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ABSTRACT 

Up to date, the nano-particles and nano-materials have been established as an 

independent research discipline. Among them, carbon nano-materials, especially the carbon 

nanotubes (CNTs) and graphene have drawn tremendous research interest in the past few 

decades due to their exceptional mechanical, thermal, electrical and optical properties. The 

CNTs and graphene thus have shown a great promise in preparing the nano-scaled sensors, 

conductors, capacitors, batteries and other apparatuses. In addition, one of the most 

significant applications of the CNTs and graphene is to incorporate them into some 

polymers as the reinforcing fillers. Compared with other nano-fillers like carbon black and 

silica, the CNTs and graphene have much higher Young’s Modulus, aspect ratio, thermal 

and electrical conductivity, etc. With fairly a little amount of these nano-fillers being 

incorporated into the polymer matrices, generally no more than 5% in weight content, the 

corresponding properties of the prepared nano-composites can be enhanced largely. Based 

on these facts, the CNTs and graphene are viewed as the most desirable nano-fillers since 

they emerged. 

However, one major bottleneck for the practical application of CNTs is their poor 

dispersibility in solvents and/or polymer matrices. This drawback is mainly resulted from 

the strong van der Waals interactions among the CNTs and graphene. Due to these reasons, 

aggregations of CNTs bundles and graphene sheets are more probably observed in the 

polymer matrices or solvents rather than well-dispersed individuals. The precipitation and 

aggregation of the CNTs and graphene significantly affect the mechanical and electrical 

properties of the polymer nano-composites due to microphase segregation, inefficient load 

transfer, and limited percolation network formation. Hence, the functionalizations of the 
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CNTs and graphene have to be done before applying them in preparing nano-composites.  

Generally, using some pre-treatment methods, physical and/or chemical, can help 

improve the dispersion of the nano-scaled materials. Specifically, physical approaches 

include adsorbing or mixing certain types of polymers, electrolyte, surfactants, and 

biomolecules onto the surfaces of the CNTs and graphene. These foreign molecules act as 

the compatibilizer to weaken the van der Waals forces and to increase the dispersability of 

the CNTs and graphene in the solvents and polymer matrices. On the other hand, the 

chemical functionalizations of the CNTs and graphene also play a very crucial role in 

improving not only the dispersion but also the inherent properties of them. Being 

covalently grafted by some small molecules or polymers onto the surface, the CNTs and 

graphene will have obvious improvement in their dispersions in the solvents and the 

adhesions to the polymer matrices. More significantly, the introduced molecules can even 

improve the inherent properties of the CNTs and graphene. Since both CNTs and graphene 

can be easily acidified by strong oxidants, a number of chemical reactions can be 

introduced to the CNTs and graphene. 

The present thesis focuses on the functionalizations of the CNTs and graphene, which 

include physical (non-covalent) functionalizations and chemical (covalent) 

functionalizations. The prepared functionalized CNTs and graphene are then used as the 

reinforcing fillers to fabricate polymer nano-composites. The corresponding properties of 

these nano-composites are studied and investigated subsequently.  
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1. Chapter One    Introduction 

1.1. Background 

In recent years, the nano-scaled materials have received a tremendous interest and are 

desirable to be applied to almost every technological and scientific area due to their 

outstanding mechanical, thermal, electrical and optical properties. Among these nano-

materials, carbon nano-materials such as the carbon nanotubes (CNTs) and graphene have 

shown a great promise in preparing the nano-scaled sensors, conductors, capacitors, 

batteries and other apparatuses (Huang et al., 2012). In addition, one of the most significant 

applications of the CNTs and graphene is to incorporate them into some polymers as the 

reinforcing fillers. With fairly a little amount of these nano-fillers being incorporated into 

the polymer matrices, generally no more than 5% in weight content, the corresponding 

properties of the prepared nano-composites can be enhanced largely (Georgakilas et al., 

2012). In fact, a number of studies have been done to explore and maximize the reinforcing 

capacity of the carbon nano-materials. 

Despite some promising progresses being achieved, it has been found that the large 

van der Waals forces between the CNTs bundles and the graphene sheets would result in the 

aggregation of them inside the polymers with the failure of effective interfacial interactions 

between the fillers and the matrices. On the contrary, even they can temporarily disperse in 

some solvents by sonication, but both precipitation and agglomeration immediately appear 

when sonication stops. This is now one of the major challenges for broad ultilizations of the 

CNTs and graphene in the laboratory and industry (An et al., 2010). 

Hence, the functionalization of the CNTs and graphene has to be done before applying 
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them to prepare nano-composites. Common approaches include physical functionalization 

and chemical functionalization. Generally, by physically adsorbing or blending certain 

polymers, electrolyte, surfactants and biomolecules (Baskaran et al., 2005, Ji et al., 2015), 

the dispersibility of the CNT and graphene will increase significantly with little loss of their 

inherent properties. Better than that, these pretreatment agents can improve the interactions 

between the nano-fillers and the polymer matrices to some extent when the pretreated 

CNTs and graphene were used in the nano-composites, thereby improving some properties 

of the resulting composites. 

On the other hand, chemical functionalization of the CNTs and graphene also plays a 

very crucial role in improving not only dispersion but also properties of these carbon nano-

materials (Bahr and Tour, 2002). By grafting proper small molecules or polymers 

covalently to modify the surface of the CNTs and graphene, the dispersions of them in 

solvents and adhesions to polymer matrices will enhance obviously. When compared with 

the physical approaches, the chemically derived carbon nano-fillers are more inclined to 

preserve more inherent properties when being applied to fabricate nano-composites. This is 

due to the fact that without the invasion of the foreign compatibilizer, the chemically 

functionalized CNTs and graphene interact directly with polymer matrices. 

Based on the above facts, the present thesis focuses on some new functionalization 

approaches of the CNTs and graphene. The functionalized carbon nano-materials are then 

used in fabricating polymer nano-composites so as to examine the reinforcing capability of 

them. 
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1.2. Aims and objectives 

The broad aim of this study is to explore new approaches, chemical and/or physical, in 

order to enhance the dispersion of the CNTs and graphene in both solvents and the polymer 

matrices. Hence, the CNTs and graphene filled polymer composites with improved 

properties can be fabricated. Specifically, the detailed objectives of this thesis are listed as 

follows: 

1) To investigate the feasibility of using chitosan hydrochloric acid salt (CSCl) for 

improving the dispersion of multi-walled CNTs (MWCNTs) in aqueous and organic 

solvents. To investigate the dispersion behavior of CSCl treated MWCNTs in the silicone 

rubber (SR) and study the reinforcing effect of the CSCl treated MWCNTs with respect to 

the SR in terms of thermal, mechanical and electrical properties. 

2) To oxidize the MWCNTs to the graphene nanoribbon (GNR) and characterize the 

structure of the GNR. To study the dispersion state and reinforcing capability of the GNR 

with respect to both aqueous soluble polymer and organic soluble polymer. 

3) To investigate the dispersion state and reinforcing effect of graphene oxide (GO) on 

SR with different vinyl group concentrations. To study the adsorbing properties of GO 

filled konjac glucomannan (KGM) hydrogel with respect to methyl blue (MB) and methyl 

orange (MO) dyes. 

4) To synthesize a chemical functionalized graphene (CFG) through covalently 

attaching D-glucose onto the surface of the graphene and study the structure of the CFG. To 

investigate the reinforcing capability of this CFG with respect to aqueous soluble polymer 

and organic soluble polymer. 
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1.3. Framework of this thesis 

This thesis is composed of eight chapters. Chapter 1 gives the background, objectives 

and frameworks of this thesis. 

Chapter 2 gives a comprehensive literature review of the related theories and issues. In 

particular, the existed approaches of physical and chemical functionalization of CNTs and 

graphene and their applications in nano-composites are discussed in detail. 

In Chapter 3, the materials and methodologies used in every chapter of this thesis are 

provided. 

Chapter 4 focuses on the physical functionalization of the MWCNTs using CSCl and 

its applications in the SR nano-composites. Specifically, the dispersions of CSCl treated 

MWCNTs in both solvents and SR matrix are investigated. Moreover, the MWCNTs 

incorporated SR nano-composites are characterized in terms of morphological, thermal, 

mechanical and especially electrical properties. 

Chapter 5 studies the chemical functionalization of MWCNTs through unzipping the 

MWCNTs to form GNR using strong oxidants. The structure of the synthesized GNR is 

investigated in detail. The GNR is then dispersed in both aqueous soluble polymer (poly 

vinyl alcohol, PVA) and organic soluble polymer (SR) in order to fabricate the PVA/GNR 

and SR/GNR nano-composites. The morphological, thermal and mechanical properties of 

the prepared GNR incorporated nano-composites are studied. 

Chapter 6 discusses the application of the GO in nano-composites. Specifically, GO is 

used to fabricate SR/GO nano-composites. The reinforcing capability of the GO with 

respect to the SR, along with the effect of vinyl content of SR on the mechanical properties 

of the resulting nano-composites is studied. This chapter also studies the preparation of GO 
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filled KGM composite hydrogel and its application in adsorbing MO and MB dyes in 

aqueous solutions. The adsorption isotherm of the MO and MB onto KGM/GO hydrogel is 

also studied. 

In Chapter 7, a CFG is synthesized by covalently grafting D-glucose onto graphene.  

The D-glucose functionalized graphene is further applied in the preparation of PVA and 

poly(methyl methacrylate) (PMMA) nano-composites. The thermal and mechanical 

properties of the prepared nano-composites are then investigated. 

Chapter 8 presents a summary of this thesis and lists the limitations of the present 

work. Future works to fulfill these limitations and other functionalization approaches are 

also recommended.  
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2. Chapter Two    Literature Review 

2.1. Carbon nanotubes (CNTs) 

2.1.1. Introduction of CNTs 

2.1.1.1. Basic information 

The carbon nanotubes (CNTs) were discovered by Iijima in 1991 (Iijima, 1991). 

Possessing outstanding structure and properties, the CNTs have attracted enormous 

research interests in the past few decades. The CNTs have a 1-D fiber structure which can 

be regarded as the rolled-up graphene sheet. At the two ends of each nanotube, a carbon 

hemisphere ball is capped as shown in Figure 2-1 (Bauhofer and Kovacs, 2009, Niyogi et 

al., 2002). Currently, the high-purity aligned CNTs can be easily synthesized using a variety 

of approaches including chemical vapor deposition (CVD) (Cassell et al., 1999, Li et al., 

2004), arc discharge (Loiseau et al., 1996, Sugai et al., 2003) and high pressure carbon 

monoxide (HPCO) (Nikolaev et al., 1999) etc. Based on the number of wall layers, the 

CNTs can be divided to single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) 

(Jia et al., 2005). Apparently, the MWCNTs comprise of more than two cylinder gaphene 

sheets which coaxially surround an axis of symmetry. Right now, the length of the CNTs 

can be as high as 100 mm (Zhang et al., 2013), thereby enabling the CNTs with ultra-high 

surface area and high aspect ratio (~1000). As for the insight of the molecular structure, the 

CNTs have an entire sp
2
 carbon-carbon bonding with a large condensed ring network. 

Without some sort of reactions, the CNTs themselves have no structural defects within their 

backbones (Yu et al., 2000). This structure gives the CNTs exceptionally high mechanical 

properties such as high Young’s modulus (1.5 TPa) (Baughman et al., 2002) and high 
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tensile strength (~100 GPa) (Thostenson et al., 2001). Moreover, the defect-free tube 

structure also gives a high thermal conductivity (~6000 W/mK) (Berber et al., 2000). 

Besides, the sp
2
 skeleton of the CNTs facilitates the transfer and mobility of the electrons, 

resulting in an exceptional high electrical conductivity of the CNTs (~10
6
 S/m) (Bauhofer 

and Kovacs, 2009). 

  

 

Figure 2-1. (a) TEM, (b) SEM and (c) schematic illustration of the CNTs 

 

2.1.1.2. The challenge of CNTs applications in polymer composites 

The bulk production of the CNTs at low cost enables a more comprehensive research 

of the CNTs. The unique structure and remarkable properties of the CNTs give wide 

application potentials in various material research areas such as superconductors (Tang et 

al., 2001, Kociak et al., 2001), sensors (Baughman et al., 2002, Barone et al., 2005), nano-

electronic devices (Arnold et al., 2006), energy storage, catalyst carriers (Planeix et al., 

1994, Saleh and Gupta, 2012) and so on. Amongst these applications, one of the most 
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studied fields is the utilization of the CNTs as the reinforcing filler to fabricate polymer 

nano-composites with enhanced performance and properties for desired target (Bauhofer 

and Kovacs, 2009, Bokobza, 2007, Li et al., 2008a). In 1994, Ajayan and his co-workers 

reported the CNTs filled polymer composite for the first time (Planeix et al., 1994). Right 

after then, numerous publications including journal papers and patents gave detailed studies 

of the polymer composites with the CNTs as the reinforcing filler (Moniruzzaman and 

Winey, 2006). Up to now, there are more than 30,000 papers in Web of Science (ISI) 

published in the CNTs/polymer composites research and the number is still increasing. 

Even in 2014 which has been more than 20 years of the CNTs discovery, more than 7,000 

papers have been published with the title containing ‘carbon nanotube’, meaning that the 

CNTs research is still a hot research field in the scientific world. Of all the CNTs 

incorporated polymer composites, the polymer matrices used cover almost every kind 

including water-soluble polymers (Lin et al., 2003), organic-soluble polymers (Ma et al., 

2010), resin (Song and Youn, 2005), plastic (Paiva et al., 2004), liquid crystalline polymers 

(Yang et al., 2008) and so on.  

However, the defect-free pure carbon structure also imposes a huge limitation on the 

applications of the CNTs in the polymer composites areas. Without the presence of 

functional groups within the body, the CNTs always agglomerate due to large van der Waals 

forces between the CNT bundles (Shang et al., 2013). It is nearly not possible to disperse 

the CNTs in any solvents and polymer matrices. One can use sonication to disperse the 

CNTs in some solvents temporarily, but aggregations are immediately observed once the 

sonication is stopped. Moreover, the functional-group-free structure of the CNTs hinders an 

effective adhesion of the CNTs to the polymer matrix, which largely weakens the 

reinforcing capability of the CNTs. Until now, a uniform dispersion and alignment of the 
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CNTs in the polymer matrices and effective interactions between the CNTs and the matrix 

are still the main challenges to the researchers handling with the CNTs filled polymer nano-

composites. 

 

2.1.2. Functionalization of CNTs 

To solve the above problems, it is necessary to eliminate the strong interfacial 

interactions between the CNTs bundles. Hence, functionalization of the CNTs is an 

effective way to prevent the aggregation of the CNTs.  

Generally, there are two types of approaches for the modification of the CNTs. The 

first one is the physical approach which makes use of the non-covalent adsorption or 

attachment of proper functional molecules like surfactant, electrolyte and polymer, etc. 

These foreign functional materials isolate the interactions between the CNTs bundles and 

prevent the precipitation of the CNTs as a consequence (Chen et al., 2003, Zhao et al., 

2003). Besides, the functional molecules can also act as the compatibilizer to build 

interactions between the CNTs and the polymer matrices. Another commonly used 

approach is the chemical functionalization. Through covalent grafting reactions, the 

functional molecules can also be attached onto the CNTs (Dyke and Tour, 2004, 

Balasubramanian and Burghard, 2005). Different from the physical approach, the functional 

molecules become a segment of the CNTs structure after the chemical reactions. Better than 

that, the chemically derived CNTs are more inclined to preserve the inherent properties of 

the CNTs when being applied to nano-composites because without the invasion of foreign 

compatibilizer, the chemically modified CNTs will interact directly with the polymer 

matrices (Bahr and Tour, 2002).  
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 The following part comprehensively discusses the physical and chemical 

functionalization of the CNTs. 

