lateral dimensions of the sheets 
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varied between 2 to 3 µm. The lateral size and number of layers of the sheets are 

consistent with the values reported in the literature for directly-exfoliated graphene 

sheets in the liquid phase after centrifugation.
38

    

 

 

Figure 4.2. HRTEM images of the graphene sheets in Py-SASS-stabilized aqueous dispersion. 

Counting the number of the layers on the edge of the sheets reveals the few-layer nature of 

stabilized graphene. The sheet size varies between 2 to 3 µm. 

 

 

The degree of exfoliation and the structural defects of the PY-SASS-stabilized 

graphene sheets were evaluated using RAMAN spectroscopy and comparison against 

parent expanded graphite spectra (Figure 4.3). Raman spectra of both materials 
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demonstrate the three characteristic peaks of graphitic materials at 1330, 1580, and 2680 

cm-1, corresponding to the D, G and 2D bands, respectively. The G band represents the 

presence of sp
2
-hybridized carbon bonds in both graphene and expanded graphite 

samples. The 2D band reflects the number of layers in the graphene and graphite 

sheets.
88

 The downward shift of graphene 2D band compared to the parent graphite 2D 

peak verifies the few-layer nature of the Py-SASS-stabilized graphene sheets. The D 

band is representative of lattice defects and edge effects. Compared to parent graphite, 

the D band of graphene sample demonstrated increased intensity; this could be attributed 

to the increase in the number of graphene edges exposed in exfoliated sheets with lower 

later size.
88,169

    

 

 

Figure 4.3. Raman spectra of expanded graphite and Py-SASS-stabilized graphene. Downward 

shift of the 2D band at 2675 cm
-1

 confirms the few-layer nature of the stabilized graphene. 

Presence of Py-SASS on the graphene surface  appears in the broad shoulder bound to the 2D 

band.  
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4.3.2    Effectiveness of pyrene derivatives as graphene stabilizers  

Pyrene is a prominent polycyclic aromatic hydrocarbon (PAH) with a molecular 

structure similar to graphene. The existence of sp
2
-hybridized carbon network in pyrene 

facilitates the electron sharing with graphene through π-π interactions.
333,334

 Pyrene 

derivatives consist of a pyrene basal plane which is covalently functionalized by any of 

the carboxyl, sulfonyl, hydroxyl and amine groups. In the water, these molecules adsorb 

on graphene surface through π-π interactions to minimize the total surface energy of the 

dispersion. Meanwhile, the polar functional groups provide stability in water, as well as 

an electrostatic repulsive shield around the graphene sheets (Figure 4.4).    

 

 

 

Figure 4.4. Schematic of mechanism of pyrene derivatives adsorption on graphene surface. 

 

 

The effectiveness of pyrene derivatives as graphene stabilizers was evaluated by 

measuring the post-centrifugation concentration of graphene sheets in the dispersions. 

Figure 4.5 demonstrates the final graphene concentrations in the dispersions, stabilized 

by various concentrations of different pyrene derivatives.  
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Figure 4.5. Final concentration of graphene stabilized by different pyrene derivatives 

concentrations. The concentration of parent expanded graphite in all the dispersions was 20 

mg/ml.     

 

 

Since different graphene concentrations were obtained using different pyrene 

derivatives, and based on the fact that pyrene derivatives are only different in their 

functional groups, we argue that the effectiveness of these molecules as stabilizers is 

determined by the type of the functional group attached to the pyrene basal plane. For a 

range of initial stabilizer concentrations, Py-SASS and Py-SAH with one sulfonyl group 

yielded higher graphene concentrations than the PCA and PBA which each have one 

carboxyl group. Moreover, the Py-M-NH2 with amine functional group was the least 

effective stabilizer among all the pyrene derivatives, yielded the lowest graphene 

concentration (0.089 mg/ml). Therefore, a trend of functional groups effectiveness 

exists, summarized as sulfonyl> carboxyl> amine (Table 4.1). This trend may be 

explained by the mechanism behind the adsorption of pyrene derivatives on graphene 

surface. The pyrene derivatives adsorb on graphene by sharing π electrons (i.e. π-π 

interactions); the electron acceptance/donation between the two surfaces occurs due to 
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the variation in the electron density on their aromatic planes. The electron density on 

pyrene changes due to the temporary polarization that occurs in presence of the polar 

functional groups. The electron depletion/accumulation on pyrene surface is controlled 

by the electronegativity of the functional groups. The sulfonyl group in Py-SASS and 

Py-SAH has the highest electronegativity between the above-mentioned functional 

groups. This electron-withdrawing group reduces the electron density on the pyrene 

basal plane and facilitates the electron acceptance from the π-network of graphene 

surface. Hence, Py-SASS and Py-SAH have higher affinity to adsorb on the graphene 

surface and can stabilize higher number of exfoliated graphene sheets during the 

sonication process. The electronegativity of carboxyl group is lower than sulfonyl, thus, 

it has a lower tendency withdraw electrons from graphene and adsorb on its surface 

compared to sulfonyl group. The amine group has the least electronegativity among all 

the functional groups and is a weak electron-donor group. Hence, it has lower tendency 

for adsorption on graphene surface compared the other functional groups and yield the 

minimum stabilized graphene concentration.  

 

 

Table 4.1. Effect of functional groups on the graphene yield. The effectiveness of the functional 

groups changes in the order of sulfonyl > carboxyl > amine.  
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As the pyrene derivatives adsorb on graphene, their polar functional groups 

dissociate in the water and form an outer layer of counterions around the stabilized 

graphene sheets. According to DLVO theory, the total neutralization of the ions in the 

solution occurs at a distance from the surface, leaving a layer of counterions with a total 

opposite charge around the graphene.
335

 This layer acts as an electrostatic shield which 

imposes repulsive forces between the stabilized graphene sheets and prevents 

aggregation. A comparison between Py-SASS and Py-SAH-assisted dispersions allowed 

evaluating the effect of this ionic shield on the effectiveness of pyrene derivatives for 

graphene stabilization. These two pyrene derivatives are similar in structure with 

exception of their counterions. The PY-SASS with sodium as the counterion yields 

higher graphene concentrations (up to its solubility limit) than Py-SAH.  This may be 

attributed to the higher ionic strength and size of sodium compared to hydrogen ions (in 

Py-SAH). An electrostatic shield of sodium ions may provide stronger repulsive forces 

than a shield of hydrogen ions and thus, enables stabilization of higher number of 

graphene sheets by preventing the reaggregation.   

The number and position of functional groups attached to the pyrene is another 

important factor that affects the adsorption behavior and effectiveness of pyrene 

derivatives as graphene stabilizers. To our surprise, the Py-(SO3)4 with four sulfonyl 

groups yielded lower graphene concentration in the dispersion relative to Py-SASS 

(Figure 4.6). Also, this molecule could not disperse graphene at stabilizer concentration 

higher than 1 mg/ml. It is possible that the symmetric arrangement of four sulfonyl 

groups around pyrene reduces the probability of temporary polarization on aromatic 
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plane and reduces the electron-depletion on pyrene surface which is the adsorption 

driving force. Also, the presence of four functional groups creates a steric hindrance that 

prevents adsorption of this molecule on graphene surface.  These effects intensify at 

higher concentrations of stabilizer as the repulsion forces between the particles increase 

the electron density on the pyrene plane.  

 

 

Figure 4.6. The number and position of functional groups affects the graphene concentration in 

the dispersions. a) Py-SASS assisted dispersion with final graphene concentration of 0.11 mg/ml 

and b) Py-(SO3)4 assisted dispersion with final graphene concentration of 0.04 mg/ml. The same 

concentration of stabilizer (1 mg/ml) was used in both samples. 

 

 

The distance of functional groups from the pyrene is also an important parameter. 

Comparison of PCA- and PBA-stabilized dispersions reveals that with an increase in the 

stabilizer concentration PBA became more effective than PCA. At low stabilizer 

concentrations, the shorter distance of electronegative group from the pyrene facilitates 

the electron-withdrawal from the aromatic plane and improves the adsorption of PCA in 
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which the carboxyl group is closer to pyrene. However, as the stabilizer concentration 

increases, the repulsive forces between the sheets become stronger and lead to an 

increased electron density on the pyrene plane. In this situation, a larger distance from 

the pyrene reduces the charge transfer to aromatic plane and maintains the affinity of 

PBA for adsorption on graphene surface.     

 

 

Figure 4.7. Zeta potential changes with stabilizer concentration in Py-SASS-stabilized 

dispersions. The absolute value of the zeta potential decreased gradually with an increase in the 

Py-SASS concentration. 

 

 

For all the pyrene derivatives (except Py-SAH and Py-M-NH2) the graphene 

concentration in the dispersions went through a maximum as the stabilizer concentration 

increased. To study the reason of such behavior, we measured the zeta potential of a Py-

SASS-stabilized dispersion at various stabilizer concentrations (Figure 4.7).  As the 

pyrene derivatives adsorb on the graphene surface in water, the dissociated functional 

groups impose a net charge on the graphene sheets. The average value of this surface 
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charge is represented by the zeta potential value of the graphene dispersions. For Py-

SASS-stabilized dispersions, the reduction of the zeta potential absolute value upon 

addition of more stabilizers indicates a decrease in dissociation of the functional group at 

higher stabilizer concentrations. Despite of the availability of more pyrene derivatives 

for adsorption onto the graphene surface, the electrostatic repulsive forces provided by 

them is not sufficient to prevent reaggregation of graphene sheets.
336

  Thus, the overall 

graphene concentration decreases upon increase in stabilizer concentration. The 

graphene concentration in Py-SAH and Py-M-NH2-assisted dispersion initially 

increased and then remained constant. Reduced solubility of these two pyrene 

derivatives in water at higher concentrations is the main reason for plateau in the 

graphene concentration. Above the saturation concentration of these pyrene derivatives, 

the excess stabilizer could not contribute to graphene stabilization and the graphene 

concentration remained constant beyond the stabilizer solubility limit.  

TGA was performed to estimate the surface coverage of graphene by Py-SASS. 

Py-SASS carbonized completely at 750 ⁰C. The remaining mass of graphene at this 

temperature after deduction of Py-SASS fraction was about 11.25 %. The surface 

coverage of Py-SASS on graphene was calculated to be ~ 9.85* 10
-10

 mol/cm
2
, based on 

the theoretical surface area of graphene (2630 m
2
/g) and remaining mass of Py-SAA 

which was 88.75%. This is one order of magnitude higher than the previously reported 

surface coverage by covalently-bonded polymers on the graphene surface.
222
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Figure 4.8. Thermogravimetric analysis of Py-SASS and freeze-dried Py-SASS/graphene 

powder. 

 

 

4.3.3    Graphene yield and processability 

 The most important characteristic of pyrene derivatives-assisted dispersions is 

the high graphene to stabilizer ratio. The graphene concentration obtained using Py-

SASS at its optimal concentration was ~ 0.8 mg/ml; this concentration reached values as 

high as 1.2 mg/ml depending on the sonicator efficiency. The higher graphene 

concentrations reported in the literature were usually achieved by excessive sonication 

time (up to 400 hrs) and lower centrifugation force (500-1500 rpm) and duration (2-90 

min).
337

 Table 4.2 indicates the comparison of graphene ratio for dispersions prepared at 

the same experimental condition using Py-SASS, PVP and SDBS.
36,39

 The higher 

graphene/stabilizer ratio in Py-SASS-assisted dispersions enhances the graphene quality 

by reducing the amount of excessive stabilizer and facilitates the application of this 



94 
 

product in nanocomposites and electrode where the presence of residual impurities is a 

challenging issue.  

 

 

Table 4.2. Effectiveness of surfactants, polymers and pyrene derivatives as graphene stabilizers 

compared by their graphene yield and graphene/stabilizer ratio.  

 

 

 

 In an attempt to accomplish higher graphene yields, the initial graphite 

concentration was altered. Figure 4.9 illustrated the graphene concentration obtained 

using different expanded graphite concentration. For all the pyrene derivatives, the 

increase in EG concentration led to an increase in the final graphene concentration. 

However, large quantities of graphite may hinder an effective exfoliation during the 

sonication process. Furthermore, the increase in graphene yield upon addition of more 

EG depends on the stabilizer; Py-SASS- assisted sample showed the highest rate of 

increase in graphene yield.  
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Figure 4.9. Graphene concentration increases with addition of initial expanded graphite 

concentration.  

 

 

 Also, we attempted to disperse graphene into organic solvents including 

methanol, ethanol and acetone using pyrene derivatives. However, an immediate 

sedimentation of graphite after sonication indicated the incapability of pyrene 

derivatives for stabilization of exfoliated graphene in pure organic solvent. This might be 

attributed to the lack of a huge difference in polarities of pyrene derivatives and these 

solvents; under these circumstances the minimization of total surface energy of the 

dispersion does not occur through the adsorption path. Even if the pyrene derivatives 

adsorb on graphene surface, the weak dissociation of the functional groups in organic 

solvents cannot provide the strong repulsive shield around the graphene sheets. Thus, the 

aggregation of exfoliated graphene sheets is inevitable. 
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 In addition, we investigated the stability of graphene dispersion in mixtures of 

water and ethanol. Graphene concentration after addition of different amounts of ethanol 

to the dispersions and centrifugation is indicated in Figure 4.10. The graphene 

concentration decreased upon addition of more ethanol to the dispersion. With more than 

60 vol% of ethanol in the dispersion, complete aggregation of graphene sheets and 

sedimentation occurred after one hour of centrifugation. Addition of ethanol to the 

dispersion changes the polarity of the solution and affinity of Py-SASS to remain 

adsorbed on the graphene surface. In presence of more ethanol molecules, desorption of 

Py-SASS from graphene surface reduces the net charge of the surface and weakens the 

repulsive shield around the sheets which leads to destabilization of graphene. Further 

centrifugation of samples containing 50 and 60 vol% of ethanol for one more hour led to 

aggregation and sedimentation of the graphene. This observation confirms the fact that 

desorption of Py-SASS from graphene surface after addition of ethanol is a transition 

between two equilibrium states that happens in a timely manner. The overnight 

centrifugation of samples with 10-40 vol% of ethanol did not change the graphene 

concentration; this means that desorption of Py-SASS in presence of up to 40 vol% of 

ethanol is negligible.  
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Figure 4.10. The post-centrifugation graphene concentration in mixtures of ethanol/water. 

Ethanol was added to an aqueous dispersion of graphene to prepare dispersions with 10-90 vol.% 

of ethanol. 

 

 

In order to obtain aggregation-resistant graphene powder, the aqueous 

dispersions were freeze-dried after centrifugation. The stability of the resultant graphene 

powders against aggregation was tested by redispersion into the water and subsequent 

centrifugation. The Py-SASS/ and Py-SAH/graphene powders were easily redispersible 

without any further sonication (Figure 4.11), but partial sedimentation occurred in all 

other samples.  
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Figure 4.11. Redisperiosn of freeze-dried Py-SASS/graphene powder in water at original 

dispersion concentration.   

 

 

4.3.4    Stability of graphene dispersions 

 In terms of long-tem stability, all the dispersions were stable several months with 

exception of Py-SAH-assisted sample which was slightly aggregated after 2 months. The 

colloidal stability of all the dispersions was evaluated by zeta potential measurement 

over a wide range of pH. The results are represented in Figure 4.12. The samples 

stabilized with sulfonyl-containing pyrene derivatives were the highly stable over a wide 

range of pH compared to the other dispersions. Both Py-SASS- and Py-(SO3)4-assited 

samples had zeta potential values higher than ± 30 at their original pH which is 

indicative of their colloidal stability.  The Py-SAH-assisted sample had a low zeta 

potential value at its original pH of 2 which explains its aggregation over time. However, 

the increase in the pH of this sample made it stable at a pH range of 6-8.5.  The 

aggregation of the graphene sheets in these samples were traced with the increase in the 

average particle size measured by the dynamic light scattering (Table 4.3).  
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Figure 4.12. zeta potential of graphene dispersion prepared with pyrene derivatives at different 

pH values. The original pH of the dispersions before any change by acid or base addition is 

mentioned in the parentheses in front of each pyrene derivative.   

 

 

 

 

 

Table 4.3. Average particle size in sulfonyl-containing graphene dispersions at various pH 

values measured by DLS technique.  
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Despite of the lower zeta potential values measured for the PCA, PBA and P-M-

NH2-assisted samples, these dispersions were stable over months. The stability of the 

PCA and PBA-assisted dispersions was restricted to highly basic media due to the 

presence of carboxyl groups and they destabilized with slight decrease in the pH. 

However the destabilized PCA and PBA-samples were recovered to the original well-

dispersed state upon addition of a base (Figure 4.13). This observation confirms that the 

destabilization of these samples is a reversible flocculation process that occurs solely 

because of the lower solubility of PCA and PBA in water at lower pH values. PCA and 

PBA remain adsorbed on graphene surface during the destabilization and prevent 

reaggregation of graphene sheets; upon recovery of the original pH these sheets 

redisperse back into the water.  