 

2.1.2.1. Physical Functionalization 

The main merit of the physical functionalization of the CNTs is that the inherent 

structure of the CNTs is not compromised. The functional molecules just non-covalently 

attach onto the surface of the CNTs and at the same time, the dispersion and processability 

of the functionalized CNTs can be improved.  

The most frequently used functionalizing agent is the class of surfactant. Like other oil 

phase materials, the CNTs can be well dispersed in the aqueous solution with the help of 

different kinds of surfactants. The amphiphilic nature of the surfactant makes it attach onto 

the surface of CNTs with the hydrophobic end and increases the solubility of the CNTs in 

the water using its hydrophilic end. 

Among the surfactants, the anionic surfactants are used mostly because they can be 

easily obtained. Both the sodium dodecylsufate (SDS) (Duesberg et al., 1998) and the 

sodium dodecylbenzene sulfonate (SDBS) (Paredes and Burghard, 2004) are very 

promising functionalization agents to enhance the dispersion of the CNTs in the water. 

Figure 2-2 gives a schematic illustration of the adsorption of the SDS and SDBS onto the 

CNTs. It is easy to observe that the SDBS should have a much better adhesion to the CNTs 

than the SDS since the benzene ring of the SDBS promotes the attachment of the SDBS 

through π-π stacking (Sáfar et al., 2008). From technical point of view, the structures of the 

surfactants like the length of the hydrophobic chain, the molecular size and the condensed 

ring structure significantly influence the attachment of a surfactant to the CNTs and the 
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CNTs dispersion in the water. 

 

Figure 2-2. Schematic illustration of the SDS and SDBS attachment onto the surface of the 

CNTs 

 

Other types of surfactants including cationic surfactants and non-ionic surfactants are 

also used to improve the dispersibility of the CNTs in the water (Lisunova et al., 2006, 

Islam et al., 2003). Similarly, the CNTs physically functionalized by the surfactants with 

benzene rings have much better dispersibility in the water.  

Another class of functionalization agents which should be mentioned here are the class 

of ionic liquid electrolytes. The ionic liquids have similar structures to cationic and anionic 

surfactants which can attach onto the CNTs non-covalently with their organic parts and 

increase the dispersibility of the CNTs at the same time (Wu et al., 2009, Wang et al., 

2008a). When compared with the surfactants, the ionic liquid can improve the dispersion of 

the CNTs not only in aqueous solutions, but also in certain organic solvents (Fukushima 

and Aida, 2007, Fukushima et al., 2006). Since a majority of the polymer matrices are only 

soluble in organic solvents, thus this property makes the ionic liquid extremely important 

because it can enlarge the range of application of the CNTs in polymer nano-composites 

fabrications. Many previous publications have shown that the ionic liquids are desirable 

functionalization agents for pretreating the CNTs. Our research group has also used a 
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specific kind of ionic liquid, namely 1-butyl-3-methylimidazolium chloride, to 

functionalize the CNTs with promising results for enhancing their dispersion in 

tetrahydrofuran (THF) (Shang et al., 2011, Shang et al., 2012). Table 2-1 gives some 

previous examples of successful attempts which have used surfactants and ionic liquid to 

improve the CNTs dispersions. 

It has been pointed out previously that the existence of the condensed aromatic 

structure of the functionalization agent can effectively attach onto the CNTs through π-π 

stacking. Based on this point of view, a number of researchers studied the effect of 

aromatic-structure-containing molecules on the dispersion enhancement of the CNTs. The 

Prato group found that pyrene largely enhanced the dispersion of CNTs in water and built 

an interaction between the CNTs and the later introduced anionic porphyrin (Ehli et al., 

2006). The pyrene structure resulted in the better dispersion and close interactions. The 

pyrene structure was also utilized by other researchers and some effective functionalization 

agents like pyrene-β-cyclodextrin (Ogoshi et al., 2007) and pyrene-glycodendrimer (Wu et 

al., 2008). Besides the pyrene materials, other small molecules containing the condensed 

ring structures were also found applicable in improving the CNTs dispersion in either 

aqueous or organic solvents (Mateo-Alonso et al., 2007, Fukushima et al., 2005). 

 

Table 2-1. Physical functionalization of CNTs using surfactants and ionic liquids 

Functionalization agent CNTs References 

SDS (anionic surfactant) MWCNTs 

SWCNTs 

(Duesberg et al., 1998) 

(Moore et al., 2003) 

SDBS (anionic surfactant) SWCNTs (Paredes and Burghard, 2004) 
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Triton X-100 (non-ionic 

surfactant) 

MWCNTs 

SWCNTs 

(Kim et al., 2008) 

(Wang et al., 2004) 

CTAB (cationic surfactant) SWCNTs (Shin et al., 2008) 

1-butyl-3-methylimidazolium 

chloride (ionic liquid) 

MWCNTs (Shang et al., 2011, Shang et al., 2012) 

1-allyl-3- methylimidazolium 

chloride (ionic liquid) 

MWCNTs (Zhang et al., 2007) 

1-butyl-3-methylimidazolium 

tetrafluoroborate (ionic liquid) 

SWCNTs (Du et al., 2007) 

 

Besides the small molecules like the surfactants and ionic liquids, some polymers can 

also play the role of functionalization agents to increase the dispersion of the CNTs. Both 

biomolecules especially the polysaccharides and some common polymers can attach onto 

the surface of the CNTs and build an interaction between the CNTs and the solvents. A 

variety of nature available polysaccharide can be applied to enhance the CNTs dispersion. 

These polysaccharides can easily attach onto the surface of the CNTs because most of them 

contain carbohydrate macrocyclic structure within their backbones which can interact with 

the CNTs through π-stacking and sp
2
 hybridizations (Bandyopadhyaya et al., 2002, Numata 

et al., 2008). Based on the attempt of different applications, various kinds of these 

biomolecules can be used as the candidates. Chitosan is one of the most commonly used 

polysaccharides for CNTs dispersion enhancement. By carrying amino and hydroxyl groups 

along with its backbone, chitosan and its derivatives show characteristic surface activity 

and dispersive capacity, which have been applied to surface absorbing and dispersion 

enhancing. Owing to the presence of the amino group in its structure, chitosan behaves as a 
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pH responsive polymer (Yan et al., 2008, Liu et al., 2012). Under acidic condition (pH < 6), 

the amino groups of chitosan are protonated and positively charged. At the same time, the 

protonated chitosan is soluble in water and acts as a kind of polyelectrolyte or surfactant, as 

shown in Figure 2-3. Previous works have shown that the chitosan materials are desirable 

functionalization agents for obtaining the well dispersed CNTs (Tkac and Ruzgas, 2006, 

Iamsamai et al., 2010, Haggenmueller et al., 2008, Zhou et al., 2008). Our research group 

has also found a novel way to increase the CNTs dispersion in both aqueous and organic 

solvents using chitosan salt which will be discussed in detail in Chapter 3 (Shang et al., 

2013).  

 

Figure 2-3. pH dependence behavior of chitosan 

 

Other polysaccharides like glucose (Barone and Strano, 2006), lignin (Haggenmueller 

et al., 2008), alginic acid (Liu et al., 2010c) and cellulose (Minami et al., 2006) have also 

been proved as the promising functionalization agents. Besides, many bioactive 

macromolecules are also selected to non-covalently functionalize the CNTs. Among them, 

DNA molecules (Nakashima et al., 2003, Zheng et al., 2003) and proteins (Karajanagi et al., 

2006, Matsuura et al., 2006) are commonly used. These biomolecules contain numerous 

amine groups and oxygen atoms, which can immobilize the DNA and protein with the 

benzene rings of the CNTs through π-bonding, van der Waals interactions and/or sp
2
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hybridization. 

In addition to these bio-macromolecules, some common polymers are also used to 

enhance the CNTs dispersions in both the water and organic solvents (Rouse, 2005, Dalton 

et al., 2000). These polymers often contain benzene rings or functional groups within their 

bodies and have a relative acceptable solubility in some specific solvents. The functional 

structures prompt a ‘wrapping’ of these polymers around the CNTs to form a 

supermolecular complex, which is similar to the role of the surfactants. The formed 

complex can then have a closer association with the solvents. Poly(p-phenylenevinylene-

co-2,5-dioctyloxy-mphenylenevinylene) was first discovered to have the wrapping 

capability for enhancing CNTs dispersion (Curran et al., 1998, Coleman et al., 2000). The 

SWCNTs were found dispersible in organic solvents. Another copolymer, poly(styrene)-

block-poly(acrylic acid), also has the excellent encapsulating capability for CNTs. After 

being treated by this copolymer, the CNTs were found dispersible in both the polar and 

non-polar solvents (Kang and Taton, 2003), which could facilitate the following composites 

fabricating procedures.  

The physical functionalization of the CNTs significantly enhances the CNTs 

dispersion in the solvents. The mechanism of molecule attaching onto the CNTs is mainly 

the π-bonding, van der Waals forces and sp
2
 hybridization of the functional groups in the 

functionalization agents and the benzene rings in the CNTs. However, potential 

disadvantage also existed in this approach. The main deficiency is that the introduced 

materials wrap around the CNTs, resulting in a lower efficiency of the load transfer from 

the polymer matrices to the CNTs filler sometimes. Hence, chemical functionalization is 

conducted under certain circumstance which is described in the following. 
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2.1.2.2. Chemical Functionalization 

Curved grahene structure of the CNTs makes them more reactive and easy to break, 

thereby giving the possibility of the chemical functionalization of the CNTs. The covalent 

attachment of the functional groups or molecules provides the CNTs with better solubility 

and larger application fields. Among all the chemical functionalization approaches, 

oxidation reaction is the most feasible one. Moreover, oxidation of the CNTs is the 

fundamental step for a variety of further functionalization performance since the oxidative 

treatment introduces to the CNTs a lot of functional groups like carboxylic acid groups and 

hydroxyl groups as shown in Figure 2-4 (Wang et al., 2007b).  

Currently, the oxidation of CNTs becomes very easy by making use of the strong acid, 

nitric acid and/or sulfuric acid to treat the CNTs in the liquid phase (Mukherjee et al., 2007, 

Wang et al., 2007a). The functional group (-COOH, -OH) concentration on the sidewalls of 

the CNTs depends on the oxidation procedures, oxidation temperature and the selection of 

the oxidants (Zhang et al., 2003). It was reported that hot sulfuric acid had a better 

oxidation capability than that at room temperature (Datsyuk et al., 2008). It was also 

reported that introducing sonication into the whole oxidation process would largely 

increase the oxygen containing groups formed in the final acidified CNTs (Xing et al., 

2005). Moreover the oxidation rate could be controlled by the sonication time. The Ziegler 

group ever reported that the combination of sulfuric acid and hydrogen peroxide promoted 

the CNTs oxidation (Ziegler et al., 2005). However, the oxidants cut the nanotubes at the 

same time. The oxidized CNTs were found soluble in water and many polar solvents like 

THF and ethanol (Chen and Mitra, 2008). 
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Figure 2-4. Schematic illustration of formation of acidified CNTs 

 

The introduction of the oxygen containing groups, especially the –COOH and –OH 

groups, is extremely important for the chemical functionalization of the CNTs since these 

groups can facilitate the further attachment of other functional groups or molecules. The 

Gromov group first reported an amine functionalized CNTs using the oxidized CNTs as the 

starting material (Gromov et al., 2005). A lot of studies have been focused on the post-

functionalization of the oxidized CNTs. In particular, the materials containing hydroxyl 

groups (-OH), amine groups (-NH2) and thiol groups (-SH) are more preferable to react 

with the acidified CNTs through an esterification reaction. Figure 2-5 shows the general 

procedure of functionalizing the oxidized CNTs by using the amine or hydroxyl groups 

ended materials (Tasis et al., 2006). 
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Figure 2-5. Schematic illustration of CNTs functionalization using the amine or hydroxyl 

groups ended materials (Tasis et al., 2006) 

 

Based on the above mechanism, a variety of functionalization molecules including 

small organic molecules, polymers, bio-macromolecules were grafted onto the surface of 

the CNTs. In 1998, the Haddson group synthesized the first organic solvent-soluble CNTs 

through introducing alkylamines onto the acidified CNTs via acylation reaction (Chen et al., 

1998). They further found that 4-alkylanilines functionalized CNTs also had a good 

solubility in organic solvents (Hamon et al., 1999).  

A recent study proposed a ‘green’ synthesis of a L-alanine functionalized CNTs 

(Basiuk et al., 2006).  The reaction took place at a high temperature and avoided the use of 

organic solvents. The chemically grafted CNTs had a better solubility in liquid paraffin.  

For those amines with lower reaction activities, the oxidized CNTs are usually treated 

with the thionyl chloride first as shown in Figure 2-5. The acyl chloride is much easier to be 

attacked by the nucleophilic groups which can speed up the amidation reactions. Wang et al 

used the thionyl chloride to treat the acidified CNTs and the treated CNTs could react with 
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a number of amines including some secondary amines (Wang et al., 2005). This process is 

not accessible for the neat acidified CNTs since the activity of the secondary amines are 

much lower than that of the primary amines. The functionalized CNTs had a very high 

water dispersibility whose solubility could be as high as 10 mg/mL. 

Moreover, the Matano groups also made use of the acyl chloride CNTs to react with 

the amines whose positions were hinder by other groups (Umeyama et al., 2008). The acyl 

chloride CNTs could react with the 8-aminopentadecane and the prepared CNTs had 

enhanced the dispersibility in the organic solvents. Similarly, the Chen group reported a 

functionalization of the CNTs obtained from the acyl chloride CNTs and the octaamino 

substituted erbium bisphthalocyanine (Xu et al., 2005). Due to the introduction of the 

chelate compound, the functionalized CNTs had a strong charge transfer capability.  

The amine-ended molecules could be also attached onto the CNTs via carbodiimide 

coupling as shown in Figure 2-6. In this process, the acidified CNTs was first treated with 

the N,N`-dicyclohexylcarbodiimide, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, and 

N-hydroxy succinimide and the amide was formed finally. Compared with the above acyl 

chloride approach, this method is relatively gentle and the reaction condition is easier to 

control. A number of publications have reported the functionalized CNTs using this method. 

For instance, the Hong group grafted S-(2-aminoethylthio)-2-thiopyridine onto the CNTs 

and this functionalized CNTs dispersed well in organic solvents and had a very good 

reactivity.  

 

Figure 2-6. Carbodiimide coupling of acidified CNTs with amine 
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It is very interesting to cite here that the ionic liquid mentioned above, i.e. it can 

increase the dispersion of the CNTs through non-covalent functionalization, is also able to 

covalently attach onto the CNTs through esterification or amidation reactions. All the ionic 

liquids containing –OH groups or –NH2 groups have the potential to be performed under 

the above mentioned approach. In particular, 1-hydroxyethyl-3-hexyl imidazolium chloride 

reported by Liu and his co-workers could be attached onto the CNTs (Yu et al., 2006). The 

functionalized CNTs had switchable solubility in the water through tuning the ion 

concentration in the solutions. Moreover, Wang et al reported the chemically functionalized 

CNTs from the acidified CNTs and the 1-(3-aminopropyl)-3-methylimidazolium bromide 

(Wang et al., 2008c). The prepared CNTs derivative had good solubility and excellent metal 

molecule absorption capability.  

Besides the small molecules, polymers can also be grafted onto the CNTs surface. Yi 

attached the PVA covalently onto the acidified CNTs (Lin et al., 2003). The product was 

found soluble in water and many other polar solvents like the PVA itself.  Lin and his co-

workers functionalized the CNTs with poly(polyethylene glycol) (Fu et al., 2001). Since the 

poly(polyethylene glycol) contained hydroxyl groups within its body, the reaction was 

relatively easy to initiate. Poly(benzylether) has also been found viable to be grafted onto 

the CNTs, resulting in solvent-soluble CNTs (Jiang et al., 2005). Dendrimer like poly 

(amidoamin) dendrons is also a promising grafting agent and the functionalized CNTs can 

capture other molecules through chelation (Tao et al., 2006). Acidified CNTs were also 

found attachable by polystyrene copolymers through amidation reactions (Hill et al., 2002). 

The functionalized CNTs were found soluble in many organic solvents. 

Other polymers like poly(methyl methacrylate) (Koshio et al., 2001), poly-(2-

vinylpyridine) (Lou et al., 2004), polyimide (Qu et al., 2004), polyethyleneimine (Shen et 
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al., 2009) and poly(vinyl acetate-co-vinyl alcohol) (Riggs et al., 2000)  being successfully 

grafted onto the surface of the CNTs were also reported.  

Bio-molecules are also promising candidates for covalently attaching onto the CNTs. 

These biomaterials enlarge the CNTs application in both the composite materials and the 

bio-functional application systems. Natural polysaccharides and biomass materials like 

protein and DNA have great a potential as the functionalization agents since both of these 

materials contain abundant either hydroxyl groups or amine groups in their body structures. 

Chitosan is one of the most commonly studied saccharide to be selected as the 

functionalization agent because chitosan contains both the amine group and the hydroxyl 

group within its backbone. Since chitosan has various molecular weight, viscosity and 

esterification rate, the properties of the functionalized CNTs can be tuned by changing 

different chitosans. Many researchers have successfully prepared the chitosan attached 

CNTs and found applications in numerous research fields (Wu et al., 2007, Ke et al., 2007, 

Aroon et al., 2010, Pauliukaite et al., 2009). Another polysaccharide, i.e. Glucosamine 

(Pompeo and Resasco, 2002), has also been covalently attached onto the acidified CNTs. 

The functionalized CNTs aqueous dispersion could be kept stable for more than 1 month. 

  Furthermore, DNA materials are found promising as the covalent functionalization 

agents used for the acidified CNTs. Zhao covalently attached the poly(m-aminobenzene 

sulfonic acid) onto the CNTs (Zhao et al., 2004). The functionalized CNTs were soluble in 

water. The Haddson group as mentioned previouslt also reported a covalent 

functionalization of water-soluble CNTs using a classic DNA, namely alkyl-aryl amine 4-

dodecyl-aniline (Hamon et al., 1999). Chen et al also reported a functionalized CNTs using 

the deoxyribonucleic acid (DNA) derivative (Chen et al., 2005). The AFM image showed 

that the DNA molecules were grafted onto both the ends and the sidewalls of the CNTs.  
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A majority of proteins are also applied in this attempt. Poly-L-lysine, a protein which 

promotes cell adhesion, has been reported by the Li group to be covalently attached onto 

the CNTs (Zhang et al., 2004b). The resulted CNTs have larger application potentials for 

further derivation. Similarly, Huang et al functionalized the CNTs using the bovine serum 

albumin protein via carbodiimide coupling (Huang et al., 2002). The prepared CNTs 

derivative was found soluble in aqueous medium. The Sun group also prepared this protein 

functionalized CNTs and found another application in capturing the E-coli cell in a 

biological system (Elkin et al., 2005). Ferritin covalent-attaching CNTs as reported by Lin 

et al had a higher solubility in aqueous solutions than that of the poly(ethylene glycol) 

grafted CNTs. 

In other cases, the streptavidin was attached onto the CNTs covalently, and the 

functionalized CNTs found application potentials in bio-recognization (Wohlstadter et al., 

2003). Other bio-molecules like MP-11 protein (Gooding et al., 2003), enzyme (Patolsky et 

al., 2004), peptide nucleic acid (Williams et al., 2002, Nguyen et al., 2002) and DNA 

derivatives (He and Dai, 2004a, Jung et al., 2004) were also successfully covalently 

attached onto the CNTs through esterification and/or amidation reactions.  

Besides the esterification and amidation reaction applied to the acidified CNTs as 

discussed above, a number of direct covalent functionalization can also be conducted on the 

neat CNTs since the benzene structures themselves also have reaction activities.  

The grafting reactions, especially used for polymer grafting approaches, are generally 

divided into two categories which are ‘grafting to’ and ‘grafting from’ ways. The ‘grafting 

to’ method is directly attaching the molecules onto the surface of the CNTs, whereas the 

‘grafting from’ method is to attach the polymer molecules onto the surface of the CNTs 

from the monomer using the in-situ radical polymerization, which is also named as the 
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‘Click’ polymerization. Compared with the ‘grafting to’ method, the ‘grafting from’ method 

is more probable to synthesize the functionalized CNTs with a higher grafting concentration. 

One early and representative example is the ‘Click’ synthesis of the polystyrene grafted 

CNTs and its schematic illustration can be seen in Figure 2-7. Unlike the above-mentioned 

amidation reaction, the polystyrene was grafted onto the pure CNTs using only 2 hours. The 

processing time is much shorter and the CNTs also need not to be pre-oxidized. 

Based on the above results, many researchers obtained a variety of polymers 

functionalized CNTs. The Ford group used a styrene monomer derivative, namely styrene 

sulfonate to functionalize CNTs (Qin et al., 2004b). The obtained CNTs had a much higher 

solubility in aqueous solutions than polystyrene due to the existence of the sulfonate group 

in the styrene molecule. Inspired by this idea, this group also synthesized a 

polyvinylpyridine grafted CNTs (Qin et al., 2004a). This functionalized CNTs were kept 

stable in many organic solvents like methanol, DMF and isopropanol for more than 8 

months. 

 

Figure 2-7. Schematic illustration of in-situ polymerization for synthesizing 

polystyrene grafted CNTs (Shaffer and Koziol, 2002) 

 

Similarly, PMMA grafted CNTs was synthesized by Hwang et al through emulsion 
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polymerization (Hwang et al., 2004). The as-prepared CNTs had a much higher affinity for 

both solvents and polymer composites.  

Poly(N-isopropylacrylamide), an interesting polymer which is sensitive to temperature, 

has been used in many research fields like encapsulating, controlled release and pollutant 

caption. The poly(N-isopropylacrylamide) grafted CNTs have been synthesized by different 

research groups and have been proved to be soluble in many solvents like water, 

chloroform, and THF (Guoyong et al., 2006, Li et al., 2012). Moreover, with the poly(N-

isopropylacrylamide) part, the grafted CNTs also had exceptional sensitivity to changing 

temperatures, which enlarged the application fields of the CNTs. 

Other polymers which have been grafted onto the CNTs through in-situ 

polymerization method include poly(acrylic acid) (Kong et al., 2005), polyethylene (Tong 

et al., 2004), polyaniline (Zengin et al., 2002), poly (tert-butyl acrylate) (Kong et al., 2004) 

and poly(L-lactide) (Chen et al., 2007) etc. 

Apart from the above two main CNTs functionalization approaches, i.e. the 

esterification/amidation attaching and the in-situ polymerization, there are still some 

different ways that have been used to synthesize the functionalized CNTs. Direct addition 

reaction to the double bonds of the CNTs is often used among the well-known addition 

attempt cases. The Haddon groups used carbine to sidewall functionalize the CNTs in 

which a dichlorocabene (Hu et al., 2003), namely phenyl(bromodichloromethyl)-mercury 

was covalently attached onto the CNTs. Subsequently, the nitrene addition (Holzinger et al., 

2003), dipolar cycloaddition (Tagmatarchis and Prato, 2004), Diels-Alder cycloaddition 

(Delgado et al., 2004) and free radical addition (Mylvaganam and Zhang, 2004) were also 

selected for synthesizing the functionalized CNTs. 

Recently, it was found that when the concentration of potassium permanganate was 
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high enough, the CNTs could be unzipped to form the GNR  as shown in Figure 2-8 

(Kosynkin et al., 2009). The GNR could be regarded as a ribbon-like graphene oxide with a 

higher aspect ratio. When compared with the pristine CNTs, the GNR contains more 

reactive oxygen groups which can facilitate the dispersion of the GNR in the polymer 

matrices. The characterization of the GNR and its application in the polymer nano-

composites will be mainly discussed in this thesis as illustrated in the following chapters. 

 

 

Figure 2-8. The unzipping process of CNTs to GNR (Kosynkin et al., 2009) 

 

2.2. Graphene 

2.2.1. Introduction of Graphene 

2.2.1.1. Basic information 

Like the CNTs, the graphene also received intensive interest ever since it was 

discovered in 2004 (Novoselov et al., 2004). Being mechanically exfoliated from the 

natural graphite by Novoselov, Geim and their colleagues, the single-layered graphene 

sheet was first observed directly under microscope.  As shown in Figure 2-9, the emergence 

of the graphene fulfills the dimension scale of the carbon allotropes obtained from 0-D 
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fullerene, 1-D CNTs, 2-D graphene and 3-D carbon materials like graphite, diamond and 

carbon black which are the assemblies combining the above structures (Balandin, 2011). 

As for the graphene, it is a single-atom-thick sheet of sp
2
-hybrizied carbon atoms 

which align as a honeycomb lattice with a carbon-carbon bond length of 0.142 nm 

(Fasolino et al., 2007). It is considered as the world’s thinnest, strongest and stiffest 

material with dramatic properties such as the quantum hall effect (QHE), high carrier 

mobility at room temperature (~10 000 cm
2
 V

-1 
s

-1
), large theoretical specific surface area 

(2630 m
2
g

-1
), good optical transparency (~97.7%), high Young’s modulus (~1 TPa) and 

excellent thermal conductivity (3000-5000 W m
-1

 K
-1

) (Stoller et al., 2008, Nair et al., 

2008).  

 

Figure 2-9. Basis of all graphitic forms (Kuila et al., 2012) 

 

Similar to the CNTs, this revolutionary material provides infinite possibilities for the 

research in the fields of physics, chemistry, biotechnology and materials science. It seems 

that no other materials can have so wide applications in nearly every scientific and 
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technological area like graphene. For no more than one decade, numerous studies have 

been done and the graphene based materials have found promising applications in nano-

composites (Yang et al., 2010c, Li et al., 2009), biomaterials (Feng et al., 2011, Zhang et al., 

2011b, Qin et al., 2010), fuel cells (Zhang et al., 2010b, Dong et al., 2010), sensors (Li et al., 

2011, Ang et al., 2008), organic crystals and frameworks (Wang et al., 2010b, Han et al., 

2010, Jahan et al., 2010, Petit and Bandosz, 2010) etc. One thing which can reveal the 

importance of the CNTs and graphene is that all the researchers (Ijjima, Geim and 

Novoselov) who did the pioneering works were awarded Nobel Prize just a few years right 

after they discovered the materials (NobelPrize). 

 

2.2.1.2. The challenge of graphene application in polymer composites 

Similar to the CNTs, the graphene also opens a new sight to various research areas. 

Although up to now, the mass production technology of pure graphene is still not available, 

researchers still pay tremendous interest in exploring its application possibilities as it really 

shows distinct properties which cannot be attained by all the traditional materials. 

Especially in the polymer nano-composites, the graphene has shown a great potential in the 

fabrication of nano-composites with improved thermal, mechanical, electrical and optical 

properties (Cheng et al., 2012, Forati et al., 2013). The unique single-layer structure of the 

graphene enables the superior reinforcing effect of the graphene.  

However, it is very difficult to obtain the well exfoliated graphene sheets with a single 

or few layers in both solvents and polymers due to the strong inter-molecular van der Waals 

forces and the π-π stacking existing among them, which is extremely similar to the CNTs. 

Hence, the functionalization of the graphene is also necessary if one hopes to obtain the 
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graphene filled polymer nano-composites with the maximum reinforcing and load transfer 

effect.  

 

2.2.2. Functionalization of Graphene 

The graphene functionalization approaches also fall into two classes, namely the 

physical functionalization and the chemical functionalization. Physical blending or 

adsorbing molecules which is a relatively easy approach will (1) weaken the van der Waals 

forces among the graphene sheets without destroying the graphene structure, and (2) build 

interactions between the graphene and the solvents/polymers. At the same time, the 

introduced molecules more or less attenuate the reinforcing effect of the graphene. 

Chemically attaching the molecules onto the graphene ensures the graphene reinforcing 

capability, but will occasionally produce some defects on the structure of the graphene 

sometimes. The selection of either approach depends on the research target and the 

feasibility.  

 

2.2.2.1. Physical Functionalization 

Most of the non-covalent functional agents used for the CNTs are also suitable for 

pretreating graphene in order to improve its dispersion in solvents and polymer matrices. 

The functionalization agents attach onto the surface of the graphene through polymer 

wrapping and/or π-π stacking (Georgakilas et al., 2012). Since the graphene sheet has a 

relatively flat surface when compared with the curved surface of the CNTs, the 

functionalization agents have a better affinity to the graphene. The surfactants, small 

molecules containing benzene structures, polymers, natural saccharides and bio-molecules 
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which have been mentioned previously are all used in functionalizing the graphene. 

The surfactant classes are the most accessible materials for obtaining the long-time 

stable graphene aqueous dispersion. The traditionally used anionic surfactants like SDS and 

SDBS (Rao et al., 2009, Chang et al., 2010), cationic surfactants like cetyltrimethyl 

ammonium bromide (Vadukumpully et al., 2009), and non-ionic surfactants like Triton X-

100 and Tween series (Guardia et al., 2011, Ronan et al., 2010) are all suitable for 

functionalizing graphene. As assisted by these surfactants, the graphene aqueous 

dispersions can be kept stable for different time scales. Again, the surfactants with aromatic 

structure have better affinities for the graphene and the obtained graphene dispersions have 

higher concentrations. Furthermore, the ionic liquids are also good selections. Nuvoli et al 

reported a non-covalent graphene functionalization approach using a commercially 

available ionic liquid, viz 1-hexyl-3-methylimidazolium hexafluorophosphate (Nuvoli et al., 

2011). The solution with the graphene concentration as high as 5.33 mg/mL could be 

achieved. Similarly, the Ma group found out that 1-butyl-3-methylimidazolium 

hexafluorophosphate was a promising pretreating agent to obtain stable graphene dispersion 

(Chen et al., 2011). In other cases, 1-butyl-3-methyl-imidazolium bis(trifluoro-methane-

sulfonyl)imide (Wang et al., 2010c), 3-Bromopropylamine hydrobromide (Zhu et al., 2010), 

1-alkyl-3-methylimidazolium and N-alkylpyridinium (Zhang et al., 2010a) were all found 

suitable for exfoliating graphite to few-layer graphene solutions.  

Small molecules containing aromatic structure also had functionalization potentials. 

Su found out that pyrene was a desirable pretreating agent and the aqueous dispersion of 

the pretreated graphene was improved obviously (Su et al., 2009). 