 

 

Figure 4.13. Flocculation and redispersion of PCA-stabilized graphene dispersion upon pH 

changes: a) The original dispersion at pH= 11, b) the destabilized dispersion after addition of 

acid at pH= 3 and c) the recovered dispersion after increasing the pH to 10.5 by addition of base. 

(Note that the concentration is lowered simply by dilution effects of the acid and base.) 
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The stability of dispersions at higher temperature is illustrated in Figure 4.14. 

The dispersions with sulfonyl groups showed thermal stability at higher temperatures 

compared to the other samples. In fact, the Py-SASS-assisted dispersion was stable up to 

100 ⁰C; the stability at higher temperatures makes it a promising candidate for further 

processing for nanocomposite applications. 

 

Figure 4.14. Visible stability of graphene dispersions against temperature changes.  

 

 

4.3.5    Graphene-polymer nanocomposites 

 For the first time, we investigated the application of graphene dispersion 

stabilized with pyrene derivatives in polymer nanocomposites. To prepare 

graphene/epoxy composite thin film, the Py-SASS-stabilized graphene dispersions were 

freeze-dried and the resultant graphene powder was mixed into the epoxy matrix, 

followed by degassing and doctor-blading of the mixture (Figure 4.15). The SEM 

images the epoxy before and after graphene addition are depicted in Figure 4.16. 
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Figure 4.15. 0.5 wt % graphene/epoxy composites prepared by a) Doctor-blading and b) casting 

in a Teflon mold. 

 

 

 

Figure 4.16. SEM images of a) epoxy and b) Py-SASS stabilized graphene/epoxy composite. 

 

 

  

The mechanical and electrical properties of doctor-bladed thin films of Py-SASS- 

and PVP- stabilized graphene/epoxy are represented in Table 4.4. The electrical 

conductivity of both samples is in the same range and both graphene samples enhanced 

the electrical conductivity of the insulating epoxy matrix. The Py-SASS-stabilized 

sample had a higher Young’s modulus than the PVP-stabilized sample; however, the 

lower yield strength of the Py-SASS containing sample may be attributed to the poor 
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dispersion of the Py-SASS/graphene powder in the epoxy matrix. While the Py-

SASS/graphene powder slightly agglomerated in epoxy matrix even after 40 min of 

sonication, the PVP/graphene sample homogeneously disperses into epoxy matrix.  

 

 

Table 4.4. Mechanical and electrical properties of 0.5 wt%  PVP- and Py-SASS-stabilized 

graphene/epoxy composites.  

 

  

 

4.4    Conclusion 

 In summary, we investigated the applicability of pyrene derivatives as graphene 

stabilizer in aqueous dispersions. We showed that using Py-SASS, graphene 

concentrations as high as 1 mg/ml were obtained. Also the graphene to stabilizer ratio 

achieved by pyrene derivative sis much higher than those obtained using polymers and 

surfactants as stabilizers. Also, the effect of the molecular structure of pyrene derivatives 

on the graphene yield was studied. We demonstrated that the electronegativity of the 

functional groups is an important factor that affects the adsorption of these species on 

the graphene surface. The ionic strength and size of the counterions of the functional 

groups determines the strength of the repulsive shield around the graphene sheets and 
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affects the final graphene concentration. The number and position of the functional 

groups, as well as their distance from the pyrene basal plane are the other parameters 

that control the adsorption of pyrene derivatives, graphene stabilization and final 

concentration. The long-term colloidal stability of the solution were examined by 

centrifugation and zeta potential measurements. We evaluated the processability of the 

dispersions by studying the effects of solvent exchange and stability against 

lyophilization. Also, the stability of dispersions against pH and temperature changes was 

investigated. Finally, we prepared graphene/epoxy composite thin film using the Py-

SASS-stabilized graphene dispersions. The knowledge of stabilization mechanism and 

the effect of controlling parameters allows for design of novel graphene stabilizers with 

desirable molecular structures that match with various exfoliation and dispersion media.  

In Chapter V, we use pyrene-graphene π-π interactions to design a novel polymeric 

dispersant for pristine graphene. 
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CHAPTER V 

DESIGNER PYRENE-FUCNTIONAL STABILIZER FOR PRISTINE 

GRAPHENE/POLYSILOXANE CONDUCTIVE FILMS AND 

NETWORKS
*
 

5.1    Introduction 

Incorporation of graphene sheets into polymer matrices allows the unique 

properties of these sheets to be exploited not only in transparent thin films, but also in 

bulk materials like polymers. In nanocomposites, graphene’s electrical and thermal 

conductivity and mechanical rigidity are able to enhance the material properties of the 

polymeric matrix.
185,186,214,215

 Liquid-phase exfoliated graphene sheets are promising

fillers for nanocomposites due to their high quality, processability and the large 

quantities in which they can be produced. Solution mixing and melt blending are the 

common methods used to disperse the graphene sheets into the polymer 

matrix.
186,189,190,194-196,214

 However, the poor graphene dispersion obtained by these

methods prevents the enhancement of nanocomposite properties at low loadings of 

graphene. The poor dispersion and aggregation of sheets is more pronounced when 

pristine graphene is used instead of GO or RGO; the surface chemistry of GO and RGO 

makes them more polymer-philic. 

 *Part of the data reported in this chapter was reproduced by permission of Royal Society of Chemistry 
from (Parviz et al., “Designer stabilizer for preparation of pristine graphene/polysiloxane films and 
networks”, Nanoscale, 2014, 6, 11722-11731).  
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As mentioned in Chapter III, alternative dispersing methods such as in situ 

polymerization,
201-203,205

 modification of graphene surface through covalent, 
216-218,220

 

and non-covalent functionalization.
221,222,225,338

 have been practiced to improve the 

polymer-graphene interfacial interactions. Yet, these methods heavily rely on the surface 

chemistry and reactivity of GO sheets. The few exceptions were those cases in which 

conjugated copolymers and conductive polymers were attached to pristine graphene 

surface via π-π interactions.
223,224

 The non-covalent functionalization of pristine 

graphene with polymers has been rarely reported.
339

 

The usage of GO in nanocomposites is problematic since it is electrically 

insulating and needs further reduction to become conductive; however, the common 

chemical or thermal reduction methods are not always applicable in presence of 

polymers. Usage of RGO in nanocomposites has its own complications; RGO shows 

poor dispersibility in most of the solvents relative to GO, while its properties cannot 

reach those of pristine graphene. 
326,340

        

 In the last chapter, we demonstrated that exfoliation and stabilization of pristine 

graphene in water is feasible using pyrene derivatives. The pyrene basal plane can 

adsorb on graphene surface through π-π interactions and the functional groups provide 

an electrostatic repulsive shield around the sheets to prevent reaggregation. However, 

addition of those stabilized graphene sheets to the epoxy matrix was not sufficient to 

enhance its electrical conductivity drastically. We argued that poor dispersion of 

graphene sheets within the epoxy due to their incompatibility was responsible for the 

lack of a considerable increase in electrical conductivity of the nanocomposite. 
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Furthermore, the presence of excessive pyrene derivatives in the matrix induces extra 

interfacial tension which can prevent proper electron transfer within the nanocomposite.  

In this chapter, we take advantage of the pyrene-graphene interactions to design a 

polymer-based stabilizer for graphene. We tailor the polymer structure by grafting 

pyrene groups to its backbone to induce π-π interactions between the polymer and 

graphene. Such a designer polymer acts as both graphene stabilizer and polymer matrix 

in the nanocomposite. Using this polymer, the exfoliation of graphene sheets in the 

solvent and mixing them into the polymer matrix are performed in one single step in 

presence of an appropriate solvent. The polymer-stabilized graphene dispersions are 

simply cast to form graphene/polymer composite films and networks. In those 

composites, the presence of excessive incompatible stabilizer molecules is not anymore 

an issue. 

This works was done in collaboration with Dr. Ronald Hedden at Texas Tech 

University, Department of Chemical Engineering. The polymer synthesis and 

characterizations were partially performed by his Ph.D. student, Ziniu Yu.  This work 

was published in 2014 as a journal article in Nanoscale.
341

  

 

5.2    Background of the graphene/silicone nanocomposites  

Polydimethylsiloxane (PDMS) is an organosiloxane polymer having a low glass 

transition temperature and good thermal stability, which is used in a wide range of 

applications such as elastomers, electronic materials, microfluidics, medical devices, and 

piezoresistive devices.
342

  Due to the attractive possibilities of enhancing mechanical or 
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electrical properties of silicones by addition of carbon nanomaterials, numerous studies 

have reported incorporation of graphite nanoplatelets, GO and RGO into PDMS. 

Kujawski et al. mixed exfoliated graphite into the PDMS and observed a percolation 

threshold at 3 wt. % loading of the filler, along with enhanced mechanical properties of 

the composite.
343

 Chen et al. studied the piezoresistive behavior of PDMS composites 

filled with graphite nanosheets by wet-mixing.
344

  Raza et al.  blended PDMS with 

graphite nanoplatelets through mechanical mixing and studied thermally conductive 

behavior at interfaces.
345

 Ozbas et al. mixed exfoliated, oxidized graphite sheets into 

PDMS, which led to a low percolation threshold at 0.8 wt. % loading of the filler and 

also a tenfold decrease in gas permeability through the composite. 
346

 Xu et al. shear-

mixed RGO into PDMS to enhance the mechanical properties.
347

  However, the 

aggregation of nanosheets made it difficult to obtain a homogenous dispersion of the 

fillers in the polymer. To overcome this issue, several research groups tried methods 

other than conventional mixing of the filler into the polymer matrix. Guimont et al. 

grafted PDMS onto graphite oxide sheets via a hydrosilylation reaction and varied the 

grafting density to enhance the filler dispersion quality in the PDMS.
348

 Gao et al. 

covalently attached the GO to PDMS, and they observed enhancement in mechanical 

properties.
349

 Hou et al. functionalized GO to make its surface energy more compatible 

with PDMS.
350

 Also, some groups have infused pre-made graphene or CNT aerogels (or 

other conductive monoliths) with PDMS, creating rigid composites.
351

  

In all prior studies, expanded graphite, GO or RGO were used as conventional 

nanofillers, with varying degrees of success in dispersion. One possibility which has not 
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been explored is to incorporate pristine graphene into linear PDMS or its copolymers in 

order to produce a conductive, liquid-phase nanocomposite that is well above its glass 

transition temperature at ambient temperature. In the absence of solvent, such a material 

does not have any vapor pressure, which is potentially favorable for conductive fluid 

applications. In order to disperse pristine graphene in a solvent-free polymer, graphene 

sheets should interact strongly with the surrounding polymer matrix.  

Here we introduce a new strategy for combining pristine graphene with a 

siloxane-based matrix using a designer stabilizer that utilizes graphene-pyrene π-π 

interactions (Figure 5.1). Pyrene side groups are grafted to a PDMS backbone through 

hydrosilylation reaction. Pristine graphene-rich films with electrical conductivity up to 

200 S/m were prepared by casting the copolymer-stabilized graphene dispersions and 

leaching out the excess, unbound polymer on a porous substrate. The graphene-

containing PDMS-pyrene copolymers can also be crosslinked readily by simply 

changing the stoichiometry of the hydrosilylation reaction, producing the first example 

of a silicone elastomer containing pristine graphene. The final pristine graphene/polymer 

composite is a two-component system which does not have functional groups covalently 

bonded to the graphene, leaving the conjugation of the graphene rings intact.  

 

 

Figure 5.1. Designing pyrene-based polymeric stabilizer for pristine graphene. 
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5.3    Experimental procedures 

5.3.1    Materials 

Poly(dimethylsiloxane)-co-(methylhydrosiloxane) copolymer (HMS-064, 5-7 

mole % PMHS) was purchased from Gelest Inc (USA). Cis-dichlorobis(diethyl sulfide) 

Pt (II) catalyst was purchased from Strem Chemicals (USA). 1-ethynylpyrene, 

chloroform (HPLC grade), toluene (ACS grade) and methanol (ACS grade) were 

purchased from Sigma-Aldrich (USA). Expanded graphite was provided by Asbury 

Carbons (CAS# 7782-42-5, Grade 3806, USA).  

 

5.3.2    Synthesis of the pyrene-containing copolymers 

 Synthesis of poly(dimethylsiloxane)-co-(methyl(vinylpyrenyl)siloxane) linear 

copolymers (PMPyS): 5.0 g of HMS-064 copolymer was dissolved in 52.8 g of 

chloroform.  30 mol % excess (1.2 g, 5.3 mmol) of 1-ethynylpyrene was added to the 

solution, which was homogenized by stirring and heated to 44 C.  847 l of a toluene 

solution of cis-dichlorobis(diethyl sulfide) Pt (II) (2.6610
-3

 g/g toluene) was added to 

initiate the hydrosilylation reaction.  This grafting reaction was allowed to proceed at 44 

C for 3 d in solution. The reaction product was purified and separated into fractions of 

comparatively narrow molar mass distribution by fractional precipitation from 

chloroform (a good solvent) by incremental addition of methanol (a poor solvent).  

Initial polymer concentration was approximately 10 g/L in chloroform.  The residual 

liquid phase was discarded.  
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Synthesis of poly(dimethylsiloxane)-co-(methyl(vinylpyrenyl)siloxane) networks 

(PMPyS-N): A crosslinked network of PMPyS was obtained by reacting 

poly(dimethylsiloxane)-co-(methylhydrosiloxane) with an amount of 1-ethynylpyrene 

that was insufficient to convert all of the silane groups of the copolymer to vinylpyrene 

groups.  An initial mole ratio of silane:alkyne groups of 1.7:1 was chosen. 1.84 g of 

HMS-064 copolymer was dissolved in 6.2 g of chloroform.  0.20 g (0.88 mmol) of 1-

ethynylpyrene was added to the solution, which was homogenized by stirring and 

subsequently heated to 44 C.  110 l of a solution (2.6610
-3

 g/g toluene) of cis-

dichlorobis(diethyl sulfide) Pt (II) was added to initiate the hydrosilylation reaction 

between the alkyne group of the 1-ethynylpyrene and the silane groups of the polymer 

backbone.  The grafting reaction was allowed to proceed at 44 C for 3 d without 

stirring.  The reaction product was poured into an open PTFE container and chloroform 

was allowed to evaporate at 22 
o
C for 4 h until a viscous, bronze-colored film was 

obtained. The temperature was increased to 110 C and the film was allowed to cure for 

7 d in air.  No precautions were taken to prevent ambient moisture from entering the 

film, and the relative humidity was approximately 40-50 % at the ambient temperature 

of 22 C. The resulting network was swelled to equilibrium in excess chloroform at 22 

C for 3 d, during which time the chloroform was changed twice.  The extractable mass 

fraction of the network was determined after de-swelling the network by gradual 

addition of methanol, vacuum-drying the material, and recording its mass.   
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5.3.3    Preparation of graphene dispersions 

Preparation of Graphene Dispersions using PMPyS linear copolymers (PMPyS-

G): In a typical preparation, a specific amount of a fractionated PMPyS polymer was 

dissolved in chloroform to obtain 1.0 mg/ml of pyrene in the final solution. Expanded 

graphite (EG) was subsequently added to the solution (30 mg/ml) and was tip sonicated 

(Misonix sonicator, XL 2000) for 1 h.  During the sonication, an ice bath was used to 

maintain the sample at room temperature to avoid any chloroform evaporation and to 

maximize the efficiency of the exfoliation process. All dispersions were centrifuged 

(Centrific Centrifuge 225, Fischer Scientific) at 5000 rpm for 4 h in order to remove 

graphitic aggregates. The supernatant of the centrifuged samples was collected and used 

for further processing and characterization. Also, the original unfractionated polymer 

was used to disperse graphene through a similar procedure.  

 

5.3.4    Preparation of graphene/copolymer composite films and networks 

Synthesis of PMPyS network with Included Graphene (PMPyS-NG):  A 

crosslinked network containing pristine graphene flakes was prepared by a procedure 

similar to PMPyS-N networks.  After 3 d reaction between HMS-064 and 1-

ethynylpyrene in chloroform, the resulting polymer solution (with solids concentration 

of 20 mg/ml) was sonicated in the presence of expanded graphite (30 mg/ml).  The 

resulting suspension was centrifuged to remove excess graphite, leaving a black solution 

of polymer-stabilized graphene in the supernatant.  The concentration of graphene was 

measured using the absorbance of the dispersion at 660 nm. This solution was deposited 
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into the PTFE container and cured in air using the same temperature and humidity 

profile used for PMPyS-N.  

 

5.3.5    Characterization  

FT-IR (Fourier Transform Infrared Spectroscopy): The expected product 

structure of linear PMPyS was confirmed by FT-IR analysis of the purified fractions 

using a Thermo Nicolet Nexus 470 spectrometer. In addition, the crosslinking reaction 

was monitored by FT-IR spectroscopy.  A thin film of the reaction mixture was 

deposited onto a KBr disk and cured with the same temperature program used to prepare 

bulk samples, while spectra were recorded periodically. 

GPC (Gel Permeation Chromatography): The PMPyS fractions obtained were 

characterized by GPC using tetrahydrofuran as mobile phase and four Phenomenex 

-10
6
 -10

5
 -10

4
 -10

3
 Å) in series 

covering a molar mass range of 1 kg mol
-1

 to 10,000 kg mol
-1

, which were calibrated by 

poly(methyl methacrylate) (PMMA) standards. All molar masses reported are relative to 

PMMA. Elution of the polymer was detected by a Varian 380-LC mass-evaporative 

detector, and elution of the pyrene groups was detected by a KNAUER V2.8 ultraviolet-

visible detector at a wavelength of 348 nm.   

UV-Vis Spectroscopy: UV-Vis spectroscopy was performed on a Shimadzu 2550 

spectrophotometer on fractionated PMPyS solutions in chloroform to measure the 

pyrene content of each fraction. All fractions of PMPyS were dissolved in chloroform 

with a polymer concentration of 1 mg/ml.  Samples were scanned from wavelength 200 
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nm to 800 nm with pure chloroform as a reference. Also, the absorbance was measured 

on all PMPyS-G samples at 660 nm to measure the concentration of graphene in 

dispersions. The absorbance of the PMPyS copolymer was negligible at this wavelength.  

The extinction coefficient for graphene in presence of the polymers in chloroform was 

calculated through the vacuum filtration method.  

HR-TEM (High Resolution Transmission Electron Microscopy): The dispersions 

of PMPyS-G and the dispersion prepared with unfractionated polymer in chloroform 

were deposited on lacey carbon TEM grids and dried in the air for 1 min. A voltage of 

75 kV on a Hitachi H8100 was used to image the samples.  

SEM (Scanning Electron Microscopy): An accelerating voltage of 2 kV was used 

to image the samples on a Hitachi S4300 SE/N. The PMPyS-G sample was cast on a 

filtration membrane (PTFE, 0.2 µm, Omnipore Membrane Filters) for imaging. Samples 

were mounted on double face carbon tape. 

Conductivity measurements: The electrical resistance of the samples was 

measured using the four-point probe method. The four-point probe head (Signatone, 

SP4-40045TBY) was mounted on a resistivity measurement stand (Signatone, Model 

302). The current was supplied by a high impedance current source (Keithley 2400) 

through the outer two probes. A voltmeter (Keithley 2000) was used to measure the 

voltage across the inner two probes. 

DSC (Differential Scanning Calorimetry): The thermal behavior of the polymers 

before and after graphene loading was characterized by DSC (TA Instruments, Model Q-

20-1848). Approximately 5 mg of each sample was sealed in an aluminum pan and 
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heating traces were recorded under a nitrogen atmosphere. The heating rate for all the 

samples was 10 °C min
-1

 and samples were heated from -80 °C to 90 °C.  

 

5.4    Results and discussion 

5.4.1    Design of pyrene-containing copolymer 

To synthesize a pyrene-containing polysiloxane stabilizer, pyrene groups of 

1-ethynylpyrene were grafted to the backbone of a silicon-based copolymer through 

hydrosilylation reaction. Figure 5.2 shows the proposed mechanism of reaction between 

the alkyne group of the 1-ethynylpyrene and the silane groups of the polymer backbone. 

The Si-H groups of PHMS covalently bond to the ethynyl groups through 

hydrosilylation, forming a substituted alkene.  Further reaction of the alkene with an 

additional Si-H is unlikely due to both steric hindrance and due to conjugation with the 

adjacent pyrene ring.  The percentage of Si-H groups bonding to pyrenes through this 

reaction depends on the initial mole ratio of ethynyl and Si-H groups present in the 

reaction medium.  If the ratio of SiH:ethynyl is higher than 1.0, then excess Si-H groups 

remain intact after the alkynes are exhausted. These remaining Si-H groups self-

crosslink later and form networks. However, if this ratio is lower than one, then most or 

all of the Si-H groups undergo the hydrosilylation reaction and the product is a linear 

copolymer.  We studied 1.7:1.0 and 1.0:1.3 as SiH:alkyne ratios to illustrate the dramatic 

differences in the product resulting from reaction stoichiometry.  
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Figure 5.2. Synthesis of PMPyS copolymer via grafting 1-ethynylpyrene to PDMS-PHMS 

copolymer backbone through a Pt-catalyzed hydrosilylation reaction.   

 

 

5.4.2    Analysis of linear copolymers (PMPyS) 

The reaction with the SiH:ethynyl ratio of 1.0:1.3 produces a linear copolymer 

having a broad chain length distribution.  Therefore, we separated the sample into seven 

fractions of narrower molar mass distribution, with Mw ranging from 49 kg mol
-1

 to 262 

kg mol
-1

, by fractional precipitation. The goal was to create well-defined polymeric 

stabilizers that were free of low molar mass species, in order to evaluate their 

effectiveness as graphene dispersants. The fractionation procedure not only narrows the 

molar mass distribution, but also removes the majority of low molar mass by-products 

and oligomers. GPC results (Figure 5.3) show the fractionated samples with 

polydispersity index (PDI, Mw/Mn) much less than 2.0 and containing a minimum 

amount of oligomeric impurities. Average molar mass characteristics of the fractions are 

summarized in Table 5.1.  
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Figure 5.3. Elution profiles of different PMPyS fractions from GPC (performed by Ziniu Yu). 

 

 

 

 

 

 

Table 5.1.  Molar masses of the PMPyS fractions obtained from GPC analysis (performed by 

Ziniu Yu). 

 

 

 

The expected structure of the PMPyS copolymer was confirmed by FT-IR 

analysis of the purified fractions (Figure 5.4).  Absence of the alkyne band at 3294 cm
-1

 

in the PMPyS copolymers indicated a lack of free 1-ethynylpyrene, and appearance of 

 Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 Fraction 6 Fraction 7 

Mw (kg/mol) 262 143 135 92 77 57 49 
Mn (kg/mol) 170 82 124 78 66 56 43 
Mw/Mn 1.55 1.74 1.09 1.18 1.17 1.02 1.13 

 



118 
 

both a C=C stretch band at 1596 cm
-1

 and a second band at 1508 cm
-1

 is indicative of a 

C=C:Pt complex formed after grafting of pyrene groups to the polymer chains.
352,353

  

Attachment of the pyrene groups to the polymer backbone was also confirmed by GPC 

analysis with multiple detections.  Simultaneous elution of pyrene groups and polymer 

chains confirmed that grafting of pyrene groups to the backbone was successful (Figure 

5.5). A minimal amount of free pyrene groups elutes with the residual impurity peak 

around t = 80-95 min, indicating that a majority of the original pyrene groups were 

successfully grafted to the polymer backbone. 

 

 

Figure 5.4. FT-IR spectra of fraction 4 of the PMPyS sample (performed by Ziniu Yu). 
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Figure 5.5. GPC analysis of a fraction 4 of the PMPyS sample confirms the attachment of 

vinylpyrene groups to the polymer backbone (performed by Ziniu Yu).   

 

 

 

The pyrene content of each PMPyS fraction was estimated by comparing its UV 

absorbance spectrum to that of 1-ethynylpyrene (Figure 5.6, Table 5.2). 1-ethynylpyrene 

exhibits two absorbance bands near 350 and 330 nm, as do the PMPyS fractions; these 

bands are absent in the PDMS-PMHS copolymer as obtained from the supplier.  The 

pyrene content in each PMPyS fraction was therefore estimated from these bands by 

comparison to a 1-ethynylpyrene solution of known concentration.  The results show that 

the pyrene content of the PMPyS fractions is independent of the Mw within the limits of 

uncertainty of the experiment.  There is no discernable trend in the pyrene content of the 

PMPyS chains with increasing molar mass. 
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Figure 5.6. UV-vis spectra of the copolymer precursors and all of the PMPyS fractions. 

 

 

 

 

 

Table 5.2. Pyrene content of different PMPyS fractions (based on the area under UV-vis spectra 

of each fraction). 

 

 

 

 

5.4.3    Graphene/copolymer (PMPyS-G) dispersions  

The basic procedure for preparing dispersions of stabilized pristine graphene 

involves exfoliation of the graphene using tip sonication in a given solvent with the 

stabilizer pre-dissolved in the solvent; this step is followed by centrifugation to remove 

non-exfoliated graphitic material. The stable colloidal graphene remains in the 

supernatant with a concentration measured by UV-vis absorbance at 660 nm. We first 
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checked whether 1-ethynylpyrene itself can act as a stabilizer in chloroform, but the 

resulting concentration of dispersed graphene was zero. This observation is consistent 

with our prior work;
33

 regardless of π-π interactions between the graphene and pyrene, 

this particular functional group on the pyrene cannot provide enough electrostatic or 

steric repulsion to prevent aggregation of graphene sheets.  In contrast, we successfully 

dispersed the graphene via the fractionated PMPyS samples in chloroform.  Adsorption 

of the PMPyS to the surface of the graphene sheets not only hinders aggregation of the 

sheets, but provides a mechanism for the sheets to remain suspended in solution 

indefinitely due to the favorable free energy of mixing between the macromolecular 

stabilizers and the solvent.  

The average extinction coefficient (at 660 nm) for graphene in presence of the 

polymer in chloroform was 2200 L g
-1

m
-1

, which was measured by the typical procedure 

of vacuum filtration. The graphene concentration after centrifugation was between 0.1- 

0.7 mg/ml for various fractions (Figure 5.7). In prior work on pristine graphene 

dispersions, the graphene concentration showed a clear trend with stabilizer 

concentration. 
33,39

 The dependence of graphene concentration on stabilizer 

concentration is somewhat complex in the current case since the fractions vary in both 

molar mass and pyrene content. For simplicity, pyrene concentration was held constant 

for each fraction in the graphene dispersion experiments. With pyrene concentration held 

constant, the other quantities that vary from one fraction to another are the total polymer 

concentration and the molar mass. No trend in graphene concentration is seen at constant 

pyrene content. All PMPyS fractions are clearly capable of dispersing graphene in 
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chloroform solution, regardless of molar mass.  Thus, it appears that the overall 

concentration of the pyrene groups, rather than chain length, may be the key factor that 

governs the maximum achievable concentration of dispersed graphene. 

 

 

Figure 5.7. Graphene concentration variation vs. PMPyS fractions concentration; the pyrene 

content in the dispersions of all fractions was held constant at 1 mg/mL.   

 

 

HRTEM images (Figure 5.8) show representative graphene sheets deposited 

from the dispersions onto a grid. The typical sheet sizes are 1 µm. The edge count for 

several samples shows that sheets typically consist of 3-4 layers. This edge count is 

typical for tip-sonicated pristine graphene dispersions enabled by a stabilizer.
38,169
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Figure 5.8. HRTEM images of (a) graphene sheets stabilized by unfractionated PMPyS 

copolymer, the inset shows the fraction 4 graphene dispersion and (b) a graphene sheet in 

dispersion prepared by fraction 4 of the PMPyS copolymer, the inset shows the edge of the same 

graphene sheets and verifies the few-layer nature of stabilized graphene sheets.  

 

 

 

5.4.4    Graphene/copolymer (PMPyS-G) films 

 To evaluate the properties of the graphene/copolymer system in the 

absence of the solvent, a sample with an initial concentration of 1.7 vol. % graphene was 

cast onto a non-porous polypropylene substrate to form a film. The sample was kept at 

room temperature for a day to ensure that the chloroform was completely removed. The 

electrical conductivity of this film was 2.6 * 10
-5

 S/m, and no increase in conductivity 

was observed within a few weeks afterward. We hypothesized that removal of the 

unbound polymer chains which are not adsorbed on the graphene may enhance the 

electrical conductivity of the sample. In order to substantiate this hypothesis, a simple 

technique was applied to remove the free polymer chains from the sample. The same 
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dispersion was cast onto the PTFE membrane with 0.2 µm pore size to yield a film with 

initial 1.7 vol. % graphene content (Figure 5.9). This film was not crosslinked or glassy, 

so the free PMPyS chains were absorbed into the pores of the membrane, leaving a 

concentrated film of graphene and bound PMPyS on the surface. The lateral dimensions 

of the graphene sheet are large enough to prevent sheets from entering the pores. SEM 

images show no large graphene aggregates and the film morphology has a uniform 

appearance (Fig. 5.9).  

 

 
 

Figure 5.9. SEM images of (a) the top surface of the graphene/PDMS film (fraction 4) cast on 

the membrane and (b) cross section of the film on the membrane (inset shows digital image of 

the cast film). The average thickness of the sample is ~ 10 µm. This film has an electrical 

conductivity of 220 S/m. 

  

 

The electrical conductivity of the sample on the membrane was ~4 S/m after 

being kept at ambient temperature for 2 d. The drastic increase in the electrical 

conductivity of the sample verifies the removal of unbound polymer chains, increasing 

the graphene concentration. Furthermore, the electrical conductivity of the same sample 
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was measured after 3 months, at which point the conductivity had increased to 220 S/m. 

Such a considerable increase can be attributed to gradual leaching of unbound PMPyS 

chains into the membrane, leaving a concentrated film of polymer-stabilized graphene 

on the surface. As the PMPyS linear copolymers are well above their Tg at room 

temperature and can be considered to be a melt, leaching of unbound chains from the 

film into the pores is likely. The capillary effect induced by the porous structure of the 

membrane drives the migration of the free polymer chains into the membrane, while the 

graphene-bound chains remain on top of the membrane. The conductivity value of 220 

S/m is significantly higher than what has been reported for polymeric films in the 

pristine graphene nanocomposite literature. Furthermore, removal of unbound polymer 

using a porous substrate can be considered as a useful post-processing technique to 

increase graphene content and composite conductivity that may be useful in the broader 

field of polymer nanocomposite processing. 

The thermal behavior of the PMPyS and PMPyS-G was also investigated using 

DSC (Figure 5.10). The Tg of the PMPyS is lower than -95 ⁰C and could not be observed 

in our setup. As shown in the figure, an endotherm due to crystallization was observed at 

about -50 ⁰C for the fraction of higher molar mass (fraction 2). The appearance of a 

polymer crystallization peak likely indicates that the sequence distribution in the PMPyS 

copolymers has some blocky character.  The crystallization is probably dominated by a 

population of chains having long, uninterrupted runs of PDMS repeat units.  The bulky 

pyrene groups are unlikely to participate in crystallization, especially if they are 

adsorbed to the surface of graphene sheets.  For fractions of higher Mw, the addition of 
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graphene does not change the crystallization temperature, further suggesting that pyrene 

groups do not participate in crystallization.  For PMPyS copolymers of lower Mw, 

crystallization was weak or not observed at all, probably due to the influence of 

numerous chain ends.   

 

 

Figure 5.10. DSC heating traces for fractions 2 and 6 of PMPyS and PMPyS-G samples 

(performed by Ziniu Yu). 

 

 

 

5.4.5    Networks of self-crosslinking copolymer (PMPyS-N) 

The fractionated PMPyS samples did not crosslink at high temperatures due to 

replacement of nearly all SiH groups with pendant pyrene groups.  In contrast, the 

polymer with SiH:ethynyl ratio of 1.7:1.0 was able to undergo a slow self-crosslinking 

reaction due to the presence of excess SiH groups.  The proposed route of crosslinking 
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reaction is demonstrated in Figure 5.11a. This polymer was cured in chloroform solution 

for 3 d as before, and a film of this polymer was then cast from chloroform solution and 

heated to 110 C in air at 40-50 % relative humidity for an additional 4 d (Figure 5.11b).  

 

 

Figure 5.11. (a) proposed mechanism of crosslinking of PMPyS-N copolymer, and (b) digital 

image of the crosslinked film of PMPyS-N. 

 

 

The reaction progress was observed by FT-IR (Figure 5.12). After 3 d in 

chloroform, absence of bands characteristic of alkynes and the presence of C=C (1596 

cm
-1

) bands confirmed that the grafting of 1-ethylylpyrene to the polymer backbone 

(Figure 5.11a, top row) was essentially complete.  The band at approximately 2160 cm
-1

 

is associated with Si-H groups, which are consumed during the grafting reaction, but are 

still present in significant excess after 60 h. After 7 d at 110 C, the sample had become 
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a firm, rubber-like network.  In the presence of the Pt catalyst, excess Si-H groups are 

able to react with adventitious moisture (Figure 5.11a, bottom row).  Disappearance of 

the band at 2160 cm
-1

 and appearance of a weak, broad band at approximately 3200 to 

3500 cm
-1

 confirms that silanol (SiOH) groups play a role in the crosslinking.  

Condensation of silanol groups 110 C produces Si-O-Si linkages, which are not easily 

detected spectroscopically due to the presence of a large number of such bonds in the 

starting material.  No new bands are detected except the C=C:Pt band at 1508 cm
-1

. Pt 

catalyst residues associate with a portion of the C=C bonds generated during the grafting 

reaction. This association does not play a role in the crosslinking, as this band was also 

present in the spectra of the linear PMPyS copolymers, which did not crosslink when 

heated to 110 C.   