Polymer non-covalent functionalization of the graphene also received a tremendous 

research interest. Moreover, the first non-covalent functionalization agent was the 
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poly(sodium 4-styrenensulfonate) which was reported by the Rodney group (Stankovich et 

al., 2006). The graphene sheets were highly exfoliated in the water and the graphene 

concentration could reach to 1 mg/mL. The existence of the sulfonate group in the polymer 

made the poly(sodium 4-styrenensulfonate) become a ‘poly-ionic-liquid’ like molecule. As 

inspired by this idea, Bai et al used the sulfonated polyaniline to act as the treating agent 

(Bai et al., 2009). Due to the existence of the sulfonate groups, the sulfonated polyaniline 

was highly soluble in water. Since the polymer contained benzene ring structure, it also had 

a good adhesion to the graphene. As a result, the sulfonated polyaniline functionalized 

graphene had a good water dispersibility whose concentration was higher than 1 mg/mL.  

The polymers which have no ionic groups within backbones can help improve the 

graphene dispersion in both aqueous and organic solvents, depending on the property of the 

selected polymer. The Kim group found out that an amine ended polymer could enhance 

the dispersibility of the graphene in many organic solvents such as 1-propanol, DMF and 

DMSO (Choi et al., 2010). The above-mentioned poly(N-isopropylacrylamide) could help 

to obtain the stable graphene dispersion (Liu et al., 2010a). The dispersibility of the 

graphene was tunable by heating and cooling since the poly(N-isopropylacrylamide) was a 

thermal sensitive polymer.  Other types of polymers like copolymers (Qi et al., 2010), 

dendrimers (Yoon and In, 2010) and conjugated polymers (Marković et al., 2009) also gave 

the promising results in improving graphene dispersions. 

Biomaterials and their derivatives are another kind of alternatives. Yang et al prepared 

the highly concentrated graphene aqueous solution using lignin and cellulose derivatives 

(Yang et al., 2010a). It has been shown by the Feng group that the single stranded DNA 

functionalized graphene with very high concentration was soluble in water (Liang et al., 

2009b). In the same year, Patil et al also found out that this DNA had very strong 
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interactions with the graphene and would help to improve the dispersibility of the graphene 

(Patil et al., 2009). 

Having a similar structure with the DNA, the protein and peptide materials are also 

introduced to achieve a better dispersion of the graphene (Kodali et al., 2010, Laaksonen et 

al., 2010, An et al., 2010). Since the general procedures and mechanism are similar to the 

functionalization of the CNTs,  the detailed information can be referred to the above section. 

 

2.2.2.2. Chemical Functionalization 

Similar to the CNTs, the most feasible way for chemically functionalizing the 

graphene is the oxidation reaction. The carbon-carbon sp
3
 hybridization structure of the 

graphene enables strong oxidants to introduce oxygen containing groups into the graphene 

surface. Unlike the CNTs whose carbon atoms have equal reaction activities, the carbon 

atoms in the graphene are divided into the edge atoms and the basal plane atoms as the 

carbon atoms distributed around the graphene edge have much higher reaction activities. 

Generally, the oxidized graphene so called GO is oxidized from the natural graphite by 

means of strong oxidants like the concentrated sulfuric acid, nitric acid and potassium 

permanganate using the Hummer’s method or the modified Hummer’s method as shown in 

Figure 2-10 (Hummers and Offeman, 1958, Stankovich et al., 2007). The as-prepared GO 

contains numerous oxygen containing groups including (1) the hydroxyl and epoxy groups 

distributed on the basal plane, and (2) the carboxyl acid groups located at the edge of the 

graphene sheet. By possessing these hydrophilic groups, the GO itself is highly soluble in 

water. Moreover, these groups facilitate the GO dispersion in many polar solvents like DMF, 

THF and DMSO etc. (Paredes et al., 2008). Single-layered or few-layered GO sheets are 
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often observed in these dispersions since the oxygenated groups weaken the inter-layer van 

der Waals forces and expand the distance between the GO sheets.  

 

Figure 2-10. Schematic illustration of GO and reduced GO formation 

 

More importantly, the GO is a very significant precursor for fabricating the graphene. 

Most of the oxygen groups can be removed using the hydrazine hydrate, as shown in the 

second step of Figure 2-10 (Stankovich et al., 2007). It is very easy to observe the progress 

of the GO reduction based on the color change since the GO has a dark brown color 

whereas the reduced GO (rGO) return to black color as the graphene. At the same time, the 

rGO sheets precipitate from the water phase due to the removal of the hydrophilic oxygen 

groups. The rGO is commonly regarded as a kind of graphene since it contains the 

graphene sheet. The structure of the rGO is not exactly the same as the real graphene 

because at the GO formation step, some inherent aromatic ring structures have been 

destroyed by the oxidants (Stankovich et al., 2007). Hence, it is easy to understand that the 
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GO is electronically insulating due to the destruction of the conjugated ring structure. The 

rGO partially regains the conductivity while the value is much lower than the perfect 

graphene.  

Since the reduction process would lead to an irreversible precipitation of the graphene, 

functionalization of the GO is of necessity. The above-mentioned physical modification 

approaches are good options under some circumstance. In the meantime, chemical 

functionalization is also a feasible way which will be discussed in the following sections.  

Esterification and amidation reactions of the carboxyl and hydroxyl groups are the 

most common ways to covalently attach the functional groups onto to the graphene. Similar 

to the CNTs, the primary amines and hydroxyl groups ended molecules with a relatively 

small steric hindrance can be directly grafted onto the graphene surface or edge using the 

N,N-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)-pyridine (DMAP). Having 

abundant –OH groups along the backbone, PVA has been studied by many research groups 

to covalently functionalize graphene (Cano et al., 2013, Bao et al., 2011a, Salavagione et al., 

2009a). As shown in Figure 2-11, the produced PVA grafted graphene has a good solubility 

in both water and DMSO, which will facilitate the up-coming polymer nano-composites 

fabricating.  

In other cases, Park et al attached the amine ended poly (ethylene glycol) to the 

graphene (Park et al., 2011), and the resulted graphene derivative was highly soluble in 

water. The Cho group grafted the propargyl amine to the graphene and this graphene was 

used for further reaction with chitosan (Ryu et al., 2013). The Jiang group reported a 

glycidyl methacrylate functionalized graphene with enhanced solubility in DMSO (Lo et al., 

2011). A 2-(4-aminophenyl)ethanol functionalized graphene was reported by Fang et al 

(Fang et al., 2009). The functionalized graphene had a good solubility and was used for 
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further reactions. The Chen group also depicted a direct esterification reaction by adding 

the C60 to the graphene (Zhang et al., 2009). This derivative had the improved non-linear 

properties. In a very recent work, Cho and his co-workers synthesized the 3-thiophene 

acetic acid grafted graphene and this molecule could be self-polymerized to yield the 

polymer functionalized graphene (Ramasamy et al., 2014). Our research group also 

functionalized the graphene with D-glucose, and the detailed relevant will be discussed in 

Chapter 7. 

 

Figure 2-11. Schematic illustration of PVA functionalized graphene 

 

The secondary amines ended molecules or molecules with steric hindrance can not be 

attached onto the graphene via direct esterification of amidation reactions. Usually, thionyl 

chloride or carbodiimide coupling agents are introduced to activate the carboxylic acid 

group present in the GO for improving the reaction activities. Subsequently, the alcohol and 

amine ended molecules are covalently attached onto the graphene sheet. The Chen group 
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utilized the thionyl chloride to attach porphyrin onto the graphene (Xu et al., 2009b). The 

functionalized graphene represented the superior optical limiting effect. 

In an analogous case, the Hu group functionalized the graphene using β-cyclodextrin 

with the help of thionyl chloride (Xu et al., 2010). The prepared graphene derivative had a 

good dispersity in water, DMF and acetone. Inspired by this idea, the α- and γ- cyclodextrin 

functionalized graphene were also prepared with the enhanced dispersibility being 

exhibited in many organic solvents. All the above cyclodextrin grafted graphenes have 

excellent drug loading and capturing capabilities.  

Apart from that, the Dai group reported a poly (ethylene glycol) grafted graphene 

which was called PEGylated graphene by them (Liu et al., 2008). The PEGylated graphene 

exhibited the exceptional water solubility and high drug loading capability. Oligothiophene 

was reported to be grafted onto the graphene by Liu et al (Liu et al., 2009). The as-prepared 

materials showed the top-up optical limiting effect. Chitosan could also be attached onto 

the graphene, as described by the Li group (Bao et al., 2011b). The chitosan attached 

graphene exhibited the exceptional drug and delivery ability.  

Besides the esterification and amidation approaches, addition reactions applied to the 

double bonds of the graphene benzene rings, in-situ polymerizations, and nucleophilic 

substitution applied to the epoxy and hydroxyl groups of the GO were also reported.  In 

particular, Georgakilas et al attached the azomethine ylide onto the graphene through a 1,3 

dipolar cyclo-addition (Georgakilas et al., 2010). The modified graphene could be dispersed 

easily in polar solvents like DMF and DMSO. Furthermore, the Prato group also made use 

of the 1,3 dipolar cyclo-addition to synthesize the  N-methylpyrrolidone functionalized 

graphene. The amino group present in the modified graphene showed selectivity to bind 

gold nano-rods. Some other examples concerning the functionalizing graphene are shown 
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in Table 2-2. 

 

Table 2-2. Functionalization agents of graphene 

Functionalization agent Reaction type References 

Perfluorophenylazide Addition (Liu et al., 2010b) 

Poly (L-lysine) Addition (Lotya et al., 2009) 

Polystyrene In-situ 

polymerization 

(Fang et al., 2010) 

PMMA In-situ 

polymerization 

(Pramoda et al., 2010) 

Polypropylene In-situ 

polymerization 

(Huang et al., 2010) 

Primary aliphatic amines/amino 

acids 

Nucleophilic 

substitution 

(Bourlinos et al., 2003) 

3-aminopropyltriethoxysilane Nucleophilic 

substitution 

(Wang et al., 2008b) 

 

2.3. Functionalized CNTs and graphene applications in polymer nano-

composites 

As mentioned above, the dispersion state of the nano-filler, viz CNTs and graphene, 

plays a critical role in the fabrication of polymer nano-composites with enhanced properties. 

If the nano-fillers can be dispersed within the polymer matrices without aggregations, better 

with some sort of intramolecular interactions, an efficient load transfer from the matrix to 
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the filler is expected to be achieved, resulting in the promising reinforcing effects of the 

prepared polymer nano-composites.  

 

2.3.1. Applications of functionalized CNTs in polymer nano-composites 

In 1994, the Ajayan group prepared the first CNTs filled polymer nano-composites 

(Ajayan et al., 1994). They dispersed the CNTs within the epoxy matrix by means of 

mechanical mixing.  Subsequently, a tremendous research interest was focused on the 

CNTs-based polymer nano-composites.  

Inspired by the idea of Ajayan, numerous research groups had studied the CNTs 

incorporated epoxy nano-composites. Gong et al used an ionic surfactant to assist the 

dispersion of CNTs in acetone solvent and epoxy matrix (Gong et al., 2000). The surfactant 

functionalized CNTs increased both the glass temperature and elastic modulus of the final 

composites. They also found out that nano-composites filled with the non-functionalized 

CNTs had a less property enhancement, indicating the introduction of the surfactant 

modified interfacial bonding between the CNTs and matrix.   

Similarly, the Delhaes group reported another surfactant assisted CNTs dispersion in 

the epoxy nano-composites in which the Tergitol NP 7 non-ionic surfactant was used as the 

treating agent (Cui et al., 2003). The results also demonstrated that the surfactant 

established interfacial boding between the CNTs and epoxy. 

In other cases, the Ruoff group studied the protein (concanavalin A) non-covalent 

functionalized CNTs aiming to improve the properties of the epoxy nano-composites (Graff 

et al., 2005). Individual dispersion of CNTs in the polymer matrix and an enhancement in 

the properties of the polymer could be achieved. Moreover, Barrau et al studied the effect 
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of palmitic acid on assisting the dispersion of CNTs to epoxy resin. They found out that the 

palmitic acid gave a uniform dispersion of the CNTs in the polymer matrix. Compared with 

the polymer composites without the assistance of the palmitic acid, the treated CNTs could 

improve the electrical conductivity of the epoxy much more obviously. 

Besides the epoxy, various kinds of polymers have been also introduced in the CNTs 

based nano-composites study. Saran et al reported the fabrication of the CNTs filled plastic 

nano-composite with the help of SDS. The SDS helped fabricate the transparent nano-

composite which could be applied as the flexible electronic device. Sabba et al treated 

CNTs by means of the hydroxylamine hydrochloric acid salt (Sabba and Thomas, 2004) 

and dispersed the CNTs uniformly in the PMMA matrix using a simple solution mixing 

method.  

Our research group also used the ionic liquid to treat the CNTs. The results showed the 

functionalized CNTs dispersed well in the polyurethane matrices, thereby improving the 

electrical, mechanical and thermal properties of the polyurethane nano-composites at the 

same time (Shang et al., 2011). In a similar case, cetyltrimethylammononium bromide was 

also used to pretreat carbon nanotube by our research group (Shang et al., 2009). The 

prepared nano-composites had a lower percolation threshold and a higher response. In a 

very recent work, chitosan salt was also used to help improve the dispersion of CNTs in the 

SR (Shang et al., 2014, Shang et al., 2013). The as-prepared SR nano-composites had better 

thermal, mechanical and electrical properties. 

Chemically functionalized CNTs also found broad application potentials in fabricating 

polymer nano-composites. The simplest CNTs derivative, the acidified CNTs were used to 

reinforce polyurethane, as reported by the Cho group (Sahoo et al., 2006). The acidified 

CNTs first dispersed in DMF and was then transferred to the polyurethane solution to 
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fabricate the nano-composites using the solution mixing approach. The acidified CNTs 

dispersed rather well in the polymer and the concentration of the CNTs could reach as high 

as 20 wt%. The acidified CNTs were also used to treat cotton textile to make smart textile 

(Hu et al., 2010). The acidified CNTs had a strong affinity for the cotton and the CNTs 

coated cotton had an exceptionally high electrical conductivity. 

Yang et al fabricated the CNTs incorporated P(MMA-co-EMA) nano-composites in 

which the CNTs was chemically functionalized by octadecylamine (Yang et al., 2004). The 

functionalized CNTs largely improved the mechanical and thermal properties of the 

polymer matrix. The Tour group functionalized CNTs with 4-(10-Hydroxydecyl) 

aminobenzoate (Mitchell et al., 2002). It was found that functionalized CNTs had a better 

dispersibility and an enhanced dispersion in the polystyrene. Another chemically 

functionalized CNTs filled polymer nano-composites was reported by Grady and his co-

workers (Grady et al., 2002). Octadecylamine functionalizing made the CNTs soluble in 

organic solvents with an excellent dispersion in polypropylene. 

The GNR mentioned above has also been used to fabricate polymer nano-composite 

like epoxy (Rafiee et al., 2010), silicon (Dimiev et al., 2011), Kevlar Fibers (Xiang et al., 

2012), polyaniline (Li et al., 2013), yarn (Matsumoto et al., 2013) and polyurethane 

(Volman et al., 2013). Our research group has also used the GNR to fabricate the PVA and 

SR nano-composites, and the detailed results will be discussed in the following chapter 

(Shang et al., 2015, Gan et al., 2015b). 