 

 

Figure 5.12. FT-IR spectra of the crosslinking copolymer precursors and the PMPyS-N 

productsat various reaction times. (a) SiH peak, these peaks were present during the reaction and 

disappeared only after 7 days, (b) alkyne band peak, absence of this peak at 3294 cm
-1

 in the 

PMPyS copolymers indicated a lack of free 1-ethynylpyrene in the product, (c) a second band at 

1508 cm
-1

 is indicative of a C=C: Pt complex formed after grafting of pyrene groups to the 

polymer chains and (d) -CΞC-H peak which disappeared after the reaction. 
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5.4.6    Graphene/copolymer crosslinked networks (PMPyS-NG) 

The network-forming copolymer (PMPyS-N) was used as a stabilizer for 

graphene as described previously. The polymer concentration was 20 mg/mL and the 

resulting stable graphene concentration after centrifugation was 0.3 mg/mL as measured 

by absorbance. The chloroform in these dispersions was evaporated at room temperature 

to yield a film with 0.6 vol. % graphene. The neat copolymer was heated to 110 
o
C in 

humid air, as with the PMPyS-N sample, and underwent a crosslinking reaction. After 

14 d, the PMPyS-NG sample was removed from the heat and characterized. The 

PMPyS-NG sample is shown in the inset of Figure 5.13a. The PMPyS-N sample 

appeared to reach the gel point more quickly than the graphene-loaded sample, which 

may be due to the ability of nanofillers to hinder the mobility of the reactive species (e.g. 

water) during crosslinking. SEM images (Figure 5.13) show a smooth, uniform surface 

with some areas of roughness on top and cross-section of PMPyS-NG crosslinked 

network. 

 

 

Figure 5.13. SEM images of (a) top surface of the crosslinked graphene containing PMPyS-NG 

film (digital image of the sample is shown in the inset), and (b) cross-section of the graphene 

containing dispersion of the same sample cast on the PTFE membrane (digital image of the 

sample is shown in the inset).  
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The graphene-loaded sample (PMPyS-NG) had a conductivity of 4.28 *10
-6

 S/m. 

We used the membrane deposition technique as before to remove some of the unbound 

polymer chains via leaching to enhance the electrical conductivity of the crosslinked 

composite.  A 0.6 vol. % PMPyS-NG film was cast onto the PTFE membrane (as shown 

in Figure 5.13b). The conductivity of this sample immediately after chloroform removal 

was ~10
-3

 S/m. Improvement of the electrical conductivity in this case was not as drastic 

as in the case of the linear PMPyS-G sample. The most likely explanation is that fewer 

unbound polymer chains leached into the membrane due to the onset of crosslinking, so 

the increase in the graphene concentration was not as pronounced in the crosslinked film 

as in the melt. In addition, the precursor solution for PMPyS-NG contained fewer pyrene 

units per chain, so the initial amount of graphene stabilized was lower.  Also, the 

conductivity of the crosslinked composite on the membrane did not change after several 

months, which verifies that completion of crosslinking inhibits further leaching of the 

unbound polymer chains.  

To illustrate that the sample was fully crosslinked, the sample was swelled in 

chloroform (Figure 5.14). The sample did not dissolve, and after deswelling in methanol 

(a poor solvent for PDMS), the mass decreased from 0.60 g to 0.51 g. The removed mass 

corresponds to uncrosslinked polymer and any other low molar mass species present. 

The conductivity of the sample after swelling and deswelling was approximately the 

same. The conductivity of this sample is typical for pristine graphene/polymer 

composites reported in the literature, although some RGO/polymer composites have 

reported substantially higher values. 
8,354-356
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Figure 5.14. (a) PDMS gel with (0.6 vol. %) and without graphene before swelling; (b) PDMS 

gel with and without graphene after swelling in chloroform. Scale bars are ~ 1 cm; (c) Soluble 

fraction of gel as measured from swelling study (performed by Ziniu Yu). 

 

 

5.5    Conclusion 

 A conductive, silicone-stabilized graphene film was synthesized for the first time 

using a copolymeric designer stabilizer as the polymer matrix. A pyrene group was 

grafted to a PDMS backbone via hydrosilylation reaction with a SiH:ethynyl ratio of 

1.0:1.3. The resulting polymer was able to stabilize pristine graphene in chloroform 

through π-π interactions between the pyrene groups and graphene sheets. When cast onto 

a filtration membrane, the graphene/polysiloxane film had an electrical conductivity as 

high as 220 S/m. Such a drastic increase in the conductivity was attributed to the 

removal of unbound polymer which led to higher graphene concentration. Changing the 

SiH:ethynyl ratio in the hydrosilylation reaction to 1.7:1.0 leaves some unreacted SiH 

groups in the polymer chain which self-crosslink at higher temperatures in the presence 

of adventitious water. The crosslinked graphene/PDMS composite containing 0.6 vol. % 
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graphene had an electrical conductivity of 4.28 *10
-6

 S/m, which is typical for pristine 

graphene/polymer composites reported in the literature. When the same sample was cast 

onto the porous membrane, the conductivity increased to ~10
-3

 S/m due to the removal 

of unbound polymer. This work holds promise for the synthesis of polymers with 

graphene-binding pendant groups as a new framework for graphene/polymer 

nanocomposite design. In Chapter VI, we use a similar approach to design pyrene-

functional PMMA and PS copolymers as novel dispersants for pristine graphene.   
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CHAPTER VI 

JANUS FILMS OF PRISTINE GRAPHENE STABILIZED BY 

PYRENE-FUCNTIONAL COPOLYMERS 

 

6.1    Introduction 

 Polystyrene (PS) and poly(methylmethacrylate) (PMMA) are two of the most 

common non-crystallizable, thermoplastic resins. Nanocomposites of GO, RGO or 

pristine graphene with PS 
8,357-408

, PMMA 
205,381,383,409-454

, and their blends with each 

other 
356,455,456

 or with other polymers 
380,457-459

 are among the most well-studied 

graphene nanocomposite systems. The number of studies underscores the importance of 

understanding and controlling the properties of PS and PMMA nanocomposites. In some 

cases, the surface of GO or RGO were modified through covalent and non-covalent 

functionalization to improve the dispersion and graphene interfaces in these polymer 

matrices. However, the modification of pristine graphene surface through non-covalent 

functionalization in presence of these polymers has been rarely reported. In the most 

recent attempts, pyrene-functional PMMA-based block copolymers 
438

 and pyrene end-

functional telechelic PS polymers 
396

 have been employed as non-covalent stabilizers of 

graphene oxide and pristine graphene, respectively.  

 Inspired by our work on pyrene-functional silicone stabilizers (discussed in the 

previous chapter), we present a new approach for preparing novel thin films of PS or 

PMMA with one graphene-enriched surface. Random copolymers of 1-

pyrenemethylmethacrylate with styrene or methyl methacrylate are prepared by simple, 
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bulk, free-radical polymerizations. After dispersing graphene nanosheets in solutions of 

these polymeric stabilizers, cast films are prepared, and their electrical properties are 

characterized for the first time.  Applying a leaching approach in conjunction with 

vacuum filtration increases the overall concentration of graphene in the films, while 

promoting accumulation of graphene at the surface in contact with the filter. The 

resulting asymmetric films are the first examples of graphene-containing thin films 

having widely dissimilar electrical conductivities on the top and bottom surfaces. Here, 

we describe the preparation, properties, and possible applications of these "Janus 

graphene films," which have one electrically conductive surface and one electrically 

insulating surface. 

This works was done in collaboration with Dr. Ronald Hedden group at Texas 

Tech University, Department of Chemical Engineering. The polymer synthesis and some 

of the characterizations were performed by the Ph.D. student in this group, Ziniu Yu.
460

 

 

6.2    Experimental procedures 

6.2.1    Materials 

Styrene (CAS# 100-42-5, 99 %) was purchased from Acros. Methyl methacrylate 

(CAS# 80-62-6, 99 %) was purchased from Alfa Aesar. 1-pyrenemethyl methacrylate 

(99 %), 2,2′-azobis(2-methylpropionitrile) (98 %), chloroform (HPLC grade), 

tetrahydrofuran (ACS grade) and methanol (ACS grade) were purchased from Sigma-

Aldrich. Expanded graphite (Grade 3806) was provided by Asbury Carbons. All the 

chemicals were used as received.  
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6.2.2    Synthesis of pyrene-containing copolymers 

Polymer synthesis and characterization are adapted from the Ph.D. thesis of Ziniu 

Yu.
460

 

Synthesis of Poly(methyl methacrylate - co- 1-pyrenemethyl methacrylate) 

Random Copolymers (PMPMA): Various mass fractions of 1-pyrenemethyl methacrylate 

(0.01, 0.05, 0.10 and 0.15) were dissolved in methyl methacrylate (MMA) monomer to 

yield a mixture of total mass 5.0 g. To initiate bulk free radical polymerization, 0.05 g of 

2,2′-azobis(2-methylpropionitrile) (azobisisobutyronitrile, AIBN) was dissolved in the 

monomer mixture, which was placed in a pre-heated dry-bath at 80 ⁰C for 12 h in a 

sealed PTFE container. After cooling to room temperature, the reaction product was a 

transparent, light yellow, glassy solid.  Each polymer was purified by dissolving the 

material in tetrahydrofuran (THF) at a concentration of 100 mg mL
-1

, followed by 

precipitation form THF by slow addition of excess methanol (typical methanol:THF 

volume ratio of 2:1) with vigorous stirring. Copolymers synthesized with 

1-pyrenemethyl methacrylate mass fractions of 0.01, 0.05, 0.10, and 0.15 were named 

PMPMA-1, PMPMA-5, PMPMA-10 and PMPMA-15, respectively. 

Synthesis of Poly(styrene - co- 1-pyrenemethyl methacrylate) Random 

Copolymers (PSPMA): Procedures followed were similar to synthesis of PMPMA 

copolymers, except styrene monomer was substituted for methyl methacrylate. PSPMA 

copolymers with 1-pyrenemethyl methacrylate mass fractions of 0.01, 0.05, 0.10, and 

0.15 were named PSPMA-1, PSPMA-5, PSPMA-10 and PSPMA-15, respectively. 
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6.2.3    Preparation of graphene dispersions 

In order to prepare graphene dispersions, 200 mg mL
-1

 of coplymer-1, 40 mg/mL 

of copolymer-5, 20 mg/mL of copolymer-10 and 13.33 mg mL
-1

 of copolymer-15 were 

dissolved in chloroform. These specific concentrations of the copolymers were chosen to 

yield ~ 1.3 mg mL
-1

 of pyrenemethylmethacrylate groups in the solution. Subsequently, 

30 mg mL
-1

 of expanded graphite was added to the solution and the mixture was 

tip-sonicated (Misonix sonicator, XL 2000) for 1 h.  To avoid solvent evaporation, an ice 

bath was used during the sonication. To separate the exfoliated nanosheets from the 

graphitic aggregates, the resultant dispersions were centrifuged (Centrific Centrifuge 

225, Fischer Scientific) for 4 h at 5000 rpm. The supernatant of the centrifuged 

dispersions was collected and used for characterization experiments and nanocomposite 

preparation. 

 

6.2.4    Preparation of G/PMPMA and G/PSPMA Janus films 

To prepare the Janus films, 10 mL of the graphene dispersions stabilized by 

PMPMA-10, PSPMA-10, PMPMA-15, and PSPMA-15 were vacuum filtered through a 

porous filtration membrane (PTFE, 0.2 µm, 47 mm in diameter, Omnipore Membrane 

Filters). After the removal of the solvent, the resultant graphene/polymer films were 

peeled off from the membrane and dried at room temperature for 24 hrs for complete 

removal of the solvent. For electrical conductivity comparison, graphene/polymer films 

were prepared by drop casting the same dispersions on kapton substrate. 
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6.2.5    Characterization 

UV-Vis Spectroscopy: a Shimadzu 2550 spectrophotometer was used for UV-vis 

spectrometry of 1-pyrenemethyl methacrylate, PMPMA-15 and PSPMA15 copolymers. 

The samples were dissolved in chloroform (0.01 mg/mL) and pure chloroform was used 

as the blank for the measurements. The pyrene peak at 348 nm was used to confirm the 

presence of pyrene group in the backbone of copolymers.  

GPC (Gel Permeation Chromatography): The copolymers were characterized by 

GPC to calculate their molecular weight and PDI. Phenomenex Phenogel columns (5 µm 

to 106 Å, 5 µm to 105 Å, 5 µm to 104 Å, 5 µm to 103 Å) in series were used for 

polymer exclusion characterization. A molar mass range of 1 kg/mol to 10000 kg/mol 

was covered by these columns and THF was used as the mobile phase. The calibration 

curve for PSPMA and PMPMA copolymers were obtained using PS and PMMA 

standards, respectively. Elution of PMPMA and PSPMA copolymers was recorded by a 

KNAUER Smartline 2300 Refractive Index detector. In addition, elution of pyrene 

groups was recorded by a Knauer V2.8 ultraviolet-visible detector at 348 nm which is 

the wavelength of UV absorption peak of the pyrene group.  

HRTEM (High Resolution Transmission Electron Microscopy): The graphene 

dispersions were deposited on 200 mesh carbon-coated copper grids (Electron 

Microscopy Sciences, CF200-Cu) and dried at room temperature for 1 min. A voltage of 

200 kV and a Gatan camera on FEI Tecani G2 F20 HRTEM were used for imaging the 

samples.  
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SEM (Scanning Electron Microscopy): graphene/copolymer nanocomposites 

were cut to pieces and mounted on a double face carbon tape. An accelerating voltage of 

2 kV was used to image the top surface and cross-section of the samples with a JEOL 

JSM-7500F instrument.  

TGA (Thermogravimetric Analysis): TGA was performed in a TA Instruments 

Q50 TGA to determine the graphene content of the dispersions and nanocomposites. 

Dispersions were drop casted on Kapton polyimide substrate and the solvent was 

evaporated completely before the TGA experminets were conducted. 15 mg of each 

sample was heated up from room temperature to 1000 ⁰C at a rate of 10 ⁰C /min in a 

nitrogen atmosphere.  

Conductivity measurements: The electrical resistance of the nanocomposites was 

measured using the four-point probe method. The four-point probe head (Signatone, 

SP4-40045TBY) was mounted on a resistivity measurement stand (Signatone, Model 

302). The spacing between the probe tips was 1.5875 mm. The current was passed to the 

sample through the outer probes using a Keithley 6221 AC and DC current source. A 

Keithley 2000 multimeter was used to measure the voltage across the sample. The sheet 

resistance and electrical conductivity of the samples were calculated using the measured 

values of the voltage.  
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6.3    Results and discussion 

6.3.1    Analysis of pyrene-functional copolymers 

Our goal was to design pyrene-containing PMMA and PS polymer chains which 

can stabilize graphene through π-π interactions. Figure 6.1 indicates the synthesis route 

applied to prepare such polymers. Free radical polymerization of styrene and methyl 

methacrylate (MMA) in presence of pyrene precursor yielded the random copolymers of 

PSPMA and PMPMA, respectively. Varying the amount of pyrene precursor can change 

the mole fraction of the pyrenemethyl methacrylate in the polymer chains. Copolymers 

synthesized with 1-pyrenemethyl methacrylate mass fractions of 0.01, 0.05, 0.10, and 

0.15 were named coplolymer-1, copolymer-5, copolymer-10 and coplolymer-15, 

respectively. Observation of the pyrene characteristic peak at 348 nm in the absorbance 

spectra of pyrenemethyl methacrylate and the copolymers verified the presence of 

pyrene in the copolymers molecular structure (Figure 6.2). This specific peak does not 

appear in the absorbance spectra of bulk PMMA and PS.
461

   

 

 

Figure 6.1. Proposed synthesis route of (a) PMPMA, and (b) PSPMA random copolymers.  n 

and m represent the mole fractions of MMA/Styrene and pyrenemethyl methacrylate in the 

copolymer chain, respectively. 
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Figure 6.2. Absorbance spectra of pyrenemethyl methacrylate and the synthesized copolymers. 

The pyrene characteristic peak appears for all three samples at 348 nm (performed by Ziniu Yu). 

 

 

To investigate the molecular structure of the copolymers, GPC analysis was 

performed using a UV-Vis detector and a Refractive Index (RI) detector. Setting the 

wavelength of the UV-Vis detector allowed for tracing the pyrene groups, while the RI 

detector was used to detect the elution of the whole copolymer chains. The simultaneous 

elution of the pyrene groups and the whole copolymer chains, shown in Figure 6.3 and 

6.4, confirms the copolymerization of the 1- pyrenemethyl methacrylate with styrene and 

MMA.  
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Figure 6.3. Elution profiles of copolymers obtained from the GPC analysis (performed by Ziniu 

Yu).  

 

 

Figure 6.4. Comparison of the copolymers elution profiles traced by the UV-vis and RI detectors 

(performed by Ziniu Yu) .  
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The molecular weight and PDI of the copolymers were calculated from the GPC 

results and are represented in Table 6.1. The PDI of PMPMA copolymers increased with 

addition of more pyrene content, while the PDI of PSPMA copolymers showed an 

opposite trend. This observation indicates that the presence of pyrene precursor affects 

the polymerization of styrene and MMA differently.  It may be explained by the fact that 

large pyrene groups impose a significant steric hindrance during polymerization of 

MMA monomers, leading to a broad distribution of polymer chains length. On the other 

hand, the similarity of the pyrene structure and styrene may enhance the polymerization 

of this monomer in presence of pyrene precursor. Additionally, the molar masses of 

PMPMA copolymers obtained from UV-vis detector are higher than those obtained with 

RI detector; this shows the preference of pyrene groups for attachment to the longer 

PMPMA chains with higher molecular weight. On the other hand, the molar mass of 

PSPMA copolymers calculated from RI detector data were higher than those obtained 

from UV-vis detector. Therefore, the pyrene groups were attached to shorter PSPMA 

chains with lower molecular weight.    
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Table 6.1. Number average molecular weight (Mn) and polydispersity index (PDI) of the 

copolymers obtained from the GPC results, using the UV-vis and RI detectors (prepared by 

Ziniu Yu). 

 

 

6.3.2    Graphene/copolymer dispersion and films 

The as-synthesized copolymers were used as dispersants to stabilize colloidal 

pristine graphene. The concentrations of copolymers were chosen such that the pyrene 

content remains constant (1.3 mg/ml) in all the dispersions. The exfoliation of graphene 

sheets was carried by tip sonication in the chloroform solution of all the copolymers. The 

residual graphitic materials were removed by a centrifugation step after exfoliation and 

the supernatants were collected. Stable graphene dispersions were obtained through the 

use of all the copolymers, except for PSPMA-1. Figure 6.5 depicts HRTEM images of 

graphene nanosheets in graphene/PSPMA-15 (the inset of Figure 6.5) and graphene 

PMPMA-15 dispersions. The lateral size of graphene nanosheets is ~1 µm. Because of 
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polymer coverage on the graphene surface, it was difficult to perform the normal edge 

count of the graphene sheets. Folding of the graphene sheets may be due to the 

entrapment of the sheets within high concentration of polymer chains during drying step 

for TEM sample preparation.  

 

 

Figure 6.5. HRTEM images of graphene sheets cast from dispersions of (a) graphene/PSPMA-

15, and (b) graphene/PMPMA-15. 

 

 

 

Graphene/polymer films were prepared by vacuum filtration of the dispersion as 

illustrated in Figure 6.6. In the dispersions, a certain fraction of the copolymer chains 

adsorb on the surface due to π-π interactions between pyrenes and graphene; these chains 

sterically prevent aggregation of the dispersed nanosheets. The other polymer chains 

remain unbound in the dispersion. Upon vacuum filtration of the dispersion on a porous 

membrane, the unbound polymers chains leach through the membrane pores. The 

leaching of unbound polymer chains causes a graphene-rich layer to form adjacent to the 
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membrane.  As this graphene-rich layer becomes thicker throughout the filtration 

process, it prevents further diffusion of the polymer chains toward the membrane pores, 

effectively limiting the leaching phenomenon. Consequently, the upper layers of the 

final film (in which leaching does not occur) maintain a polymer concentration similar to 

the original dispersion. This distinction between the upper and lower portion results in 

the Janus-like structure. 

 

 

Figure 6.6. Schematic of Janus graphene/copolymer film preparation by vacuum filtration.  

 

 

 

Figure 6.7a shows the cross-section SEM image of Janus graphene/PSPMA-10 

film. The dual character of the Janus film and the transition from the polymer-rich side 

(on top of the film) to the graphene-rich side (at the bottom of the film) are depicted in 
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this image.  In the polymer–rich side (Figure 6.7b), fewer graphene sheets with random 

orientation are embedded in the polymer matrix. In contrast, the graphene sheets in the 

graphene-rich side (Figure 6.7c) are highly aligned and are not covered with the polymer 

layer; this confirms the polymer leaching in this section of the film. The alignment of the 

graphene sheets may be attributed to the larger hydrostatic forces exerted at the bottom 

of the film during the filtration. The same structure was observed in Janus 

graphene/PMPMA-10 film cross-section (Figure 6.7d-f); however, the transition from 

polymer-rich side to the graphene-rich area was not as sharp as in the graphene/PSPMA-

10 film. Additionally, the graphene sheets stacking in the graphene-rich area are less 

compact compared to graphene/PSPMA-10 film.  
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Figure 6.7. SEM images of the cross-section of (a and d) Janus graphene/PSPMA-10 and 

graphene/PMPMA-10 films, respectively (the inset shows the digital photo of the 

graphene/PSPMA-10 film), (b and f) polymer-rich sections of the Janus graphene/PSPMA-10 

and graphene/PMPMA-10 films, respectively, and (e and h) graphene-rich sections of the Janus 

graphene/PSPMA-10 and graphene/PMPMA-10 films, respectively.  

 

 

 

This leaching hypothesis suggests that there is an increase in the 

graphene/polymer ratio from the original dispersion to the final Janus film. To assess the 

original graphene content of the dispersions, the dispersions were cast on the Kapton 

substrate to form films. TGA was then carried out on both the cast-films (representing 
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the dispersion) and the Janus films. The complete thermal degradation of the copolymers 

themselves occurs by ~ 450 ⁰C, (Figure 6.8). Any remaining mass above this 

temperature represents the graphene content of the samples.  

 

 

 

Figure 6.8. Thermogravimetric analysis of PSPMA-15 and PMPMA-15 copolymers. 

 

 

 

Figure 6.9 depicts the TGA results for the cast and Janus films prepared by 

PSPMA copolymers. All the samples demonstrate similar degradation behavior to the 

PSPMA copolymers, which confirms that graphene-copolymer interactions did not 

affect the thermal degradation pattern of the PSPMA. Both cast films had the same 

graphene content (~ 7.5 wt %). Since the same pyrene content was used in preparation of 

all the dispersions, the similarity of graphene content in the cast films (and dispersions) 

proves the fact that stabilization occurs through the π-π interactions of pyrene and 
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graphene. Both Janus films have higher graphene content (~ 20 wt %) which confirms 

considerable leaching of the unbound polymer chains during the vacuum filtration.   

 

 

Figure 6.9. Thermogravimetric analysis of Janus and cast films of graphene/PSPMA-10 and 

graphene/PSPMA-15. 

 

 

 

Similarly, Figure 6.10 shows the TGA results for the graphene films prepared 

using the methacrylate-based copolymer, PMPMA. All the cast and Janus films featured 

an extra degradation step compared to the PMPMA copolymer. Unlike the PSPMA case 

above, the graphene-PMPMA interactions do affect the thermal degradation of the 

polymer. Both cast films contained 5 wt % graphene which again confirms the π-π 

stacking stabilization mechanism for graphene in presence of PMPMA copolymers. 

However, their lower graphene content compared to the graphene/PSPMA cast films 
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means that PSPMA copolymers are better stabilizers. The slight increase in the graphene 

content of Janus graphene/PMPMA-10 film (6.51 wt %) reveals the limited polymer 

leaching in this sample. Though, the polymer leaching in the graphene/PMPMA-15 film 

is less restricted and the graphene content rose to 11.15 wt % in this sample. However, a 

comparison between the PSPMA and PMPMA samples indicates increased polymer 

leaching in graphene/PSPMA films. This observation is consistent with the SEM images 

which displayed a larger graphene-rich section in the Janus graphene/PSPMA film, 

compared to the graphene/PMPMA film. It may be attributed to the fact that in PSPMA 

copolymer, the pyrene groups and thus, the graphene sheets are mostly attached to the 

shorter polymer chains; allowing the longer and heavier unbound polymer chains leach 

through the membrane during vacuum filtration. 

 

 

Figure 6.10. Thermogravimetric analysis of Janus and cast films of graphene/PMPMA-10 and 

graphene/PMPMA-15. 
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 The electrical conductivity of the cast and Janus films were also measured (Table 

6.2). Despite the high graphene content in the cast films, their conductivity was below 

the measureable threshold. The phase separation of unbound polymers and polymer-

stabilized graphene sheets may be a possible explanation for this observation. All the 

Janus films were conductive on the graphene-rich side and non-conductive on the 

polymer-rich side. This is the first report of the pristine graphene-polymer films with the 

electrical properties changing from one side to other one. The conductivity values for all 

the Janus film were in the same order of magnitude and among the highest values 

reported for graphene/PMMA and graphene/PS nanocomposites in the literature
. 

356,379,423,462-465 

 

 

Table 6.2. Electrical conductivity and graphene content of the Janus and cast films of 

graphene/PSPMA and graphene/PMPMA samples.  

 

6.4    Conclusions 

In this work, pyrene-functional copolymers of PS and PMMA were synthesized 

through a facile, one step radical polymerization route. The molecular structure of the 
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copolymers was characterized by UV-vis spectroscopy and GPC. The attachment of 

pyrene to the polymer backbone was confirmed; different polymerization behavior of the 

monomers in presence of pyrene precursor was revealed. The copolymers were used to 

exfoliate and stabilize pristine graphene in chloroform. The Janus films of 

graphene/copolymers were prepared by vacuum filtration of these dispersions. These 

Janus graphene films have an electrically-conductive side with conductivities as high as 

~ 140 S/m, and another polymer-rich electrically-insulating side. These Janus graphene 

composite films may have potential application in sensors and specialized coatings.      
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CHAPTER VII 

CRUMPLING AND UNFOLDING OF SPRAY-DRIEDD PRISTINE 

GRAPHENE AND GRAPHENE OXIDE NANOSHEETS
*
 

7.1    Introduction 

The ability to controllably alter nanosheet morphology from a 2D planar 

structure to a 3D “crumpled” structure is an exciting new avenue for engineering high-

surface area materials.
466,467

  Crumpled graphene sheets are less prone to reaggregation

since their morphology hinders the inter-sheet π-π stacking. Thus, crumpling can be used 

as method for producing aggregation-resistant graphene powder that can be easily 

redispersed in the liquids. Crumpling of 2D nanosheets into 3D particles occurs under 

compressive forces. Recent work shows that aerosolization of nanosheets aqueous 

dispersions can accomplish this goal due to droplet confinement forces; as aerosolized 

droplets evaporate, compressive forces associated with evaporation alter dispersed 

nanosheets into a “crumpled paper” morphology. 

Thus far, such techniques have been limited to water-soluble, hydrophilic 

graphene oxide. No studies have investigated crumpling of pristine, unfunctionalized 

graphene. Huang et al. used an atomizer/furnace combination to process dispersed GO 

into crumpled GO nanoparticles; they also investigated the response of such crumpled 

particles to external compression and wetting and reported that the 3D morphology 

 *Part of the data reported in this chapter was reproduced with permission from (Parviz et al., “ Tailored 
crumpling and unfolding of spray-dried pristine graphene and graphene oxide sheets”, Small, 2015, 11, 
2661-2668). 
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remained unchanged.
468

 Similarly, Zangmeister et al. used an aerosolization technique to 

create crumpled graphene oxide; they investigated the change in fractal dimension of the 

nanosheets and the appearance of defects in the structure of the nanosheets as a result of 

crumpling.
469,470

  A more recent paper reported correlations between the confinement 

force, rate of evaporation, and the final particle size.
471

 Such crumpled GO nanosheets 

are useful in high surface area electrode material for batteries and ultracapacitor 

applications.
472,473

 Separately, hollow nanospheres produced by assembly of the 

nanosheets during the drying process were tested as oil absorbents in water.
474

 

Additionally, metal nanoparticles such as Ni and Fe were encapsulated within the 

crumpled nanosheets to produce graphene-based nanohybrids.
475-479

  

However, despite the intense interest in this area, much remains unknown about 

the nature of the morphology transition and the mechanism of crumpling in nanosheets. 

Several theoretical studies have simulated folding and wrinkling of nanosheets under 

compressive forces and tried to explain these phenomena in the context of nanosheet 

elasticity and surface chemistry.
480-484

 Experiments that provide a clear picture of the 

mechanism and dynamics of nanosheet deformation are critical.  

It is also noteworthy that despite the novelty of 3D crumpled graphene, the 

aerosolization and drying process used to make them is actually a mature engineering 

field. In fact, in contrast to specialized atomizer/furnace setups,
468,469

 we found that this 

process could be duplicated using a conventional industrial spray dryer. Spray dryers 

have been used extensively for aerosolization and drying of colloidal dispersions to 

produce a variety of powdered products, particularly in the pharmaceutical 
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industry.
485,486

  The processing parameters used in spray drying, such as temperature, 

pressure and droplet size and their effect on the product morphology, has been 

extensively investigated for a number of colloidal systems and can be used to tune 

product structure. 
487,488

 

In this chapter, we use this scalable industrial technique to crumple pristine 

graphene nanosheets and study the differences in crumpling mechanisms as a function of 

surface chemistry (graphene vs. GO) and spray drying parameters. We do so using an in-

situ sample collection technique to examine the crumpling process using electron 

microscopy. This is the first time in the literature that evolution of 2D graphene 

nanosheets under compressive forces has been directly observed. On this basis, we can 

propose distinct mechanisms for the two nanosheet types as a function of surface 

chemistry. We use dimensionless analysis of the spray drying process to show how 

morphology differences may be tuned by spray drying process parameters (pressure, 

temperature, droplet size). Additionally, we examine the reversibility of the crumpled 

state of both GO and pristine graphene by observing redispersion and unfolding behavior 

of the crumpled product. We believe that these insightful observations shed light on the 

nature of nanosheet crumpling and bridge the theoretical predictions to real experimental 

systems. Such information may allow control over folding and unfolding of the graphene 

nanosheets and may extend to other nanosheet types for multifunctional materials 

engineering. The work presented in this chapter was published in 2015 as a journal 

article in Small.
489
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7.2    Experimental procedures 

7.2.1    Materials 

Expanded graphite was provided by Asbury Carbons (CAS# 7782-42-5, Grade 

3806). 1-pyrenesulfonic acid sodium salt (Py-SASS), polyvinylpyrrolidone (PVP) with 

Mw ~10000 and polyacrylamide (PAM) with nominal molar mass of 5 * 10
6
 g/mol 

(nonionic, water solubale) were purchased from Sigma-Aldrich. Sodium dodecyl 

benzene sulfonate (SDBS) (157889) was purchased from MPBiochemicals. Single layer 

graphene oxide (GO) was purchased from Cheap Tubes Inc. All the solvents including 

chloroform, ethanol and acetone were purchased from Sigma Aldrich. All the chemicals 

were used as received.  

 

7.2.2    Preparation of graphene dispersions 

 In a typical preparation, specific amount of stabilizers including Py-SASS (2 

mg/ml), PVP (10 mg/ml), PAM (10 mg/ml) or SDBS (6 mg/ml) was dissolved in the 

deionized water (DI). EG (50 mg/ml) was added to the solution and tip sonicated for one 

hour by a Misonix sonicator (XL 2000) at output wattage of 7W. A water bath was used 

to maintain the room temperature during the sonication. The dispersion was then 

centrifuged (Centrific Centrifuge 225, Fischer Scientific) at 5000 rpm for 4 hours to 

remove larger aggregates and the supernatant was collected. This stable dispersion was 

used for spray drying and further characterizations.  
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In order to prepare GO dispersions, GO powder was added to the DI water with 

specific concentration and tip sonicated for 5-10 minutes. The dispersion was used for 

spray drying and further characterizations.  

 

7.2.3    Spray drying of the dispersions 

 Graphene and GO dispersions were processed in a spray dryer (Buchi 290 mini 

spray dryer) to yield crumpled nanosheets. In this process, micron sized droplets of 

dispersion were produced by the atomizer of spray dryer. The droplets were carried 

away and dried by hot air to produce powder particles.  The dry powders were settled by 

a cyclone separator and the air was discharged from the separator along with small 

particles. The atomizer pressure was 60 psi and the hot air temperature was 220 °C. 

Temperature and pressure were changed in various experiments in order to assess the 

effect of these parameters on the final morphology of the product. In all experiments, 

10% of the dispersion flow rate and 100% of the aspirator rate was used for spraying the 

dispersions.  

 

7.2.4    Characterization 

UV-vis spectroscopy was used to measure the concentration of graphene 

nanosheets in the dispersions. The absorbance was measured using a Shimadzu UV-vis 

spectrophotometer 2550 at a wavelength of 660 nm on the liquid samples against the 

stabilizer solution to eliminate the effects of the stabilizer solution. The concentration 
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was determined using Beer’s law. Vacuum filtration was used to calculate the extinction 

coefficient of stabilizer solution in water.  

SEM (Scanning Electron Microscopy).  Imaging of the powder samples was 

carried on a Hitachi S4300 SE/N. All the samples were mounted on double face carbon 

tape and an accelerating voltage of 2 kV was used to image.  

High Resolution Transmission Electron Microscopy (HRTEM). A voltage of 75 

kV was used to image the samples on Hitachi H8100. Samples were placed on 400 mesh 

carbon-coated copper grids (Electron Microscopy Sciences, CF400-Cu).To observe the 

change of morphology of the nanosheets during the drying process, grids were fixed 

inside the spray dryer column and samples were directly collected on them. Collection of 

the samples was done stages with 10 cm distance from each other. In order to image the 

redispersed crumpled nanosheets in the solvent, liquid sample was deposited on the grid 

and dried in the air for 1 min. Also, to assess the immediate response of the crumpled 

nanosheets against hydration, samples were placed on the grids and micron sized droplet 

of the solvent was deposited on top of them and was dried in the air for 1 min.  