Other polymers like polypropylene (Chang et al., 2005), PVA (Shaffer and Windle, 

1999), poly (vinylidene fluoride) (Mago et al., 2009), polyethylene (Haggenmueller et al., 

2006), poly (vinyl chloride) (Mkhabela et al., 2011), conjugated polymers (Kymakis and 

Amaratunga, 2002, Pradhan et al., 2006, Cadek et al., 2002), copolymers (Hinderling et al., 
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2004, Du et al., 2010), and bio-molecules like chitosan (Zhang et al., 2004a), cellulose 

(Fugetsu et al., 2008), glucose (Tsai et al., 2006), alginic acid (Saleh et al., 2010), protein 

(Dieckmann et al., 2003) and DNA (He and Dai, 2004b) were all intensively studied. 

 

2.3.2. Applications of functionalized graphene in polymer nano-composites 

On the other hand, the unique properties of the graphene have also triggered the 

inspiration of numerous researchers to develop the graphene based polymer nano-

composites with enhanced properties. Since the CNTs based polymer nano-composites 

have been studied intensively before the discovery of the graphene, the method used for 

treating CNTs and fabricating the CNTs based materials also can be applied to the graphene. 

Specifically, the dispersion state of the graphene present in the polymer and the filler-

matrix interaction are still the key issue for maximizing the reinforcing capability of the 

graphene with respect to the polymers. The functionalized graphene can solve both of the 

above issues. 

Due to the existence of oxygen containing groups, the GO has a promising solubility 

in water and other polar solvents like THF, DMF and DMSO. Hence, GO is readily to be 

directly dispersed in the polymers which are also soluble in polar solvents through the 

solvent mixing approach. For example, GO can be mixed with PVA at various weight 

contents (Bao et al., 2011a, Cheng et al., 2012, Zhang et al., 2011a). Moreover, GO can 

form strong interactions with the PVA host by means of hydrogen bonding, and the 

corresponding properties of the PVA enhanced significantly. Besides, another water-soluble 

polymer, i.e. poly(ethylene oxide) can also be directly mixed with the GO in the water 

(Matsuo et al., 1997).  
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Apart from that, polymers with solubility in polar organic solvents can also utilize the 

simple solvent mixing method to fabricate the GO filled nano-composites. Polymers like 

polystyrene (Tkalya et al., 2010), polyurethane (Kim et al., 2010), poly (lactic acid) 

(Xiaozhi et al., 2009), polyaniline (Zhang et al., 2010c), poly (acrylic acid) (Shen et al., 

2012b), silicone (Wang and Dou, 2012) and poly (ε-caprolactone) (Wan and Chen, 2011) 

etc. with successful fabrication of the GO filled nano-composites have been reported. 

As for the other graphene derivatives with limited solubility in solvents, 

functionalization agents have to be introduced. Ji et al used ionic liquid to enhance the 

graphene dispersion so that the layer-by-layer graphene inserted poly (sodium 

styrenesulfonate) nano-composites could then be fabricated and applied as the gas sensor 

(Ji et al., 2010). Another ionic liquid, i.e. 1,6-bis[3-(vinyl-benzyl) imidazolium-1-yl] 

hexane chloride, was reported with solubilization assisting capability by Yang el al (Yang et 

al., 2012). The ionic liquid functionalized graphene dispersed homogeneously in the 

PMMA matrix and contributed much to the enhancement of the thermal, mechanical and 

electrical properties. 

In another case, the surfactant was introduced to promote the dispersion of the 

graphene. The Raghu group reported that sodium dodecyl sulfate could help obtain a 

uniform graphene aqueous solution, and the finally prepared poly(ethylene oxide) nano-

composites had a much higher electrical conductivity (Lee et al., 2010). The sodium 

dodecyl sulfate also helped graphene disperse uniformly within the polystyrene matrix. 

With the incorporation of the sodium dodecyl sulfate functionalized graphene, the 

polystyrene nano-composites display a high electrical conductivity. In addition, the glass-

transition temperature of the polystyrene nano-composites had an obvious enhancement, 

resulting in a good thermal stability of the prepared polystyrene. 
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Furthermore, an aromatic amino acid namely tryptophan was reported to functionalize 

graphene, and the pretreated graphene was highly dispersible in water (Guo et al., 2011). 

This could simplify the fabrication of the graphene filled PVA nano-composites with 

enhanced thermal and mechanical properties. 

Xu et al reported a preparation method of flexible graphene sheets assisted by the 

pyrenebutyrate (Xu et al., 2008). The non-covalent functionalized graphene was highly 

dispersible in water, thereby providing a novel route to fabricate the graphene based 

polymer nano-composites. In the same year, the Hou group found out that a similar 

pretreating agent, namely 7,7,8,8-tetracyanoquinodimethane, to functionalize graphene 

(Hao et al., 2008). The anion stabilizer-assisted graphene had a high quality of water 

solubility, resulting in offering another alternative to fabricate the well dispersed 

graphene/polymer nano-composites. Similarly, Song et al also used the pyrene derivative to 

functionalize graphene in which  1-pyrenebutyric acid was introduced as the 

functionalizing agent (Song et al., 2013). The results showed that the functionalized 

graphene dispersed uniformly in the epoxy nano-composites, thereby improving the 

thermal conductivity and mechanical properties simultaneously. Many other pyrene 

derivatives reported by Partiz et al had dispersion stabilizing capability to the graphene and 

helped fabricate well dispersed graphene filled polymer nano-composites (Parviz et al., 

2012). 

In a more recent work, Layek et al found out that poly(sodium 4-styrenesulfonate) was 

a desirable agent suitable for bridging interactions between graphene and epoxy (Li et al., 

2015). The poly(sodium 4-styrenesulfonate) functionalized graphene improved obviously 

the mechanical, thermal and electrical properties at the same time.  

After the sulfonation reaction, the epoxy used, i.e. poly(ether-ether-ketone), was able 
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to functionalize graphene as well (Layek et al., 2015). The Lee group found out that 

sulfonated poly(ether-ether-ketone) functionalized graphene dispersed rather well in the 

poly(vinylidene fluoride) matrix. The prepared nano-composites had a tremendous increase 

in the physical, mechanical and gas barrier properties. 

It was very interesting to discover that the acidified CNTs could also enhance the 

dispersion of the graphene (Zhang et al., 2012). Zhang et al found out that the acidified 

CNTs significantly enhanced the graphene dispersibility in the water. In addition, the PVA 

nanocompsites reinforced by the CNTs functionalized graphene had an obvious increase in 

both the thermal and mechanical properties. 

Covalently functionalized graphene also plays an important role in fabricating the 

polymer nano-composites with enhanced properties. The above-mentioned PVA grafted 

graphene has been used in fabricating the PVA nano-composite (Cheng et al., 2012). The 

author reported that there was an increase in both the tensile strength and Young’s Modulus 

of the GO filled PVA nano-composites, but the elongation at break decreased at the same 

time. It was obvious that the presence of the PVA grafted graphene increased both the 

tensile stress and tensile strain of the PVA. In another word, it was believed that the 

chemical functionalized graphene had much stronger interactions with the PVA matrix, 

thereby making the PVA not only stronger but also tougher. 

The Ha group functionalized graphene with γ-aminobutyric acid and obtained a very 

stable graphene dispersion in dimethyl acetamide (Kim et al., 2012). This dispersion 

facilitated the fabrication of the graphene based polyimide nano-composites. It was 

discovered that the functionalized graphene aligned in parallel as a 2-D network within the 

polyimide matrix. Interactions between the graphene and polyimide were built up with the 

assistance of the γ-aminobutyric acid. Consequently, the polyimide had an increase in 
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mechanical properties. 

In another case, the graphene was covalently attached by the poly(2-

(dimethylamino)ethyl methacrylate) (Yang et al., 2009b). The resulted graphene derivative 

had a much higher solubility in the solvents and was used to reinforce the poly(methacrylic 

acid). The overall results showed that the graphene derivative dispersed uniformly in the 

fabricated nano-composites. 

The Ma group covalently grafted a polymer, namely poly bis(3-allyl-3,4-dihydro-2H-

1,3-benzoxazinyl)methane, onto graphene using the free radical reaction  (Ho et al., 2013). 

The grafted graphene was then used to reinforce the grafted polymer. Due to excellent 

compatibility, the prepared nano-composites had an increase in thermal stability associated 

with a lower coefficient of thermal expansion. Another polymer, namely polyaniline, had 

also been grafted onto the graphene, as reported by the Hur group (Kumar et al., 2013). The 

grafted graphene was then used to prepare the polyaniline nano-composites. The results 

showed that the prepared nano-composites exhibited enhanced electrochemical 

performances compared with the pure polyaniline. 

Some other attempts to covalently grafting polymers onto graphene and the 

subsequent application in the polymer nano-composites were also reported by different 

research groups. The Huang group reported a flame retardant, namely poly(piperazine 

spirocyclic pentaerythritol bisphosphonate), grafted graphene and used the obtained 

graphene derivative to fabricate the corresponding poly(piperazine spirocyclic 

pentaerythritol bisphosphonate) nano-composites. Having exactly the same functional 

groups, the prepared nano-composites exhibited an obvious increase in the thermal stability 

and reduced flammability. Polymer composites based on the same polymer grafted 

graphene were also reported by Salavagione et al who reported the poly (vinyl chloride) 
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grafted graphene (Salavagione and Martínez, 2011). The poly (vinyl chloride) grafted 

graphene was subsequently dispersed in poly (vinyl chloride). Obviously, the prepared 

nano-composites exhibited an increase in mechanical and thermal properties due to strong 

interactions.  

Moreover, the Kuan groups reported the synthesis of a functionalized graphene 

through a two-step reaction in which graphene was grafted by the 4,4’-

diaminodiphenylsulfone and diglycidyl ether of bisphenol A subsequently (Ma et al., 2013). 

The grafted graphene was used to reinforce epoxy. Improvements in mechanical properties 

and fracture energy release rate of the polymer nano-composites were observed.  Compared 

with the CNTs filled epoxy nano-composites, the reinforcing effect of the functionalized 

graphene was more obvious, indicating that the interactions between the functionalized 

graphene filler and the matrix were much stronger. The multi-step functionalization of 

graphene was also reported by Younessi et al and the functionalized graphene had an 

excellent compatibility with polyimide (Yoonessi et al., 2012). 

Our research group used D-glucose to functionalize graphene covalently, and the 

functionalized graphene dispersed very well in water and DMF (Gan et al., 2015a). This 

graphene derivative subsequently had a rather well reinforcing effect on both the PVA and 

PMMA polymers. The detailed discussion will be illustrated in Chapter 7. 
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3. Chapter Three    Materials and Methodology 

3.1. Materials 

All the chemicals and reagents were used as received without further purification, and 

their details and specifications are summarized in 错误！未找到引用源。. Some solvents 

which are not listed in Table 3-1 are of analytical grade.  

 

Table 3-1. List of chemicals and reagents used in the present study. 

Name CAS No. Supplier Specifications 

MWCNTs 308068-56-6 
Shenzhen Nanotech 

Port Co., Ltd 

Diameter: ~10-20 nm 

Length: 15  μm, Purity: 95% 

Chitosan 9012-76-4 
Shandong Chitin 

Powder Factory 

M.W.: ~600,000 g/mol; 

Degree of deacetylation: 95% 

SR 63394-02-5 
Shenyang Silicon 

materials company 

Transparent gum; 

M.W.: ca. 6.0×10
5
 g/mol 

DBPMH 78-63-7 
Shenyang Silicon 

materials company 
The crosslinking agent for SR 

HCl 7647-01-0 
Sigma-Aldrich. Co.,  

Ltd 
37% in water 

KMnO4 7722-64-7   
Sigma-Aldrich. Co.,  

Ltd 
Purity: ≥99% 

H3PO4 7664-38-2   Unichem Co. 85% in water 

H2O2 7722-84-1   
Sigma-Aldrich. Co.,  

Ltd 
30% in water 

H2SO4 7664-93-9 Unichem Co. 95% in water 

D-glucose 50-99-7   Unichem Co. Purity: ≥99% 
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3.2. Preparation and synthesis procedures 

3.2.1. Preparation of CSCl 

CSCl was prepared by using chitosan and hydrochloric acid in aqueous solution. The 

chitosan (1 g) and 10% HCl (10 mL) were added into 100 ml of DDW. The mixture was 

then sonicated for 0.5 h and stirred for another 10 min. A clear and transparent solution 

could be obtained subsequently. The solution was stirred at 50 
o
C and blown with nitrogen 

Graphite 

powder 
7782-42-5   Accuchem Co. - 

Graphite 

flake 
7782-42-5   Accuchem Co. - 

N2H4.H2O 10217-52-4   Accuchem Co. 50% in water 

DMAP 1122-58-3   
Sigma-Aldrich. Co.,  

Ltd 
Purity: ≥99% 

DCC 538-75-0 
Sigma-Aldrich. Co.,  

Ltd 
Purity: ≥90% 

PMMA 9011-14-7   
International 

Laboratory 

Mass density: 1.19 g/cm
3
, 

Hardness�148 N/mm
2
 

PVA 9002-89-5 Accuchem Co. 
M.W.: ~70,000–85,000, ~87–

89% alcoholized 

KGM 37220-17-0 
Guangzhou Liyuan 

Food Additives Co., 

Ltd. 
Purity: 99.9% 

CaCl2 10043-52-4   Acros Co. Purity: 98% 

MO 547-58-0   Unichem Co. - 

MB 28983-56-4   Unichem Co. - 

NaNO3 7631-99-4 Unichem Co Purity: 99.9% 

http://www.sigmaaldrich.com/catalog/search?term=9002-89-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=HK&focus=product
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for 24 h to obtain a kind of white gel. The gel was then put into the vacuum oven at 60 
o
C 

for another 24 h and the CSCl appearing as light-yellow solid was finally obtained. 

 

3.2.2. Preparation of MWCNTs dispersion 

To examine the dispersion performance of the CSCl-treated MWCNTs in different 

solvents, a certain amount of the pretreated MWCNTs (with 0.1 g MWCNTs loading) were 

added into 20 mL of solvent and sonicated for 1 h. Under such condition, the concentration 

of MWCNTs in all solvents was 5 mg/mL. The solvents used to investigate the dispersion 

of the CSCl-treated MWCNTs were n-hexane, toluene, iso-propanol (i-propanol), CH2Cl2, 

CHCl3, THF, C2H5OH, EA, acetone, DMF, DMSO, and DDW. 

 

3.2.3. Preparation of SR/MWCNTs nano-composite 

The pretreatment of MWCNTs by CSCl in the present study followed the previous 

procedures. MWCNTs were first ground with CSCl (the weight ratio was MWCNTs : CSCl 

= 4:1) in a quartz mortar and pestle to produce a uniform mixture. The mixture was then 

stirred gently without any solvent at 90 
o
C for 1 h to further allow the adsorption of CSCl 

on the surface of MWCNTs. Finally, the CSCl-treated MWCNTs were prepared.  