Freeze drying. Graphene and GO dispersions were frozen in a freezer at -15 
o
C 

and further dried in a freeze dryer (Vitris Benchtop Freeze Dryer) overnight to yield dry 

powdered samples. The final powder was used for imaging. 
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7.3    Results and discussion 

7.3.1    Crumpling of the nanosheets 

Aqueous dispersions of pristine graphene and GO were prepared with similar 

nanosheet concentrations. TEM images in Figure 7.1a show pristine graphene 

nanosheets which were deposited and dried on the TEM grid from the original Py-SASS-

assisted dispersion. Pristine graphene nanosheets typically consisted of 2-3 layers with a 

typical lateral size of 1-1.5 µm; this is consistent with our work on pristine graphene 

dispersions discussed in Chapter III.
33,39,328

 Images of GO nanosheets revealed single 

layers with an average size of 3-4 µm as represented in Figure 7.1b. In contrast to 

pristine graphene nanosheets, these sheets showed ripples and wrinkles on a small scale 

rather than large-scale folds; again, these images are consistent with prior work.
490,491

 

These ripples and wrinkles may be attributed to the capillary forces associated with the 

evaporation of water on the surface of GO during sample preparation for TEM, which is 

highly hydrophilic compared to pristine graphene.
492

  

 

 

Figure 7.1.  TEM images of nanosheets of (a) pristine graphene and (b) GO cast from the 

aqueous dispersions. 
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Both dispersions were spray dried at an atomizer pressure of 60 psi and 

temperature of 220°C. The initial droplet diameter varied in the range of 1-15 µm and 

90% of the droplets were smaller than 10 µm at this operating condition of the spray 

dryer (this data was provided by the manufacturer). The concentration of graphene and 

GO nanosheets in the dispersions was 0.1 mg/ml. Figure 7.2 shows SEM and TEM 

images of the spray-dried pristine graphene particles with sizes in the range of 0.5-1.5 

µm. Particle size polydispersity is due to both the original nanosheet size polydispersity 

and droplet size variation. The drying process turned the 2D pristine graphene 

nanosheets to 3D compact multi-faced crumpled particles with dimples on the surface.  

This is the first report of 3D crumpled pristine graphene nanosheets. In prior reports, 

simultaneous aerosolization and in situ heating of GO yielded crumpled nanosheets of 

reduced graphene oxide (rGO). In those cases, presence of functional groups and defects 

on the GO surface during the crumpling process conduct the nanosheet deformation 

through a different mechanism than defect-free pristine graphene deformation pattern 

which we have studied in this work. 
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Figure 7.2. (a) SEM and (b and c) HRTEM images of crumpled nanosheets of pristine graphene. 

Dispersions of nanosheets were spray dried at atomizer pressure of 60 Psi and drying 

temperature of 220 °C. The concentration of nanosheets in dispersion was 0.1 mg/mL. 

 

 

GO nanosheets in Figure 7.3 display a different morphology. These sheets were 

also converted to 3D compact particles, but instead of dimples, their surface show ridges 

and ripples. These particles have a more highly compacted appearance than the pristine 

graphene particles and showed a size range of 0.5-1 µm. The difference in the 

morphology of these two products may be attributed to differences in surface chemistry, 

wettability, and elasticity of the nanosheets. Earlier reports of crumpled GO displayed a 

wrinkled surface morphology similar to our results here; 
468,469

 however, our results 
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display a more compacted, sphere-like shape as opposed to the deflated, crumpled 

morphology reported in the prior literature. This difference in the morphology may be 

attributed to usage of an industrial spray dryer in our experiments which provides 

different initial droplet size and drying rate compared to the atomizer/furnace setups. 

Both of these parameters may affect the stacking state of nanosheets within the droplet 

and deformation of nanosheets; hence, the final products of the crumpling process have 

different morphologies. 

 

 

Figure 7.3. (a) SEM and (b and c) HRTEM images of crumpled nanosheets of GO. Dispersions 

of nanosheets were spray dried at atomizer pressure of 60 Psi and drying temperature of 220 °C. 

The concentration of nanosheets in dispersion was 0.1 mg/mL. 
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7.3.2    Mechanism of nanosheets crumpling  

To further investigate the crumpling process, we collected samples at various 

points inside the spray drying setup using suspended TEM grids. This sample capture 

technique is novel and allows the first-ever direct study of the gradual transition of the 

morphology of nanosheets during the spray drying process. Samples were collected 

directly on TEM grids fixed at stages 10 cm apart within the gas chamber as shown in 

Figure 7.4. Figure 7.4a shows several pristine graphene nanosheets collected at 10 cm 

away from the atomizer tip. At this stage, the nanosheets were still flat; specifically, they 

were not folded or crumpled. Upon the evaporation of the water and shrinkage of the 

droplet, pristine graphene nanosheets started to deform (Figure 7.4b). At this stage, the 

deformation mainly occurred as folding and bending at the edges (Figure 7.5). As the 

particles moved through the chamber, most of the water evaporated from the surface, 

and a higher degree of deformation occurred due to higher capillary forces. Figure 7.4c 

shows that the nanosheets were finally compacted into a 3D morphology with dimples 

on the surface. We did not observe any particles that consisted of only dispersant (Py-

SASS) molecules. We also spray dried a batch of dispersant (Py-SASS) with the same 

concentration and could not collect any product at the outlet of the spray dryer; this 

verifies that the stabilizer molecules did not form crumpled aggregates during the 

process and may be eliminated with the carrier gas. This also suggests that bulk 

dispersant in droplets, unassociated with graphene, may be eliminated by this process. 

We have investigated this topic in details somewhere else.
493
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Figure 7.4. TEM images of the evolution of nanosheets during drying within the spray dryer, 

(a,b,c) pristine graphene and (d,e,f) GO nanosheets. Samples were collected on TEM grids which 

were fixed at different stages within the spray dryer.  Stages were 10 cm apart from each other.  

 

 

 

 

Figure 7.5. HRTEM images of the edge folding phenomenon in pristine graphene nanosheets. 

Samples were collected directly on TEM grids at the second stage within the spray dryer.  
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GO nanosheets showed a different trend during the drying process. At the first 

stage (Figure 7.4d), GO nanosheets were wrinkled across their surface, and their 

morphology was similar to the sample that was dried at room temperature in Figure 7.1. 

As the water evaporated from the surface, the nanosheets began to buckle and deform 

(Figure 7.4e). Deformation of GO nanosheets occurred through the formation and 

compaction of more pronounced ripples and vertices on the surface, with low values for 

the local radii of curvature. Figure 7.4f shows that the final GO particles are finally 

compacted into a tight, highly wrinkled morphology.  

Based on Figures 7.1-5, we may posit a mechanism for crumpling of pristine 

graphene and GO nanosheets. Figure 7.6a-d schematically shows the proposed 

mechanism of formation of 3D crumpled particles from dispersed pristine graphene 

nanosheets. As the droplet emerges from the atomizer (Figure 7.6a) and begins to 

evaporate, the hydrophilic Py-SASS molecules diffuse toward the center of the droplet 

from the concentrated interface, while the hydrophobic graphene nanosheets with lower 

mobility remain at the interface (Figure 7.6b). Evaporation of the water from the surface 

of the droplet causes the surface tension to exert capillary forces on the nanosheets.  

When the capillary forces dominate the electrostatic forces, the nanosheets will form a 

continuous shell at the interface (Figure 7.6c). Finally, evaporation of water from inside 

this shell induces further shell deformation and the deformation begins. 

This process can be explained by elastic deformation theory.
494

  The mechanism 

of buckling depends on the shell elastic modulus, thickness and wettability.
495,496

 An 

elastic shell may bend or locally stretch under capillary pressure. For pristine graphene 
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nanosheets, which have a higher elastic modulus than GO, bending is the main 

mechanism of deformation. The first step in deformation was folding of the nanosheets 

at the edge of the pristine graphene shell (Figure 7.6d); folding at the edges requires less 

energy than bending of the nanosheets in the middle. This observation of folding was 

consistent with previous simulation results.
497

 In the next step, additional bending of the 

nanosheets appeared in the form of dimples on the surface. If the shell is not uniform and 

enclosed, capillary forces due to evaporation are not homogeneously distributed on the 

shell such that localized dimples appeared (Figure 7.6e). Further evaporation of water 

resulted in more dimples on the surface and enclosing of the shell (Figure 7.6f). Presence 

of large amount of free dispersant molecules in the bulk dispersion may affect the shell 

formation on the droplet surface; however, the exceptionally high graphene to Py-SASS 

ratio in our dispersions (~ 0.34) and higher diffusivity of Py-SASS molecules compared 

to graphene nanosheets impedes the formation of a separate dispersant shell on the 

droplet surface.  

For the crumpled GO particles, the mechanism differs substantially. GO 

nanosheets also emerge from the atomizer within the droplet (Figure 7.6g), accumulate 

at the surface of the droplet (Figure 7.6h) and are subjected to capillary forces on the 

surface (Figure 7.6i). The presence of the hydrophilic functional groups on the surface of 

GO enhances its wettability and causes increased capillary forces compared to pristine 

graphene sheets. Also, GO nanosheets have a lower elastic modulus than pristine 

graphene nanosheets which is caused by higher concentration of atomic-level defects 

and single-layer nature of GO.
325

 Additionally, single-layer GO nanosheets form thinner 
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shell with lower bending stiffness compared to few-layer pristine graphene. Under the 

enhanced capillary pressure they may undergo local deformation, and small wrinkles 

appear on the surface (Figure 7.6j).
483,484

 Therefore, the initial step of the deformation 

for GO shell is not folding; instead, the initial step is the formation of ripples and 

vertices as observed in TEM images (Figure 7.1).  Additional wrinkling and enclosure of 

the shell occurs during evaporation of the water (Figure 7.6k).  As the drying process 

continues, more ripples appear on the surface, and the wrinkled surface is compressed 

(Figure 7.6l). The difference in deformation behavior of pristine graphene and GO that 

we observed is consistent with the results of a recent molecular simulation study which 

predicted a highly wrinkled morphology for the GO and more smooth, folded, buckled 

morphology for the pristine graphene nanosheets.
497

   

 

 

Figure 7.6. Proposed mechanism of crumpling for pristine graphene and graphene oxide 

nanosheets. 
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7.3.3    Tuning crumpled particles morphology 

Various processing parameters in spray drying affect the deformation of the 

shell. These parameters (temperature, pressure, droplet size) and their effect on product 

morphology have been extensively reviewed for general spray drying elsewhere.
485

 It is 

well established that the rate of drying relative to diffusion rate is the main parameter 

which controls the deformation process; this ratio can be assessed by the Peclet number, 

defined as R
2
/(D tdry). Here R is the radius of the droplets, D is the diffusivity coefficient 

of the dispersed sheets, and tdry is the drying time. Pe >> 1 represents a fast drying 

regime in which shell deformation occurs at large R and results in formation of a 

crumpled shell with a hollow core. When Pe < 1, the drying is considered to be slow; in 

this case the shell forms at lower R and shrinks to form highly crumpled and compact 

particles. With these two regimes in mind, we examined how morphology varies with 

these processing parameters. To calculate the Peclet number, the diffusion coefficient of 

the pristine graphene nanosheets was calculated from Stokes-Einstein equation, D= 

kBT/6πηRh, where kB is the Boltzmann constant, T is the temperature, η is the viscosity 

of the solvent and Rh is the hydrodynamic radius of the nanosheets in this case. 

Hydrodynamic radius of pristine graphene nanosheets (~ 150 nm) was measured by 

dynamic light scattering technique. At 220 ⁰C, η = 0.282 * 10^ -3
. The diffusion 

coefficient of the pristine graphene nanosheets turned out to be 8.53 * 10
^ -12

 m
2
/s. For 

all the experiments, the aspiration rate was kept at 35 m
3
/h. The diameter of the drying 

chamber was 20 cm and its length was 60 cm. Therefore, the residence time of the 

droplets inside the drying chamber (tdry) was calculated as ~ 1.5 s. Figure 7.7 shows the 
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variation of morphology and particle size with the increase in atomizer pressure. At P = 

20 psi, the average droplet size was close to 50 µm and droplets formed at Pe = 48.8. At 

this pressure, the shell formation occurred on larger droplets because of rapid water 

evaporation; therefore, the final product contained crumpled, hollow particles with 

relatively low density. Variation of the atomizer pressure to 60 psi changed the average 

droplet size to less than 10 µm and Pe to 1.95; smaller droplets with narrower size 

distribution were atomized at higher pressure. Thus, at lower Pe regime, a slower 

evaporation rate led to formation of the shell on the surface of smaller droplets. Hence, a 

compact crumpled morphology and a smaller, more homogeneous particle size 

distribution were obtained for both pristine graphene and GO nanosheets.  

The temperature of the carrier air was also changed to study its effect on the 

crumpling of the nanosheets (Figure 7.8). The rise of temperature caused tdry to decrease 

and D to increase simultaneously. However, within the range of 90-220 ⁰C drying was 

rapid and the change in the drying rate was not drastic enough to change the morphology 

of the particles. The increase in the temperature only decreased the size polydispersity of 

the final product.  
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Figure 7.7. Effect of initial droplet size (varied by changing the atomizer pressure) on final 

morphology of the crumpled (a,b,c) pristine graphene and  (d,e,f) GO nanosheets. Samples were 

dried at 120 °C and concentration of nanosheets in the dispersion was 0.1 mg/mL.  

 

 

 

 
 

Figure 7.8. Effect of drying temperature on final morphology of crumpled (a,b,c) pristine 

graphene and  (d,e,f) GO nanosheets. All the samples were sprayed at atomizer pressure of 40 

psi and the concentration of the nanosheets in the dispersion was 0.1 mg/ml.  
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We also investigated the effect of nanosheet concentration on the final 

morphology and size of the particles. Figure 7.9 shows the final morphology of the 

sample prepared with different concentrations. The increase in concentration results in 

formation of larger particles which are less crumpled and are more similar to spherical 

particles. The thickness of the shell is the parameter that defines the energy required for 

the bending; if the number of the nanosheets increases within a single droplet, then a 

thicker shell will form at the interface. Such a shell needs a larger capillary force for 

deformation; it does not deform easily and will shrink to form a smooth semi-spherical 

morphology, rather than highly crumpled particles.  

 

 

 

Figure 7.9. Effect of nanosheets concentration on the final morphology of (a,b) pristine 

graphene and (c,d) GO nanosheets. All the samples were sprayed at an atomizer pressure of 40 

psi and dried at 170 °C.  
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7.3.4    Effect of dispersant and drying method  

We also include a comparison of freeze drying and spray drying effects on dry, 

crumpled graphene and GO powder morphology (Figure 7.10). In order to study the 

effect of the drying method on the final morphology of the nanosheets, we freeze dried 

pristine graphene and GO dispersions. Figure 7.10 shows the SEM images of the freeze 

dried powder. Agglomerated nanosheets of pristine graphene did not bend or fold after 

during freeze drying. Although the lateral size of the freeze-dried nanosheets is 

comparable to those seen in the dispersion (Figure 7.1), the increased thickness shows 

multiple layers stacked together. Similarly, large aggregates of the GO nanosheets 

formed during the freeze drying process. All of these large aggregated nanosheets had a 

wrinkled appearance with lots of ripples on the surface, but they were not bent or 

buckled. These images demonstrate that it is the capillary forces unique to spray drying 

that are responsible for the compression forces. 

 

 

Figure 7.10. Morphology of the freeze-dried (a) pristine graphene and (b) GO nanosheets. 
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We also investigated the effect of the dispersant on the final morphology of 

crumpled pristine graphene nanosheets. We dispersed pristine graphene nanosheets in 

solutions of PVP, PAM and SDBS. The ratio of stabilizer to graphene in PVP, PAM and 

SDBS- stabilized samples was 10, 100 and 30, respectively. The PVP-stabilized 

crumpled particles had similar morphology to Py-SASS stabilized sample with less 

dimples on the surface (Figure 7.11). This can be attributed to presence of long polymer 

chains on the surface of graphene which may reduce the capillary forces exerted on the 

surface. In the case of PAM and SDBS- stabilized sample, the concentration of free 

stabilizer was so high in the dispersion that the stabilizer is the main component and 

simply covered the nanosheets on the surface of the droplet; thus, we could not observe 

the deformation of the nanosheets in these samples.   

 

 

 
Figure 7.11. Effect of the dispersant on crumpling of pristine graphene nanosheets. Pristine 

graphene nanosheets stabilized by (a) PVP, (b) PAM and (c) SDBS were sprayed at atomizer 

pressure of 60 psi and dried at 220°C. 

 

 



174 
 

7.3.5    Unfolding of crumpled nanosheets 

To investigate the stability of the crumpled morphology against hydration, 

crumpled particles were placed on a TEM grid and a single droplet of water was cast on 

top of the sample. Imaging of the sample was carried out immediately after evaporation. 

Figure 7.12a shows that the crumpled pristine graphene nanosheets immediately unfold 

after contacting the water droplet. Additionally, the crumpled pristine graphene 

nanosheets were redispersed in water with the original concentration and centrifuged. 