The pretreated MWCNTs were sonicated in 50 mL of CHCl3 for 1 h to obtain a homo-

disperse solution. Two SRs with the vinyl molar contents of 0.20% (SR-H) and 0.05% (SR-

L) were used in the present study. An SR hybrid was firstly obtained by mechanically 

mixing the SR-H and SR-L (mass ratio: 45/55) together. The hybrid was then dissolved in 

50 mL of CHCl3 to form a uniform solution. After a certain amount of the CSCl-pretreated 

MWCNTs were added, the resulting solution was sonicated for 30 min. CHCl3 was then 
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evaporated at 40 
o
C and the residue was dried subsequently at 60

 o
C for 24 h in a vacuum 

oven. DBPMH used as the curing agent was then mechanically blended with the vacuumed 

mixture and the resulting compound was vulcanized at 170 
o
C for 15 min. Finally, the 

SR/MWCNTs nano-composites with the MWCNTs weight contents of 4.0 wt%, 6.0 wt%, 

8.0 wt% and 11.0 wt% were obtained, respectively. For comparison, the pure SR hybrid 

was also prepared following the similar procedures. All the SR samples were vulcanized 

before characterizing and testing. 

 

3.2.4. Preparation of GNR 

The GNR was prepared by unzipping the MWCNTs (Higginbotham et al., 2010, 

Matsumoto et al., 2013) with the detailed procedures being summarized as follows. 100 mg 

of MWCNTs were added into 20 mL of concentrated sulfuric acid (H2SO4). The mixture 

was stirred for about 1 h at room temperature. 2 mL of phosphoric acid (H3PO4, 85%) was 

then added into the suspension and the resulting solution was stirred for another 20 min. 

After 0.6 g of KMnO4 (divided into 5 portions with 0.12 g/portion) was then added into the 

solution in 45 min, the mixture was then heated to 50 
o
C and kept stirring for another 2 h. 

After cooling down to room temperature, the mixture was poured into 100 mL of DDW 

which contained 1 mL of hydrogen peroxide (H2O2, 30%). The final mixture was filtered 

and washed twice with 20 mL of 10% HCl solution, 30 mL of acetone and 20 mL of ethyl 

ether, respectively. The residual was put into the vacuum oven at 60 
o
C for 24 h. The GNR 

product so obtained was 140 mg. 
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3.2.5. Fabrication of PVA/GNR nano-composites 

PVA/GNR nano-composites with the GNR contents of 1.0% and 2.0% (named as 

PVA/GNR 1.0 wt% and PVA/GNR 2.0 wt% respectively) were fabricated using the 

solution mixing method. The GNR was firstly dissolved in 20 mL of DDW and then 

sonicated for 4 h to obtain a black dispersion. At the same time, PVA was added into 20 mL 

of DDW. The mixture was heated to 90 
o
C with continuous stirring until the PVA was fully 

dissolved and a transparent solution was obtained. After the GNR dispersion was poured 

into the PVA solution, the final mixture was sonicated for 2 h and stirred for another 1 h. 

Finally, the PVA/GNR solution so obtained was transferred to a glass dish and kept at room 

temperature until the weight was constant, and the PVA/GNR nano-composite film was 

then obtained. For comparison, the pure PVA film was also fabricated with similar 

procedures. 

 

3.2.6. Fabrication of SR/GNR nano-composites 

The SR/GNR nano-composites with the GNR contents of 0.4 wt%, 1.0 wt% and 2.0 

wt% were fabricated as follows. GNR was first dissolved in 50 mL of THF and sonicated 

for 6 h to obtain a black dispersion. At the same time, the SR (5.0 g) and the DBPMH (0.1 

g) were added into 50 mL of THF to obtain a transparent solution after continuous stirring 

for 2 h. After the GNR dispersion was transferred to the SR solution, the resulting mixture 

was sonicated for 2 h and stirred for another 1 h until the GNR was fully dispersed. THF 

was then evaporated at 60 
o
C with continuous stirring and the residual mixture was 

subsequently dried in vacuum at 60 
o
C for 24 h. The resulting gum was then vulcanized in a 

stainless steel mold at 170 
o
C for 10 min, and finally the SR/GNR nano-composites were 
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fabricated. For comparison, the pristine vulcanized SR was also prepared following the 

similar procedures. All the SR samples used for testing and characterizations are the 

vulcanized ones.  

 

3.2.7. Preparation of GO 

GO was synthesized by the modified Hummer Method. Generally, graphite (2 g), 

sodium NaNO3 (1 g) and H2SO4 (50 mL) were put into a 1000 mL round bottom flask with 

magnetic stirring bar. After the mixture was cooled down to 0 
o
C, KMnO4 (7 g) was added 

into the mixture gradually within 30 min. During the process, the temperature of the 

mixture was maintained below 5 
o
C with continuous stirring. Thereafter, the temperature 

was increased to approximately 35 
o
C and the resulting suspension was stirred for another 2 

h. 100 mL of DDW was then added into the flask and the temperature was kept below 100 

o
C. 300 mL of DDW and 50 mL of 5% H2O2 were then added into the mixture sequentially. 

The diluted mixture was filtered, washed with hot DDW for several times, and dried under 

vacuum at room temperature for 24 h. Finally, the yellow brown powder of GO (~3 g) was 

obtained. 

 

3.2.8. Preparation of SR/GO nano-composites 

The general procedure ued for preparing the SR/GO composites with the GO content 

of 0.5 wt% and 1.0 wt% were depicted as follows. GO was firstly dispersed in 20 mL of 

THF and sonicated for 2 h, to obtain a homogeneous dispersion. At the same time, 10 g of 

SR (SR-H or SR-L, or their mixtures with different ratios) and 0.1 g of DBPMH were 

dissolved in 80 mL of THF with stirring until a uniform solution was obtained. The GO 
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dispersion was then transferred into the SR solution and the mixed solution was stirred at 

room temperature for another 1 h. THF was then evaporated at 50 
o
C with continuous 

stirring. The residue was subsequently put into the vacuum oven and dried at 60 
o
C for 24 h. 

The resulting compound was then vulcanized at 170 
o
C for 15 min and post-cured at 180 

o
C 

for another 2 h. Finally, the SR/GO composite was obtained. The formulae of the SR/GO 

samples were shown in Table 3-2. 

 

Table 3-2. Sample names and corresponding formulae of SR/GO nano-composites 

Sample name SR (wt%) SR-L/SR-H 

(mass ratio) 

GO (wt%) 

SR-L 100 100/0 0 

SR-L/GO0.5 99.5 100/0 0.5 

SR-L/GO1.0 99 100/0 1.0 

SR-H 100 0/100 0 

SR-H/GO0.5 99.5 0/100 0.5 

SR-H/GO1.0 99 0/100 1.0 

SR91 100 90/10 0 

SR73 100 70/30 0 

SR55 100 50/50 0 

SR37 100 30/70 0 

SR19 100 10/90 0 

SR91/GO0.5 99.5 90/10 0.5 

SR73/GO0.5 99.5 70/30 0.5 

SR55/GO0.5 99.5 50/50 0.5 

SR37/GO0.5 99.5 30/70 0.5 
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SR19/GO0.5 99.5 10/90 0.5 

SR91/GO1.0 99 90/10 1.0 

SR73/GO1.0 99 70/30 1.0 

SR55/GO1.0 99 50/50 1.0 

SR37/GO1.0 99 30/70 1.0 

SR19/GO1.0 99 10/90 1.0 

 

3.2.9. Preparation of KGM/GO hydrogel 

The detailed steps used for preparing the KGM/GO hydrogel were described as 

follows. Firstly, the dried GO (30 mg, account for 3.0 wt% of total amounts of KGM and 

GO) was dispersed in 20 mL of DDW and sonicated for 2 h to get a homogeneous 

dispersion. Subsequently, KGM (970 mg) was dissolved in 70 mL of DDW and the pH 

value was adjusted to around 9.0 using the NaOH solution. The KGM solution was then 

stirred at room temperature for 24 h. After the GO dispersion was poured into the KGM 

solution, the KGM/GO mixture solution was continuously stirred for another 5 h. Calcium 

oxide suspension (10 mL) was then added and the temperature of the resulting mixture was 

kept at approximately 85 
o
C for 10 h to initiate the crosslinking. After the formation process, 

the mixture was cooled to room temperature and the as-prepared hydrogel was immersed in 

200 mL of DDW for 24 h for 3 times to remove the unreacted KGM and base molecules. 

For comparison, the pure KGM hydrogel was prepared according to the above-mentioned 

procedures.  

 

3.2.10. Synthesis of D-Glucose grafted Graphene (Glu-G) 

The synthesis of the Glu-G followed the esterification procedure in the presence of 
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DMAP and DCC with details as follows. The purified GO (50 mg) was dissolved in 

dimethyl sulfoxide (DMSO, 20 mL) by means of sonication for 1 h and gently stirring for 

another 30 min. DCC (2.0 g, 9 mmol) and DMAP (0.15 g, 1.3 mmol) were then added 

gradually into the solution. After another 30 min of stirring, the D-glucose (0.4 g, 2.2 mmol) 

dissolved in 10 mL of DMSO was added into the solution and the resulting mixture was 

stirred at 60 
o
C for 4 days. Methanol (200 mL) was added to the mixture thereafter and the 

suspension was filtered and then washed with acetone (300 mL). In order to completely 

remove the non-reacted GO and D-glucose, the residue was washed with hot water and 

subsequently filtered. After this step was processed for 3 times, the resulting solid named as 

Glu-GO was dissolved in 30 mL of DDW by means of sonication for 1 h. After 2 mL of 

hydrazine hydrate was added, the solution was heated to 60 oC for 10 h with stirring. The 

suspension was  then filtered through a PTFE membrane and the residue was washed with 

methanol (3×20 mL) and hot water (3×20 mL), respectively. Finally, the Glu-G was dried 

in the vacuum oven at 60
 o

C for 24 h. The scheme of the reaction formula is shown in 

Figure 3-1. 

 

Figure 3-1. Scheme of the reaction formula for synthesizing Glu-G. 
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3.2.11. Preparation of Glu-G/PVA nano-composite 

Glu-G (50 mg) was firstly dissolved in DDW (100 mL) and sonicated for 2 h. At the 

same time, PVA (0.5 g) was put into 50 mL of DDW and heated at 85 
o
C for 1 h with 

continuous stirring. After a clear PVA solution was obtained, the Glu-G solution was 

dropwise added into the solution. After all the Glu-G solution was added, the mixture was 

stirred at room temperature for another 30 min. The mixture was then poured into a glass 

dish and kept at room temperature until the weight was constant. Finally, the PVA/Glu-G 

1.0 wt% film was obtained. For comparison, the pure PVA film was also prepared 

following the similar procedures. 

 

3.2.12. Preparation of Glu-G/PMMA nano-composite 

Glu-G (50 mg) was firstly dissolved in DMF (100 mL) and sonicated for 1 h to obtain 

a homogeneous dispersion. At the same time, PMMA (0.5 g) was dissolved in DMF (20 mL) 

with continuous stirring. Thereafter, the Glu-G dispersion was added into the PMMA 

solution and the resulting suspension was sonicated for another 1 h. The Glu-G/PMMA 

suspension was then transferred to a glass dish and kept at 100 
o
C until the weight was 

constant. In order to completely remove the DMF residue, the film was dried in the vacuum 

oven at 100 
o
C for another 24 h. Finally, the PMMA/Glu-G 1.0 wt% film was obtained. For 

comparison, the pure PMMA film was also prepared with the similar procedures. 

 

3.3. Characterization approaches 

3.3.1. General Characterizations 

Fourier transform infrared (FTIR) spectrometry (Perkin Elmer 100 spectrophotometer) 
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was conducted at the wavenumbers ranging from 4000 to 450 cm
-1

 with a resolution of 4 

cm
-1

 and 16 scans. All the samples were grounded and dispersed in the anhydrous KBr 

pellets before measurement. UV-vis spectra were recorded by using a UV-vis absorption 

spectroscopy (Biochrom Libra S35 UV/Vis Spectrophotometer). TEM images were 

recorded using a Jeol JEM-2100F TEM instrument operated at 200 kV. The samples were 

transferred to a copper grid before being observed.  RAMAN spectra were performed using 

a Horiba Jobin Yvon HR800 Raman spectrometer which was equipped with an Ar laser 

(487.97 nm, 180 mW) acting as the excitation light source and an Olympus BX41 

microscope. The AFM images were investigated by a Bruker Nanoscope 8 SPM instrument 

using a tapping mode. 

The TGA was measured by a TGA instrument (Mettler Toledo TGA/DSC 1 

Simultaneous Thermal analyser) with the temperature increasing from 25 
o
C to 800 

o
C at a 

heating rate of 10 oC/min. All the measurements were carried out under either air or 

nitrogen atmosphere (with a flow rate of 50 mL/min). The melting behaviors were tested by 

differential scanning calorimetry (DSC) using a Perkin Elmer Pyris 1 DSC analyzer under 

nitrogen atmosphere. In all the heating and cooling cases, the rate was set at 10 
o
C/min. 

The morphology of the cryogenic fractured surface of the nano-composite and 

pretreated MWCNTs was observed by using scanning electron microscopy (SEM, JEOL 

SEM 6490). The samples were coated with a thin layer of gold before observation. The 

XRD (Rigaku Smartlab XRD) was carried out using the Cu Kα radiation source (1.54 Å). 

The mechanical properties of the nano-composite were measured by universal tensile 

testing machines (Instron 5566 or Instron 4411) with a 500 N cell at room temperature. As 

for SR samples in Chapter 5 and Chapter 6, the samples were cut into a 50 × 10 mm 
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rectangular shape with the thickness of 1 mm. The extension rate was 10 mm/min and the 

gauge length was 20 mm. As for SR samples in Chapter 4, the samples were cut into a 40 × 

5 mm rectangular shape with the thickness of 1 mm. The extension rate was 20 mm/min 

and the gauge length was 20 mm. For PVA samples in Chapter 5.3, the samples were cut 

into a 50 × 10 mm rectangular shape with the thickness of 0.1 mm. The extension rate was 

5 mm/min and the gauge length was 20 mm. As for PVA and PMMA samples in Chapter 7, 

they were cut into a 60 × 5 mm rectangular shape with the thickness of 0.1 mm. The 

extension rate was 5 mm/min and the gauge length was 20 mm. The resistances of the SR 

samples in Chapter 4 being bended or twisted at different angles were recorded with a 

Keithley 2010 digital multimeter. All the samples were cut into a 40 × 5 mm rectangular 

shape with the thickness of 1 mm before testing. The two-probe method was used and two 

conductive silver wires connecting to the Keithley 2010 were linked to each end of the 

samples. 

 

3.3.2. Specific Characterizations 

3.3.2.1. Resistance Change Test 

In Chapter 4, the resistance change of the samples during the stress-strain test was 

conducted by the Instron 5566 universal testing machine and recorded by the Keithley 2010. 

The resistance data of the samples were acquired simultaneously as a function of the 

applied strain. Two conductive silver wires connecting to the Keithley 2010 were linked to 

each end of the samples before testing. 

The resistance response of the SR samples under the repeated stretching and pressing 

was recorded utilizing a Keithley 2010 digital multimeter and an Instron 5566 universal 
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testing machine as well. The two-probe method was used to investigate the resistance of all 

the samples throughout the test and all the samples were 1 mm in thickness. In the 

stretching test, the HTVSR/CNTs nano-composites were cut to a 40 mm × 5 mm 

rectangular-shape sample. The gauge length of the Instron 5566 was set at 20 mm and the 

stretching/relaxing rate was set at 20 mm/min. The samples were stretched to diverse 

degrees of their original level and then released to the original level thereafter repeatedly 

for 100 times. Before stretching, two conductive silver wires connecting to Keithley 2010 

were linked to each end of the testing part of the samples. During stretching/relaxing 

process, Keithley 2010 recorded the resistance change of the samples simultaneously. In the 

pressing test, the samples were cut to the size a 20 mm × 20 mm square-shape, and two 

conductive silver wires connecting to the Keithley 2010 were linked to the center of the top 

and bottom surfaces of the samples respectively. By setting the gauge length set at 1 mm 

and the compressing/relaxing speed at 1.0 mm/s, a 20 mm × 20 mm square-shape 

compression stage with the load cell of 200 N was used to provide axial pressure. The 

samples were repeatedly compressed to 0.5 mm and then released to 1 mm in thickness for 

50 times. Both the stretching clamps and the compression stage were wrapped with 

parafilms in order to prevent testing errors. All the resistance testing experiments were 

duplicated with an observed deviation of less than 5%. The schematic illustration of the 

stretching and compressing was shown in Figure 3-2. 
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Figure 3-2. Schematic illustration of resistance response of the samples in stretching and 

compressing test 

 

3.3.2.2. Swelling Test 

In Chapter 6, the swelling ratio (%) of the freeze-dried hydrogels was immersed in 200 

mL of DDW for 24 h at 25 
o
C to reach the equilibrium. The SR was calculated as: 

 …… (1)  

where m0 is the mass weight of the freeze-dried hydrogel and mt is the mass ratio of the 

swollen hydrogel.  

 

3.3.2.3. Dye Adsorption Behaviors of Hydrogel 

In Chapter 6, 10 mg of dried hydrogel was immersed in a universal bottle containing 

25 mL of dye solution. The bottle was placed in a thermostatic shaker with water bath at 25 

o
C. After a certain period of time, the solution samples were taken out and the amount of 
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the dyes absorbed by the hydrogel was measured by means of the UV-Vis spectroscopy at 

665 nm. After measuring, the solutions were put back into the bottle immediately in order 

to keep the total volume of the solution constant. The adsorption amount of the MO or MB 

was calculated using the following equation:  

  ……(2) 

where qe is the absorption amount of the dyes (MO or MB) on the hydrogel (mg/g), C0 is 

the initial dye concentration (mg/L), Ct is the dye concentration at equilibrium (mg/L), V is 

the volume of the dye solution (L) and m is the mass weight of the hydrogel used (g). Each 

absorption cycle was duplicated to obtain an average result value. The effect of pH value on 

the adsorption amount of the dyes was also tested using the above method. 

The effect of hydrogel amount on the dye adsorption percentage and the effect of the 

dye concentration on the adsorption capacity of a certain amount of hydrogel were also 

investigated using the similar method as mentioned above. The removal of the dyes was 

calculated using the following equation: 

  ……(3)    
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4. Chapter Four Improvement of MWCNTs dispersion by 

chitosan salt and its application in silicone rubber 

4.1. Overview 

Although there are several studies investigating the dispersion of CNTs in chitosan 

aqueous solution at low pH value, few studies have examined the dispersion of CNTs 

pretreated by chitosan salts in organic solvents and in polymer matrices in detail. In 

addition, although chitosan is easily available and has the potential to serve as a treating 

agent, chitosan salts themselves are scarcely separated out to be used as the treating agent 

for nano-scaled materials. 

In this chapter, CSCl was prepared and used to pretreat the MWCNTs. The dispersion 

performance of the pretreated MWCNTs in different solvents was investigated. The 

dispersion behavior of pretreated MWCNTs in polymer matrix was also investigated and 

methylvinyl silicone rubber (SR) was chosen as the polymer matrix to disperse CNTs 

because of its excellent elasticity and wide use. Chapter 4.2 mainly focuses on the 

investigation of the dispersion of CSCl treated MWCNTs in various solvents and SR matrix. 

In Chapter 4.3, the thermal, mechanical, especially electrical properties of the MWCNTs 

filled SR nano-composites are studied in detail. 

 

4.2. Improvement of MWCNTs dispersion by CSCl 

The structure of CSCl was confirmed by FTIR spectroscopy as shown in Figure 4-1. 

After acidification, the band at 1595 cm
-1

 (N-H bending vibration) separated to two bands 

at 1625 cm
-1

 and 1525 cm
-1

 respectively, which represented the bending vibration of N−H 



Chapter Four 

 

- 62 - 

in ammonium salt. At the same time, the peak at 1095 cm
-1

 which represented the C-N 

stretching vibration shifted to 1076 cm
-1

 (C-N stretching vibration in ammonium salt). The 

wide band from 3000 to 3600 cm
-1

 is the characteristic absorption of O-H stretching 

vibration in chitosan and CSCl. FTIR spectroscopy provided the evidence of the formation 

of CSCl. 
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Figure 4-1. FTIR spectra for pristine chitosan and CSCl. 

 

The dispersions of CSCl treated MWCNTs in different solvents were examined.  

Figure 4-2 shows the photographs of dispersion of treated MWCNTs in all twelve solvents, 

which were taken just after sonication and 3 months later, respectively. It can be seen from 

Figure 4-2 that dispersion in most solvents was visually homogeneous with dark black 

appearance just after sonication, excluding those in n-hexane, DMF and toluene. However, 

besides the above three unstable dispersions, MWCNTs precipitated quickly in i-propanol 

and EA only a few days after sonication. In the case of CH2Cl2, acetone and DMSO, the 

dispersions displayed a little longer stable phase upto about 1 month while precipitated to 
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different extent afterwards. Meanwhile, MWCNTs dispersions in water, THF, CHCl3 and 

C2H5OH were observed to demonstrate much better stability without any visible 

precipitation even lasting for 3 months. 

 

 

Figure 4-2. Photographs of 5 mg/mL CSCl treated MWCNTs dispersions in 12 solvents. 

The photographs were taken just after sonication (top) and 3 months later (bottom). 

 

The UV-vis spectra of MWCNTs dispersions in different solvents after 3 months of 

preparation were given in Figure 4-3(a). The dispersions were diluted in the same ratio 

before measurement. It is accepted that the absorbance is proportional to the concentration 

of CNTs dissolved in the suspension. It could be seen from Figure 4-3(a) that the 

dispersions of water and chloroform had the most intense absorption, which corresponded 

well with the best dispersive stability observed from Figure 4-2, and the diluted dispersions 

of these two solvents were virtually like clear solutions (Figure 4-3(b)). It could be also 

seen from the UV-vis spectra that the absorbance of THF and C2H5OH dispersions were 

nearly the same as those of the dispersions with poor stability, indicating relatively poorer 
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stability compared with water and chloroform dispersions. This was confirmed by the 

centrifuging test (10000 rpm, 10 min), after which water and CHCl3 dispersions still kept 

stable while MWCNTs precipitated completely in THF and C2H5OH (Figure 4-3(c)). It 

could be concluded from the photograph and UV-vis absorption spectroscopy that CSCl 

treated MWCNTs could form dispersions with long-term stability in water and CHCl3 and 

relatively short-term stability in some solvents like C2H5OH, THF, etc.  
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Figure 4-3. (a) UV-vis spectra of 5 mg/mL CSCl treated MWCNTs dispersions in 12 

solvents (3 months after sonication); (b) photograph of diluted MWCNTs dispersions in 

water and chloroform and (c) MWCNTs dispersions after centrifuging test in (1) water, (2) 

chloroform, (3) tetrahedrofuran and (4) ethanol. 
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4.3. Application of CSCl treated MWCNTs in SR nano-composites 

4.3.1. Characterization of MWCNTs filled SR nano-composites 

The dispersion state of the MWCNTs in the SR nano-composites was investigated first. 

Figure 4-4 shows the typical SEM images of the fracture surfaces of the SR/MWCNTs 

nanocompoistes with different MWCNTs contents. It could be clearly observed from Fig 4-

4 that the white dots and lines were the broken MWCNTs and they uniformly distributed 

within the polymer matrix in all SR/MWCNTs nano-composites with the contents of the 

MWCNTs from 4 wt% to 11 wt%. It is fairly important to achieve a uniform dispersion of 

the CNTs in the polymers when fabricating the CNTs based conductive elastomers since the 

individually dispersed CNTs strips could maximize their reinforcing effect to the polymers 

on the thermal, mechanical and electrical properties (Sepúlveda et al., 2013, Yamada et al., 

2011).  

   

   

Figure 4-4. SEM images of (a) SR/MWCNTs 4.0 wt%, (b) SR/MWCNTs 6.0 wt%, (c) 

SR/MWCNTs 8.0 wt%, and (d) SR/MWCNTs 11.0 wt% nano-composites 
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The uniform dispersion of the MWCNTs in the SR matrix could be further 

investigated by the XRD patterns shown in Figure 4-5. It could be seen that the 

characteristic diffraction peaks of MWCNTs were observed at 25.6
o
 and 43.3

o
, and pure SR 

showed a diffraction peak at 11.97
o
. While as to the nano-composites, the peaks were 

almost the same as the pure silicone rubber, which indicated that MWCNTs did not change 

the structure of silicone rubber and were uniformly dispersed in silicone rubber matrix. 
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Figure 4-5. XRD patterns of the SR and the SR/MWCNTs nano-composites 

 

The homogeneous dispersion of MWCNTs in silicone rubber and improved thermal 

stability of it might be ascribed to the adsorption of the CSCl to the surface of MWCNTs 

and the following interactions between CSCl and silicone rubber. Figure 4-6 shows the 

FTIR spectra of pristine MWCNTs and CSCl treated MWCNTs. It could be clearly 

observed that the surface of pristine MWCNTs contained a lot of carboxyl groups (1710 

cm
-1

, C=O stretching vibration). However, after MWCNTs were treated with CSCl, the 

peaks in 1710 cm
-1

 almost disappeared, and the band between 3000 to 3600 cm
-1

 became 
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broader, indicating more –OH groups appeared on the surface of MWCNTs. This was an 

evidence that CSCl were able to adsorb on the surface of MWCNTs, and this was because 

of the good interactions between carboxylic acid (-COOH) on the MWCNTs and 

ammonium cations (-NH3
+
) of the chitosan, as well as the cation-π interaction between -

NH3
+
 and MWCNT surface. This adsorption weakened the C=O peak in MWCNTs, and the 

hydroxyl groups of the chitosan broadened the –OH peak. 
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Figure 4-6. FTIR spectra for pristine MWCNTs and CSCl treated MWCNTs 

 

Figure 4-7 shows the FTIR spectra of SR/MWCNTs nano-composites with different 

content. It could be seen that the O-H stretching vibration band at around 3100 to 3500 cm
-1

 

shifted a little when MWCNTs was incorporated into SR. For traditional reinforcement 

fillers like silica, it was widely believed that (Cohenaddad et al., 1985) silicone molecules 

absorbed silica surface of through hydrogen bonding between hydroxyl groups on silica 

surface and the oxygen in the silicone rubber chain. Silicone molecules could not easily 

adsorb on pure MWCNTs surface due to their strong internal van der Vaals force and 
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absence of –OH groups along their backbones.  
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Figure 4-7. FTIR spectra of SR and SR/MWCNTs nano-composites 

 

In our system, CSCl acted as a bridge between MWCNTs and SR matrix, in which the 

adsorption of it on the surface of MWCNTs decreased the internal force and hence 

increased MWCNTs dispersion in solvents; furthermore, CSCl treated MWCNTs owned 

abundant –OH groups which were able to form good hydrogen bonding interactions with 

SR matrix. The shift in FT-IR spectra just indicated that the hydroxyl groups of the chitosan 

which adsorbed on the surface of MWCNTs might have interactions with silicone rubber, as 

shown in Figure 4-8. The interactions made CSCl treated MWCNTs disperse in silicone 

rubber better and enhanced the thermal stability correspondingly. This also explained why 

the main peaks of MWCNTs disappeared in SR nano-composites in XRD patterns. 



Chapter Four 

 

- 69 - 

 

Figure 4-8. Schematic illustration of interactions between MWCNTs, CSCl and silicone 

rubber. 

 

4.3.2. Thermal, mechanical and electrical properties of SR/MWCNTs nano-composites 

TGA is used to study the effect of MWCNTs incorporation on the thermal properties 

of the SR. Figure 4-9 shows the TGA curves of the pure SR and SR/MWCNTs nano-

composites. Compared with that of pure SR, the TGA curves of all the nano-composites 

shifted to a higher temperature, indicating the SR/MWCNTs nano-composites were more 

thermally stable than pure SR. 

The typical stress-strain curves obtained from tensile test are illustrated in Figure 4-10. 

The detailed tensile property values are listed in Table 4-1 as well. As shown, the 

incorporation of the MWCNTs significantly improved the tensile properties of the SR. 

When the MWCNTs content was below 8.0 wt%, the tensile stress, elongation at break and 

modulus all increased with the increasing loading amount of the MWCNTs. When the 

MWCNTs content increased to 11.0 wt%, the tensile stress and modulus still increased 



Chapter Four 

 

- 70 - 

while the elongation at break decreased, which meant more CNTs made the HTVSR more 

brittle but tougher.  
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Figure 4-9. Schematic illustration of interactions between MWCNTs, CSCl and silicone 

rubber. 

 

The increase of the tensile strength of the nano-composites indicated that CSCl treated 

MWCNTs and the SR had very strong interfacial adhesions, and the MWCNTs helped to 

transfer some tensile force when the SR/MWCNTs nano-composite was stretched. It is also 

very interesting to notice that when the CNTs content in the HTVSR reached to 6.0 wt% or 

higher, the nano-composites could be stretched to more than 200% of their original length, 

especially for the HTVSR/CNTs 8.0 wt% nano-composite whose tensile strain was as high 

as 440%. This is extremely important since an excellent elasticity is critical for fabricating 

the conductive elastomer. 
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Figure 4-10. Typical stress-strain curves of the SR and its nano-composites as a function of 

MWCNTs contents. 

 

Table 4-1. Tensile properties of the SR and the SR/MWCNTs nano-composites 

Sample Name Tensile Stress /MPa Tensile Strain /% Modulus /MPa 

Pure SR 0.28 86.7 0.30 

SR/MWCNTs 4.0 wt% 0.61 144.8 0.42 

SR/MWCNTs 6.0 wt% 0.82 243.2 0.55 

SR/MWCNTs 8.0 wt% 1.59 440.1 0.55 

SR/MWCNTs 11.0 wt% 1.67 241.0 0.95 

 

Figure 4-11 shows the relation between the MWCNTs content and the electrical 

resistance of the nano-composites. The neat SR is electrically insulative whose resistance is 

beyond the maximum value of our multimeter (higher than 10
15

 Ω (Maria et al., 2013)). 
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Due to prominent electrical conductivity of the MWCNTs (as high as ~10
6
 S/m) (Bauhofer 

and Kovacs, 2009), the nano-composites were conductive when the fraction of the 

MWCNTs reached to 4.0 wt%. A sharp decrease of the resistance in Figure 4-11 indicates 

that effective percolate conducting passages were not formed within the SR when the 

MWCNTs content was lower than 4.0 wt%. With the increase of the MWCNTs 

concentration, the resistance of the nano-composites declined correspondingly to different 

orders of magnitude. When the MWCNTs content increased to 8.0 wt% or more, no 

obvious decease in composite resistance was observed, indicating that the MWCNTs had 

formed continuous, percolate conducting passages within the SR matrix with relatively 

stabilized conductivity. 
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Figure 4-11. The electrical resistance of the SR/MWCNTs nano-composites as a function 

of MWCNTs content. 
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The relative resistance change of all the nano-composite samples when being bended 

or twisted at different angles was also investigated and shown in Figure 4-12. The recorded 

resistance values were normalized by the samples initial resistance values R0. It could be 

also observed that when MWCNTs loading reached to 8.0 wt% or higher, the R/R0 change 

was very small. This indicates that there is a firm, continuous CNTs conducting network 

within the host matrix. It is known that the carbon black (CB) is the traditionally used 

conductive filler for the polymer composites (Knite et al., 2004, Xu et al., 2007). From the 

above results, it could be seen that compared with the CB filled polymer composites, the 

MWCNTs filled polymer composites exhibit a same level of electrical conductivity with 

much less loading amount (Zhao et al., 2013).  
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Figure 4-12. The relative resistance of the SR/MWCNTs nano-composites at different 

bending/twisting angles 
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The changes of resistance of the nano-composites as a function of the applied strain 

were then investigated and the results are shown in Figure 4-13. The resistance values 

recorded by the Keithley 2010 were normalized by the samples initial resistance values R0 

at zero strain. An increase in the resistances of all the elastomers accompanied by 

incremental elongation was clearly observed. It could be seen that the resistance of the 

SR/MWCNTs 4.0 wt% nano-composite at break point was nearly 10 times as large of its 

original value, and the SR/MWCNTs 6.0 wt% with about 4 times, as shown in Figure 4-14. 