We also carried out TEM on these redispersed nanosheets (Figure 7.12b) and again we 

observed that the pristine graphene nanosheets completely unfolded in the presence of 

the water and became flat. However, the change in morphology did not affect the 

stability of these particles within the dispersion since they were stable against 

centrifugation (Figure 7.12b, inset). As demonstrated earlier, the presence of stabilizer 

molecules on the surface of the sheets prevents the inter-sheet interactions; this indicates 

that stabilizer molecules non-covalently bound to the pristine graphene surface remain 

intact through the spray drying process. Thus, the crumpling morphology is reversible 

and elastic. As soon as the water is added onto these particles, the crumpled particles 

unfold to release the elastic energy which was stored in the dimples and minimize the 

surface energy.   
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Figure 7.12. TEM images of: a) Crumpled pristine graphene unfolding after hydration on TEM 

grid; b) Crumpled pristine graphene unfolding after redispersion in water; c) Crumpled GO 

remains crumpled after hydration on TEM grid;  d) Crumpled GO remains crumpled and does 

not redisperse in water. 

 

 

 

The same experiment was carried out with the GO crumpled particles. Figure 

7.12c shows that the GO particles preserve the crumpled morphology after contacting 

water on the TEM grid. Moreover, they remain crumpled even after redispersion in 

water and centrifugation (Figure 7.12d). The origin of this preserved crumpled 

morphology is unknown. It is possible that covalent ether bonds form between GO 

nanosheets during the spray drying process (220 
o
C); prior work indicates that partial 

reduction of GO in air can occur as low as 175 
o
C.

498
 Additionally, we annealed 
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crumpled GO nanosheets at 600 °C; TEM images of this annealed powder can be seen in 

Figures 7.13a and 7.13b. Interestingly, these particles preserved a less compact crumpled 

morphology compared with those seen in Figure 7.3. Again, these annealed crumpled 

GO nanosheets maintained the same morphology even after hydration on the TEM grid 

(Figures 7.13c and 7.13d). 

 

 

Figure 7.13. TEM images of (a,b) annealed crumpled GO nanosheets and (c,d) annealed 

crumpled GO nanosheets after  rehydration on the TEM grid. Annealing of the crumpled 

nanosheets was carried under nitrogen atmosphere and at 600 °C. 

 

 

Minimization of the surface energy is the main driving force for unfolding of the 

pristine graphene nanosheets and strongly depends on the interactions between the 
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nanosheets, stabilizer molecules and the solvent. Therefore, the pristine graphene 

crumpled particles were redispersed in other solvents in order to study the effect of 

solvent on the unfolding behavior of these nanosheets. Figure 7.14 depicts TEM images 

of the pristine graphene nanosheets after being redispersed and centrifuged in various 

solvents.  The nanosheets partially precipitated in presence of acetone and ethanol, and 

some nanosheets remained in the supernatant. In presence of the chloroform all the 

nanosheets remained in the supernatant. The supernatant was used for imaging of the 

samples. The graphene nanosheets unfold easily in presence of ethanol and acetone. The 

dispersant molecule (Py-SASS) is soluble in both ethanol and acetone; minimization of 

surface energy requires the dissolution of the dispersant and rearrangement of the 

graphene nanosheets which results in the unfolding of the crumpled particles. When 

chloroform was used as the solvent, the crumpled pristine graphene sheets did not unfold 

at all and remained crumpled. In this case, both stabilizer molecules and graphene sheets 

have low affinity to dissolve and disperse in chloroform. Thus, the crumpled 

morphology provides the lowest surface energy in this system and further minimization 

of surface energy does not occur. This is the first demonstration that crumpled pristine 

graphene nanosheets can preserve their morphology and yet be redispersed in presence 

of a solvent. We conclude that it is possible to preserve the crumpled morphology of 

pristine graphene nanosheets by controlling the relative surface energy of the solvent, 

stabilizer and nanosheets. This concept brings up the possibility of further processing of 

crumpled pristine graphene in liquid phase and use in films, composites, and electronics. 
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Figure 7.14. We attempted to redisperse crumpled pristine graphene in (a) ethanol, (b) acetone, 

and (c) chloroform. Aggregation was observed for ethanol and acetone but redispersion (but not 

unfolding) occurred in chloroform.  

 

 

 

7.4    Conclusions 

Pristine graphene nanosheets can be processed to 3D crumpled powders using a 

spray drying technique. This drying technique is rapid and scalable, allowing nanosheets 

to be altered to a 3D morphology at a faster rate than they can be exfoliated and 

dispersed. Monitoring the deformation of nanosheets at consecutive stages within the 

spray dryer provides the first experimental insight of the gradual dimensional transition 

of pristine graphene nanosheets. Our observations verify the theoretical predictions that 

the crumpling mechanism depends on the elasticity and surface chemistry of the 

nanosheets; while the pristine graphene nanosheets crumple to form dimpled particles, 

crumpled GO nanosheets feature a highly wrinkled morphology. The final particle size 

and morphology can be easily tuned by changing the dimensionless ratio of evaporation 

rate to diffusion rate, mediated by controllable spray drying parameters such as 

temperature, pressure, and concentration of the original dispersion. Furthermore, we 

investigated the reversibility of the crumpling by capturing the immediate morphology 
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changes of the nanosheets. We demonstrated that crumpling of pristine graphene 

nanosheets is reversed upon rehydration.  Surprisingly, this unfolding mechanism is 

solvent-dependent; by choosing the appropriate solvent (chloroform vs. water) stable 

dispersions of either the crumpled or unfolded nanosheets may be obtained. On the other 

hand, GO nanosheets remain crumpled even after annealing and rehydration. These 

findings may allow for tailored folding and unfolding of nanosheets. Since the GO 

crumpled particles preserve their morphology upon rehydration, in Chapter VIII we use 

them to prepare 3D graphene macrostructure with high surface area and electrical 

conductivity.      
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CHAPTER  VIII 

MORPHOLOGY AND CROSSLINK CONTROL IN GRAPHENE 

THREE-DIMENSIONAL NETWORKS 

 

 

8.1    Introduction 

Preparation of graphene 3D networks allows for individual nanosheets properties 

to be utilized in bulk macroscopic materials while retaining high specific surface area.
499

 

These 3D networks may be prepared by crosslinking of the 2D nanosheets. These 

structures are prized for a range of interesting properties, including high specific surface 

area, electrical conductivity, and potential for binder-free electrochemical energy storage 

with mechanical integrity.
500,501

  

In previous chapters, we focused on graphene nanosheets stabilization, surface 

modification, and processing in order to improve their applicability in various 

applications. However, for the scalable processing of nanosheets into 3D structures, a 

host of additional issues become critical. For instance, the bulk electrical and mechanical 

responses are dictated largely by the nature of the nanosheet crosslinks rather than the 

individual nanosheet properties.
502

 Similarly, the bulk electrochemical or catalytic 

properties of these materials are limited by issues such as pore size and available surface 

area,
503

 which stem not only from precursor nanosheet dimensions but also from the 

processing technique. 
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As discussed in Chapter III, various techniques have been employed to create 

graphene-based gels and foams. Pristine graphene 3D networks have been prepared by 

template-directed assembly of the nanosheets.
295,299,300

 Alternatively, simple freeze-

casting of GO (or RGO) dispersions may form crosslinked porous structures that mimic 

the ice crystals morphology.
319

 In these cases, the pore distribution and surface area are 

determined chiefly by the morphology of the template itself.
504

 Moreover, the removal of 

the template may be costly and difficult, involving etching solutions or high temperature. 

310,312
  

On the other hand, he versatile surface chemistry of GO enables its assembly into 

3D networks with a range of porous structures.
505

 This is frequently accomplished 

through simultaneous partial reduction of GO and crosslinking in aqueous solution to 

produce a monolithic, robust hydrogel.
233,234,304

 As mentioned in Chapter III, two main 

methods are commonly used to accomplish the gelation step. The first is the 

hydrothermal reduction of GO nanosheets.
233,302,303

 Overlapping of the reduced sections 

of the GO nanosheets and their consequent π-π stacking triggers the physical 

crosslinking of the nanosheets. 
233,304,305

 Another approach to the GO network formation 

is the creation of chemical crosslinks in addition to π-π stacking through the use of 

additional reactive components.
298,304,308,311-313

  

In contrast to these approaches, a one step sol-gel technique can be used to 

synthesize GO gel with direct covalent bonds between the nanosheets. This process 

avoids the usage of non-conductive additives. In this process, a catalyst (typically 

ammonia) is added to a GO dispersion and held at high temperatures (90 
o
C).

234,506
 The 
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high temperature facilitates the formation of inter-sheet covalent bonds through both 

catalytic reactions of the functional groups and also induces partial chemical reduction 

on the GO surface.
507,508

 This suggests that both physical (π-π stacking) and chemical 

(covalent) bonding between GO nanosheets are occurring. Either freeze-drying or 

critical point drying (CPD) is then used to convert the hydrogel into a porous, 

interconnected aerogel structure.
506,509

 CPD is useful for removing water without a first 

order phase transition; this allows the gel to avoid capillary-induced densification or loss 

of mechanical integrity during drying. This is typically done after a solvent exchange to 

CO2.
232

 Further thermal reduction can remove many of the remaining functional groups 

to yield a conductive RGO 3D network.
316

 

Little is known about graphene-graphene crosslinks created during the sol-gel 

process and how they connect to the precursor graphene structure or catalyst content. 

Our goal in this chapter is to establish synthesis-structure-properties relationships for 

graphene gelation reactions. The structure of the gel is assessed by the degree of 

crosslinking, the pore size distribution, and the arrangement of the nanosheets within the 

network. The experimental parameters that affect the structure are the concentration of 

GO and the ratio of GO to catalyst (ammonia). We aim to probe the effects of these 

parameters in detail. We focus on the sol-gel method because other gelation methods are 

less versatile and tend to yield materials that are either brittle or dense.
510-512

  

Another factor that has not been examined is the possibility of using crumpled 

graphene oxide (CGO).
468

 The use of spherical graphene structures such as CGO rather 

than native GO would allow for an additional handle in the creation of GO-based gels 
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with tunable density and compressibility. In previous chapter, we demonstrated that 

crumpled graphene oxide(CGO) particles can be easily created using spray drying.
513

 

Interestingly, redispersion of the aggregation-resistant CGO particles into water 

preserved the spherical, crumple morphology. Thus, these particles can be process via 

sol-gel technique in an aqueous environment. Here, we study the gelation of CGO and 

the properties of the produced 3D network of CGO. We create gels with varying ratios 

of CGO/GO content in the precursors to assess the porous morphology of the final 

products, as well as their electrical conductivity and surface area. 

 

8.2    Experimental procedures 

8.2.1    Materials and methods 

Materials: Single layer graphene oxide (GO) was purchased from Cheap Tubes 

Inc. Ammonia (anhydrous, >99.99%) was purchased from Sigma-Aldrich. All the 

chemicals were used as received.  

Preparation of crumpled GO (CGO): In order to prepare CGO dispersions, GO 

powder was added to the DI water with at 1 mg/ml concentration and tip sonicated for 5-

10 minutes. The dispersions were diluted to yield 0.1 mg/ml concentration. The GO 

dispersions were then processed in a spray dryer (Buchi 290 mini spray dryer) to yield 

crumpled nanosheets according to procedure reported in Chapter VII. Two different 

batches of CGO particles were prepared by spraying at 120 and 150 °C. In all 

experiments, 10% of the dispersion flow rate, 40 psi of nozzle air pressure, and 100% of 

the aspirator rate were used for spraying the dispersions.  
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Preparation of GO, CGO and CGO/GO hydrogels: To prepare 100% GO 

hydrogels, GO nanosheets were dispersed in DI water (with concentrations of 10 and 20 

mg/ml) by 2 hrs of bath sonication. Various amount of ammonia (1.8 and 3.6 ml) were 

added to the dispersions, the mixtures were sealed in glass vials, and placed in an oven at 

90 °C. The reaction was carried out for 72 hrs for the hydrogels to form. 

To prepare 100% CGO hydrogels, CGO particles were added to DI water with 10 

mg/ml concentration and bath sonicated for 1hr to obtain homogeneous CGO 

dispersions. 3.6 ml of ammonia was added to the dispersions; the mixtures were sealed 

in glass vials, and placed in an oven at 90 °C. The reaction was carried out for 72 hrs for 

the hydrogels to form. 

To prepare CGO/GO hydrogels, 10 mg/ml of GO and 10 mg/ml of were 

dispersed in DI water separately using similar procedure of GO and CGO dispersions. 

The two dispersions were then mixed to yield solutions with 25, 50 and 75% of CGO 

total solid mass. The gelatoin process was similar to that used for 100% CGO gels.  

Critical point drying (CPD) of hydrogels: Before drying, the hydrogels were 

solvent-exchanged in ethanol bath for 3 days to remove the excess DI water and residual 

ammonia. The CPD of the hydrogels was carried out in a Samdri-PVT-3D critical point 

dryer after solvent exchange with the liquid CO2 in the dryer chamber.  

 

8.2.2    Characterization 

SEM (Scanning Electron Microscopy): graphene/copolymer nanocomposites 

were cut to pieces and mounted on a double face carbon tape. An accelerating voltage of 
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2 kV was used to image the top surface and cross-section of the samples with a JEOL 

JSM-7500F instrument.  

TGA (Thermogravimetric Analysis): TGA was performed in a TA Instruments 

Q50 TGA to determine the mass loss of the aerogels. 20-30 mg of each sample was 

heated up from room temperature to 1000 ⁰C at a rate of 1 ⁰C /min in a nitrogen 

atmosphere.  

Conductivity measurements: The electrical resistance of the dried aerogels was 

measured using the four-point probe method. The four-point probe head (Signatone, 

SP4-40045TBY) was mounted on a resistivity measurement stand (Signatone, Model 

302). The spacing between the probe tips was 1.5875 mm. The current was passed to the 

sample through the outer probes using a Keithley 6221 AC and DC current source. A 

Keithley 2000 multimeter was used to measure the voltage across the sample. The sheet 

resistance and electrical conductivity of the samples were calculated using the measured 

values of the voltage.  

BET surface area measurements: the surface area of the dried aerogels was 

calculated through BET method from the nitrogen adsorption/desorption isotherms. All 

the samples were degassed for 24 hrs to remove the moisture from their surface. The 

adsorption of nitrogen was performed at a relative pressure range of 0.05-0.3.  
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8.3    Results and discussion 

8.3.1    GO-catalyst interactions and bridging structures 

The GO hydrogels were synthesized by sol-gel technique using ammonia as the 

catalyst. The hydrogels were subsequently dried using CPD technique to preserve their 

porous structure (Figure 8.1). It has been suggested that both covalent crosslinking and 

π-π stacking of the GO sheets are responsible for the gel formation in this synthesis 

route.
314

 However, the interplay between the two crosslinking mechanisms is not well-

understood, with very little direct observation of covalent bonding in the prior literature. 

We suggest that the synthesis parameters affect the extent of the two mechanisms; to 

evaluate these effects we varied the GO concentration and catalyst/GO ratio during the 

synthesis and observed the morphological changes in the porous structure of aerogels.   

To understand the effect of GO concentration, we prepared samples with 1 and 2 

wt% GO sheets, while keeping the amount of ammonia constant at 3.6 ml. The SEM 

images of these samples (Figure 8.2a and b) suggest that lower GO concentration result 

in a more densely packed structure, where the sheet-like morphology is not prominent 

anymore. On the other hand, the higher concentration of GO yields a less compact 

structure of highly wrinkled GO sheets. Additionally, more “bridging” structures were 

observed at lower nanosheets concentration. These “bridges” are ubiquitous in our 

preliminary images, but there has been little discussion on this front in the prior 

literature.
234,304,305,514
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Figure 8.1. Images of (a) as-synthesized GO hydrogel, and (b) GO aerogel dried using CPD.   

 

 

 

Furthermore, the catalyst/GO ratio was altered by decreasing the amount of 

ammonia from 3.6 ml to 1.8 at constant 1 wt% GO content. The SEM images 

demonstrate that a higher catalyst/GO ratio displays extensive bridging structures 

(Figure 8.2c), whereas lower catalyst/GO ratio shows relatively little inter-sheet bridging 

(Figure 8.2d). It is possible that the presence of more catalyst molecules facilitates the 

reaction of GO functional groups and forms more inter-sheet covalent bonds. Thus, more 

bridging structures can be observed at higher catalyst/GO ratio. It is unknown whether 

the increase in these bridging structures would actually contribute to load-bearing 

crosslinks. 
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Figure 8.2.  SEM images of GO aerogels prepared with (a and b) 2 and 1 wt % of GO content, 

respectively,(3.6 ml of ammonia was used), and (c and d) 1 wt% GO content using 3.6 and 1.8 

ml of ammonia, respectively. 

 

 

  

Based on these observations, we hypothesize that the gelation of GO sheets 

occurs through two main routes (Figure 8.3). One involves the localized partial reduction 

of graphene oxide to reduced graphene oxide (RGO) during gelation, resulting in 

localized attractive π-π interactions between those reduced portions of the nanosheets 

(depicted in gray).
515

 The second is the catalyst-assisted formation of covalent bonds, 

including large “bridging” structures between nanosheets (depicted in red). With 

addition of the catalyst/GO ratio, the density of catalyst-assisted covalent bonds in the 

aerogels increases.  It is feasible that these bridges are low-density carbonaceous 

structures that initially form locally at the nanosheet surface; these structures may be the 
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product of the much-debated “oxidative debris” associated with the synthesis of the 

parent GO nanosheets.
78,516,517

 (Oxidative debris is a by-product of common synthesis 

GO methods, and it has been argued that oxidative debris acts in a surfactant-like 

manner to allow for GO dispersion in water.
78

) 

 

 

Figure 8.3. Proposed mechanism for gel crosslinking and bridge formation. (a) high catalyst/GO 

ratio (0.024), (b) low catalyst/GO ratio (0.012), (scalebars ~ 1 μm in SEM images). 
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8.3.2    GO morphology effects 

  Prior studies have indicated that the nanosheet size does affect the structure, 

with larger nanosheets interacting at lower concentrations.
518,519

 We explored the 

gelation process at an extreme aspect ratio of 1 in spherical, crumpled graphene.  

Initially, the CGO particles sprayed at 150 °C were used to synthesize the CGO 

hydrogels. These particles formed a very brittle hydrogel. The crumpled morphology of 

the particles and the low density of the bridging structures can be observed in the SEM 

images of its corresponding aerogel (Figure 8.4a and b). The crumpled particles are 

prone to π-π stacking due to their highly wrinkled surface, thus, the physical crosslinking 

through the π-π stacking is not the primary mechanism of gelation using these particles. 

On the other hand the chemical crosslinking requires sufficient functional groups on the 

sheets surface to participate in the covalent bond formation. The spray drying of the GO 

sheets at 150 °C may partially remove the functional groups; hence, the chemical 

crosslinking is also hindered in this sample. In order to promote the covalent bond 

formation between the CGO particles, we reduced the spraying temperature to 120 °C. 

These CGO particles formed a well-integrated hydrogel with high density of the 

bridging structures (Figure 8.4c and d). Observation of more bridging structure confirms 

that they indeed represent the chemical crosslinks. Additionally, the CGO aerogels 

demonstrate a more homogenous porosity and higher packing density compared to the 

GO aerogels. This may be because CGO particles tend to interact at shorter distances 

such that higher (denser) packing is required for the same particle-particle interactions 

and bond formation during gelation. 
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Figure 8.4. SEM images of CGO aerogels prepared using (a and b) CGO particles sprayed at 

150 °C, and (c and d) CGO particles sprayed at 120 °C ( the inset shows the CGO particles 

morphology sprayed at 120 °C). 

 

 

 

To better understand the precursor morphology effect, we also synthesized 

hydrogels with varying ratios of CGO/GO. At lower CGO/GO ratios, the porous 

structure roughly resembles that of GO aerogels. As the CGO/GO ratio increases, the 

structure becomes more like CGO aerogels. The gradual alteration of the aerogels 

morphology is indicated in Figure 8.5. This trend of morphological changes with the 

CGO/GO ratio confirms that the precursor morphology affects the crosslinking 

mechanism and density.    
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Figure 8.5. SEM images of aerogels prepared using CGO/GO ratios of (a and b) 0.3 (c and d) 1, 

and (e and f) 3. All the CGO particles were sprayed at 120 °C. 

 

 

 

The electrical conductivities of GO, CGO and CGO/GO aerogels are indicated in 

Table 8.1.  All the aerogels are electrically conductive and their conductivity values are 

in the same order of magnitude (~ 0.1 S/m). Interestingly, the electrical conductivity in 
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these GO-based aerogels is achieved without further chemical or thermal reduction that 

normally is needed to restore the π- network of the graphene. This observation confirms 

the partial reduction of GO and CGO sheets during the gelation process. Moreover, 

assuming that electrical conduction happens through the interconnected network of 

reduced sections of the GO sheets, we may infer that the extent of π-π stacking (i.e., 

physical crosslinking) is the same in all the equally conductive aerogels.  

 

 

Table 8.1. The electrical conduct ivies and BET surface areas of the aerogels. All these gels 

were prepared using 3.6 ml of ammonia as the catalyst. All the CGO particles were sprayed at 

120 °C.  

 

 

 

The BET surface areas of the aerogels are also represented in Table 8.1. Both GO 

and CGO aerogels prepared with 1wt% of total nanosheets content displayed higher 

surface areas than the combination CGO/GO aerogels. This might be attributed to the 

anomalous morphology of GO and CGO nanosheets which leads to their non-uniform 

arrangement within the 3D network and reduction of accessible surface area. Moreover, 

both 1 wt% GO and CGO aerogels have higher surface area than the 2 wt% GO aerogel. 

It implies that the presence of more bridging structures in aerogels prepared with higher 

catalyst/GO ratio increases the available surface area of the samples.  
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The thermogravimetric analysis of the GO and CGO aerogels demonstrates a 

rapid mass loss in all the samples up to 1000 °C (Figure 8.6). However, higher mass loss 

was observed in 1 wt% GO and CGO gels compared to the 2 wt% GO gel. The extra 

mass loss of 1 wt% GO and CGO aerogels may be attributes to the reduction of bridging 

structures which are the major constituents of these samples.  

 

 

Figure 8.6. Thermogravimetric characterization of GO and CGO aerogels. 

 

 

 

8.4    Conclusion 

Gelation of GO nanosheets is a simple method to prepare graphene 3D networks. 

The sol-gel technique facilitates the chemical and physical crosslinking of the GO 

nanosheets in presence of the catalyst molecules. The final morphology and properties of 
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the 3D network depends on the type and density of the crosslinks. We varied various 

parameters such as GO concentration, catalyst/GO ratio and the nanosheets morphology 

to gain a better understanding of the gelation and crosslinking mechanism in GO 

hydrogels. Bridging structures were observed in samples prepared with higher 

catalyst/GO ratio. These structures may be the product of inter-sheet covalent bonding 

and thus, represents the chemical crosslinks in the GO aerogel. It is possible to alter the 

nanosheets morphology to crumpled particle and prepared CGO aerogel. These aerogels 

display extensive bridging between the nanosheets; it may be implied that the gelation of 

CGO particles occur mainly through chemical crosslinking since these particles are 

prone to π-π stacking. All the aerogels were electrically conductive without needing 

further reduction. Moreover, exceptionally high surface area was observed in aerogels 

with more bridging crosslinks. Further spectroscopic characterizations are required to 

reveal the chemical composition of the bridging structure. We also expect a drastic 

increase in the electrical conductivity of the aerogels after additional thermal annealing. 
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CHAPTER IX 

CONCLUSION AND FUTURE WORK 

 

9.1    Summary of thesis 

In this thesis, the dispersant-assisted exfoliation of pristine graphene in the liquid 

phase is studied. Also, graphene-philic copolymers are synthesized and used as 

dispersants to enhance the graphene-polymer compatibility in the nanocomposites. 

Additionally, the crumpling of graphene sheets is explored as a strategy for production 

of aggregation-resistant graphene powder. The crumpled graphene sheets are used to 

prepare highly porous and conductive graphene 3D networks. The experimental results 

discussed in Chapters IV-VIII can be summarized as follows. 

 

9.1.1  Direct liquid-phase exfoliation of pristine graphene by pyrene derivatives 

 We demonstrated that pyrene derivatives are promising dispersants for graphene 

in aqueous dispersions. Single- to few-layer graphene sheets were stabilized by these 

molecules, yielding exceptionally higher graphene/dispersant ratio compared to 

polymers and surfactants. The effectiveness of pyrene derivatives is determined by the 

type, number and electronegativity of functional groups and counterion. It also depends 

on the distance between functional group and pyrene basal plane, and the pH of the 

dispersion. The stability of dispersions against centrifugation lyophilization was 

confirmed. The dispersions were also stable over a broad range of pH and temperature. 
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These dispersions show promise for applications such as nanocomposites, organic solar 

cells, conductive films, and inkjet-printed electronic devices. 

 

9.1.2    Pyrene-based designer dispersant for graphene/polysiloxane composites  

A designer polysiloxane-based dispersant for graphene was synthesized and 

applied to prepare a highly conductive polymer film. This stabilizer was simultaneously 

used as the polymer matrix. To synthesize the stabilizer, 1-ethynylpyrene was grafted to 

the backbone of a poly(dimethylsiloxane)-co-(methylhydrosiloxane) random copolymer 

by Pt-catalyzed hydrosilylation reaction with a SiH: ethynyl ratio of 1.0:1.3. Dispersion 

of graphene in chloroform was prepared through the π-π interactions between the 

graphene sheets and the pyrene groups of the resulting copolymer. A graphene/polymer 

film was cast from this dispersion. SEM and TEM images confirmed the homogeneous 

distribution of the graphene sheets in the film.  The conductivity of this film with 4 wt% 

loading of graphene was measured to be 220 S/m.  This is the first case of a melt-

processable, conductive graphene/polymer film reported in the literature. Later the ratio 

of SiH:ethynyl was changed to 1.7:1.0, which led to self-crosslinking of the polymer at 

110 ⁰C and resulted in a direct production of a conductive graphene/silicone elastomeric 

composite. The crosslinking reaction was observed by FT-IR spectroscopy and the 

network formation was confirmed by swelling and extraction of the product.  
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9.1.3    Pyrene-functional PMMA & PS copolymers for Janus graphene  films 

 Similar strategy was applied to tailor the PS and PMMA polymer into a 

graphene-philic copolymer. Pyrene-functional copolymers were synthesized by radical 

polymerization in presence of 1-pyrenemethyl methacrylate. Graphene dispersions in 

chloroform were obtained using these copolymers. The Janus graphene-based composite 

films were prepared via vacuum filtration of the dispersions. These Janus films have an 

electrically-conductive side with conductivities as high as ~ 140 S/m, and another 

polymer-rich electrically-insulating side. The SEM images of the films cross-section 

confirms that the leaching of unbound polymer chains into the porous filtration 

membrane forms a graphene-rich section at the bottom of the film. The higher 

concentration of graphene at this section of the film is responsible for its high electrical 

conductivity.  

 

9.1.4    Crumpling and unfolding of pristine graphene and graphene oxide sheets 

A scalable spray drying technique was used to crumple pristine graphene sheets 

for the first time. Aqueous graphene and graphene oxide dispersions were atomized and 

dried in a spray dryer. During this process, 2D graphene sheets crumpled and 

transformed into 3D particles. Transition of the sheets morphology during the drying 

process was investigated by collecting samples at various heights of the spray dryer. 

Pristine graphene sheets deformed as the droplet shrinkage induced capillary forces at 

the interface and transformed into multi-faced crumpled particles with several dimples. 

Graphene oxide sheets were spray dried using the same procedure; however, their highly 
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wrinkled final morphology was different than the crumpled pristine graphene sheets. 

Differences in the elasticity and surface chemistry of pristine graphene and GO sheets 

are the main reason for the difference in the final morphology. Spray drying parameters 

such as atomizer pressure, drying temperature and concentration of sheets in the 

dispersions were varied in order to observe their effect on the final morphology of 

crumpled particles. Crumpled particles were redispersed into various solvents to assess 

their unfolding behavior. GO particles remained crumpled in the water; however, 

pristine graphene sheets immediately unfolded in the water due to the high affinity of 

pyrene derivatives for water. However, the pristine graphene particles preserved their 

crumpled morphology upon redispersion in chloroform. Thus, it was concluded that 

unfolding of the pristine graphene sheets depends on the solvent choice.   

 

9.1.5    Graphene conductive 3D networks with high surface area 

Graphene oxide hydrogels were synthesized using a simple one step sol-gel 

technique. Using this method, the gelation of graphene oxide nanosheets occurred in an 

aqueous dispersion in presence of ammonia molecules as catalyst at 90 ⁰C. The 

hydrogels were then dried in a critical point dryer to yield highly porous aerogels. The 

structures of these aerogels were observed using SEM microscopy to evaluate the 

physical and chemical crosslinking of the nanosheets. Stacking of the nanosheets and the 

inter-sheets bridging were the dominant features of the aerogels structure. The stacking 

of nanosheets was attributed to the overlapping and subsequent π-π stacking of the 

reduced sections of the nanosheets. On the other hand, the bridging structures were 
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attributed to the covalent bond formation between the functional groups of the 

nanosheets. We varied several parameters including nanosheets concentration, 

catalyst/GO ratio and the nanosheets morphology to understand how they affect the 

crosslinking mechanism. We observed that the higher catalyst/GO ratio intensifies the 

covalent bond formation and increases the density of bridging structures in the final 

aerogel. Crumpled graphene oxide particles were used in preparation of hydrogel to 

assess the effect of nanosheets morphology on the aerogel crosslinks and properties. 

These CGO hydrogels displayed extensive inter-sheet bridging which is due to their 

aggregation- (and π-π stacking-) resistant morphology. All the aerogels were electrically 

conductive (~ 0.1 S/m) without needing further reduction. This confirmed that partial 

reduction of nanosheets occurs during the gelation. Samples with higher inter-sheet 

bridging (including CGO aerogels) demonstrated an exceptionally high surface area 

(1500-1600 m
2
/g).  

 

9.2    Conclusions 

The purpose of our research is to increase the graphene yield of liquid-phase 

exfoliation method, as well as improving the pristine graphene compatibility and 

dispersion within the polymer nanocomposites. Additionally, by crumpling and 

assembling the graphene sheets into macrostructures, we attempt to harness the graphene 

properties in bulk graphene-based materials. From the results of our experiments we can 

conclude that: 
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(1) The proper choice of dispersant molecules can considerably improve the 

graphene yield of direct liquid-phase exfoliation method. Moreover, the 

presence of dispersant guarantees the redispersibility of pristine graphene 

freeze-dried powder in the original solvent. However, the graphene yield of 

this method remains restricted by other factors such as low efficiency of the 

sonication technique and the need for separation of graphene from graphitic 

materials in the final dispersions.  

(2) It is important to come up with simple synthetic methods for preparation of 

polymeric dispersants that are graphene-philic and can be directly used as 

host matrix. This allows for better interactions at graphene-polymer interface 

and achieving high electrical properties. The control over the molecular 

structure of such dispersants (i.e., location and density of pyrene groups in 

the polymer chain) can assist to exfoliate and stabilize more graphene sheets.  

(3) Crumpling of graphene oxide is proved to be effective for production of 

aggregation-resistant particles that can be processed later in the liquid phase; 

but the crumpling of the pristine graphene is limited by the unfolding of these 

sheets upon rewetting. Thus, it is easier to use crumpled graphene oxide 

particle for preparation of high surface area materials. The gelation and 

crosslinking of the crumpled graphene oxide particles is a facile method to 

prepare pure graphene-based structures with superior electrical conductivity 

and high surface area. 
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9.3    Future research directions 

In Chapter IV we discussed that graphene yield can be increased through 

stabilization of more nanosheets in the dispersion. However, the graphene yield is 

constrained with the total volume of the dispersion that can be prepared by sonication 

technique.  It is possible to improve the graphene yield and scalability of liquid-phase 

exfoliation method by substituting the sonication technique with shear mixing. Shear-

mixing in presence of proper solvent and dispersant can produce large volumes of 

graphene dispersion. Moreover, exfoliation of nanosheets from parent materials 

invariably results in a mixture of exfoliated and unexfoliated material that need to be 

separated to yield stable dispersions. Common labscale techniques for separation 

typically involve centrifugation and are not scalable. It is feasible to design a separation 

unit that can handle large volumes of the exfoliated and unexfoliated sheets mixture 

through multiple cycles of settling and washing of sediment.   

 The graphene/polysiloxane composites can be used in preparation of 

piezoresistive coatings and microchips for biomedical devices. The graphene/PMMA 

and PS composites may have potential application in conductive coatings. The ability to 

customize the molecular structure of the synthesized copolymer allows for a better 

control over the polymer-graphene interface. Alternative synthetic route may be 

explored to prepare these customized polymeric graphene dispersant.    

There are plenty of questions about crumpled graphene that have to be answered. 

Currently, we are trying to obtain a deeper understanding of these particles at the 

molecular level. The atomic and electronic structures of graphene in the crumpled state 
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are not well known and need to be studied. The mechanical properties of these particles 

at the molecular level have to be investigated. Also, it is important to correlate the 

molecular level changes with the bulk properties in the crumpled state.  

The conductive 3D networks of graphene that we prepared using GO and CGO 

may be used directly in Li-ion battery electrodes. The highly porous structure of these 

materials provides a more accessible path for ion diffusion. The high surface area of 

these structures facilitates the adsorption of these ions on the graphene sheets. Tailoring 

of the structure for higher mechanical stability is possible through variation of crosslinks 

density.  

Finally, it is worth to mention that all the production and processing techniques 

that we used for graphene can be (and in some cases have been) extended to many other 

2D nanosheets including boron nitride, molybdenum sulfide, tungsten sulfide, and many 

other transition metal dichalcogenide nanosheets.  
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