This is because the MWCNTs were not able to form enough conducting passages within the 

SR matrix. When these nano-composites were stretched to given degrees, the connection 

between the MWCNTs in the matrix became lower, resulting in a large increase in the 

resistance values. 
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Figure 4-13. The changes of relative resistance of the SR/MWCNTs nano-composites 

during stress-strain test 

Conversely, when the MWCNTs contents in the nano-composites were 8.0 wt% and 
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11.0 wt%, the resistance change upon strain was much lower. It could be seen from Figure 

4-14 that the relative resistance of the SR/MWCNTs 8.0 wt% was a little higher than that of 

the SR/MWCNTs 6.0 wt% at break point, which was because the elongation of the former 

(440%) was much higher than that of the latter (243%). The results just indicated firmly 

linked MWCNTs conducting passages were formed within the SR that even at an 

elongation higher than 400%, the nano-composite was still electrically conductive. 

Furthermore, the dependence of the R/R0 on strain was nearly linear (Figure 4-13) for the 

SR/MWCNTs 11.0 wt% nano-composite, which again demonstrated the formation of the 

continuous MWCNTs conducting passages in the SR.  
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Figure 4-14. The relative resistance of the SR/MWCNTs nano-composites at different 

strains 

 

As discussed before (Shang et al., 2013), the presence of the CSCl played the key role 

for making the SR/MWCNTs nano-composites conductive under high strain. As the 

compatibilizer, the CSCl acted as a bridge to build a strong connection between the 
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MWCNTs and the SR. The CSCl on the one hand reduced the van der Waals forces 

between the MWCNTs bundles, and on the other hand formed strong bonding with the SR. 

As a result, the MWCNTs dispersed uniformly within the SR, establishing a well-bound 

network. The network made the elastomers electrically conductive when being stretched, 

even at high strains. 

The reversibility of the electrical resistance of the elastomers to different extents of 

strains was then investigated. The SR/MWCNTs 8.0 wt% and the SR/MWCNTs 11.0 wt% 

nano-composites were chosen to apply the test. The SR/MWCNTs 11.0 wt% was stretched 

to 100% and 200% elongations, and released to normal state for 100 times. The 

SR/MWCNTs 8.0 wt% was stretched to 100%, 200% and 300% elongations and released to 

normal state for 100 times. The results were shown in Figure 4-15 and Figure 4-16.  

The resistance values were normalized by the samples initial resistance values R0 at 

zero strain. Compared with the CB, the MWCNTs are more able to form stably connected 

conducting passages within the polymers (Wichmann et al., 2009). Thus it was seen that 

both the SR/MWCNTs 8.0 wt% and the SR/MWCNTs 11.0 wt% nano-composites 

represented good conductivity. Even being repeatedly stretched and released for many 

cycles, the nano-composites remained conductive and did not lose their mechanical strength 

and electrical conductivity. However, two elastomers showed different resistance changes 

upon multiple stretching cycles. For the SR/MWCNTs 11.0 wt%, since the MWCNTs 

concentration is higher, the conducting passages within the HTVSR were harder to be 

deformed. Thus the relative strain dependent resistance change was not obvious after 100 

times of stretching/releasing. The phenomenon was even obvious when the SR/MWCNTs 

11.0 wt% was repeatedly strained with the elongation of 100%, in which the relative 

resistance change was relatively stable and repeatable.  
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Figure 4-15. The relative resistance changes of the SR/MWCNTs 11.0 wt% nano-

composite during repeated strain cycling between (a) 0% and 100%, and (b) 0% and 200% 

 

Comparatively, the resistance changes of the SR/MWCNTs 8.0 wt% were much more 

obvious during extension/relaxation cycles, since fewer MWCNTs conducting passages 

were easier to be deformed during stretching. However, the nano-composite still kept 
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electrically conductive even after 100 cycles. Owning excellent properties, the 

SR/MWCNTs 8.0 wt% still possessed remarkable conductivity and mechanical strength 

even it was stretched to 300% of its original length and released for 100 times.  
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Figure 4-16. The relative resistance changes of the SR/MWCNTs 8.0 wt% nano-composite 

during repeated strain cycleing between (a) 0% and 100%, (b) 0% and 200%, and (c) 0% 

and 300% 

 

The resistance variation of the SR/MWCNTs 11.0 wt% and the SR/MWCNTs 8.0 wt% 

nano-composites under repeated compressing and release cycles was then tested, with the 

results shown in Figure 4-17. It was seen that the resistance values of both nano-composites 

increased with the gradually loaded pressure and decreased when pressure was unloaded, 

which was consistent with some previous works (Jiang et al., 2007, Wang et al., 2011, 

Wang et al., 2010a, Dang et al., 2008, Wang and Han, 2013). Both elastomers showed 

relatively repeatable and stable resistance developments with the periodically changed 

pressures, in which the resistance change of the HTVSR/CNTs 8.0 wt% was much more 

obvious. This was also ascribed to the conducting CNTs network concentration in the 

HTVSR matrix. With more CNTs loaded, the conducting CNTs network was much stronger 

in the HTVSR/CNTs 11.0 wt%, and not easy to break or deform when the pressure was 

applied. It was also observed that the electrical resistance of both samples was able to 
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reverse to their original values even after 50 cycles, which further indicated that enough 

conducting CNTs passages were formed in the HTVSR matrix. The overall results above 

indicate that the prepared HTVSR/CNTs nano-composites are able to be the conductive 

elastomer with various application potentials. 
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Figure 4-17. The relative resistance changes of theSR/MWCNTs 8.0 wt% and the 

SR/MWCNTs 11.0 wt% nano-composites during repeated pressing cycling with the 

compressed ratio from 0 to 50%. 

 

4.4. Chapter summary 

In this chapter, the CSCl was prepared and used to improve the dispersion of 

MWCNTs in both solvents and the SR. With the help of CSCl, the dispersions of the 

MWCNTs in different solvents could achieve varying degrees of enhancement. In water 

and CHCl3, uniform and long-time stable dispersion of MWCNTs could be obtained. The 

dispersion of CSCl treated MWCNTs in SR was further studied. The SEM and XRD results 
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showed that the MWCNTs could be homogeneously dispersed in the polymer matrix 

without influencing the structure of the SR matrix. CSCl was found adsorbing on the 

surface of the MWCNTs and improve the dispersion of MWCNTs through interactions 

between it and the SR. These interactions ultimately improved the thermal stability and 

mechanical properties of the final SR/MWCNTs nano-composites. Furthermore, the nano-

composites showed excellent electrical conductivity. Even being stretched to 100%, 200%, 

or as long as 300% for 100 times, some nano-composites remained conductive and did not 

lose their inherent properties. Besides that, the nano-composites showed good response and 

reversibility to repeating pressure cycles. Thus the SR/MWCNTs nano-composites prepared 

in this chapter have various application potentials in the field of conductive elastomer or 

pressure sensor. 
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5. Chapter Five    The synthesis of GNR and its application in 

polymer nano-composites 

5.1. Overview 

As discussed in Chapter 2, since the GNR was synthesized using strong oxidants, it 

contained a lot of oxygenated groups along its backbone. These groups could reduce the 

internal van der Waals forces between GNR ribbons and facilitate GNR dispersion in some 

solvents and polymers. The dispersion state of the filler in the polymer plays a key role in 

maximizing its reinforcing capability in the final composites. Moreover, the GNR also has 

excellent mechanical properties (Jiao et al., 2009) which shows a great promise in 

fabricating the GNR filled polymer nano-composites. Recently, Tour et al reported that the 

GNR was promising for fabricating epoxy nano-composite with enhanced mechanical 

properties (Rafiee et al., 2010). They also found the GNR based polyaniline nano-

composite had potential to be applied as pseudocapacitor electrodes for energy storage (Li 

et al., 2013). 

Based on the above-mentioned facts, the GNR was prepared in this chapter through 

using oxidants to unzip the CNTs. The structure of the GNR was investigated via a number 

of characterization approaches. Afterwards, the GNR was applied as a reinforcing filler to 

fabricate the GNR based SR nano-composites and PVA nano-composites. The dispersion 

state of the GNR in the nano-composites and the corresponding thermal and mechanical 

properties of the prepared nano-composites are studied systematically. 
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5.2. Synthesis and characterization of GNR 

The FT-IR images of the MWCNTs, GNR and GO shown in Figure 5-1 were used to 

investigate the oxidation degree of the GNR. The intensity of the C=O stretching vibration 

band at 1712 cm
-1

 increased a lot after the unzipping reaction. The –OH stretching vibration 

band at around 3100 – 3500 cm
-1

 was broader and stronger, meaning that the oxidants 

really introduced a lot of oxygen groups like carboxyl, hydroxyl and epoxy groups to the 

GNR. However, the band intensity of the GNR at these two areas was still weaker than that 

of the GO, indicating that the oxidation degree of the GNR prepared in this work was lower 

compared to the GO. 
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Figure 5-1. FT-IR spectra of the MWCNTs, the GNR and the GO. 

The XRD curves of the MWCNTs, GNR and GO are shown in Figure 5-2. It was seen 

that the MWCNTs had a characteristic peak at ~27
o
. While after the reaction, the GNR had 

another strong characteristic diffraction peak at ~11
o
, which was very similar to that of the 

GO. However, the peak at ~27
o
 still existed, indicating again that the oxidation degree of 
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the GNR was not as high as that of the GO. The low oxidation degree of the GNR could be 

attributed to the distribution of the oxygen groups. It was reported that (Kosynkin et al., 

2009, Higginbotham et al., 2010) the oxygen groups of the GNR mainly distributed along 

the edge and only few of them existed on the basal plane of the GNR, which were not 

similar to those of the GO.  

10 15 20 25 30 35

GO

GNR

2 theta (
o
)

In
te

n
si

ty
 (

a
.u

.)

 

 

Multi walled CNTs

 

Figure 5-2. XRD patterns of the multi walled CNTs, the GNR and the GO/ 
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Figure 5-3. TGA curves of the GNR and the GO. 
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The TGA curves of the GNR and GO were shown in Figure 3. It could be observed 

that the degradation steps of these two materials were very similar. The weight loss 

percentage of the GNR was slightly less than that of the GO, which could be attributed to 

the fewer oxygen groups presented in the GNR. 

The structure of the GNR was then studied by TEM and SEM as shown in Figure 5-4. 

Unlike the MWCNTs, the GNR had a stripe-shaped appearance in the image. It could be 

further seen that there was no side-wall structure of the MWCNTs appeared in the high 

resolution TEM image, indicating that the MWCNTs were completely unzipped. Moreover, 

the diffraction pattern revealed that GNR had a noncrystalline structure. The SEM image of 

the GNR also directly revealed that the curled MWCNTs were unzipped to a flat GNR 

sheets. Accompanied with the aforementioned FT-IR, XRD and TGA results, the GNR 

could be thus regarded as the ribbon-like GO with fewer structure defects. 

  

Figure 5-4. (a) TEM image and diffraction pattern, and (b) SEM image of GNR 

 

Figure 5-5 shows the schematic illustration of the GNR preparation. Since the GNR 

contained a lot of oxygen groups like GO, it had a much better dispersing capability than 

the MWCNTs. The GNR aqueous dispersion could be kept stable for more than 2 months 

without aggregation. 
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Figure 5-5. Schematic illustration of the formation of GNR 
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Figure 5-6. UV-vis spectrum of the GNR 

 

Besides, the oxygen groups within the GNR gives rise to its dispersion in polar 

organic solvents like THF since the oxygen groups on the GNR could form hydrogen 

bonding interactions between the oxygen within THF molecule. Thus the GNR could 

disperse in THF for more than 2 weeks without obvious aggregation, which was revealed 

by UV-vis spectra shown in Figure 5-6. 
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5.3. GNR filled SR nano-composites 

The surface morphology of the SR/GNR nano-composites was investigated first. 

Figure 5-7 shows the SEM images of the cross section of the SR/GNR nano-composites.  

   

   

Figure 5-7. SEM pictures of (a) the pristine SR; (b) the SR/GNR 0.4% nano-composite; (c) 

the SR/GNR 1.0% nano-composite and (d) the SR/GNR 2.0% nano-composite. 

 

It could be clearly observed that the GNR had a ribbon sheet shape, which was totally 

different from the appearance of CNT. The morphology of SR/GNR surface again proved 

that multi walled CNT had been unzipped. It could be also observed that the width of the 

GNR sheets in the image were diverse. Since the unzipped CNTs were the multi walled 

CNTs, the diameters between the inner sidewall and the outer sidewall were different, 
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resulting an uneven ribbon width after the CNTs were unzipped. Furthermore, the GNR 

was observed distributing randomly without obvious aggregations within the SR matrix. It 

has been known that GO could disperse within the SR uniformly because GO had 

interactions with the SR (Shafieizadegan Esfahani et al., 2012). Thus the good dispersion of 

the GNR in the SR could be also ascribed to the good interactions between them. 

It is well known that XRD is an effective approach to study the structure of a polymer 

and its composites. Thus XRD patterns of the pristine SR and the SR/GNR nano-

composites were further investigated and shown in Figure 5-8.  
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Figure 5-8. XRD curves of the pristine SR and the SR/GNR nano-composites. 

 

As aforementioned discussion, the GNR had characteristic peaks at ~10.8
o 

and ~27.4
o
. 

From Figure 5-8, the pristine SR had a characteristic peak at ~12.2
o
. It could be observed 

that after the GNR was incorporated into the SR matrix, the XRD patterns of the resulting 

nano-composites showed similar peak to the pristine SR and the GNR peaks nearly 

disappeared. This indicated that the GNR well distributed in the SR without breaking the 
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main structure of the SR. Besides, it could be also seen that the diffraction peak intensity of 

the SR/GNR nano-composites was weaker and broader than that of the pristine SR, which 

meant the crystallinity of the nano-composites was decreased. Furthermore, the diffraction 

peak of the nano-composites shifted slightly to the smaller value compared to the pristine 

SR, which indicated that the GNR and the SR had interactions (Wang and Dou, 2012). 

The thermal properties of the pristine SR and the SR/GNR nanomcoposites were then 

investigated. Figure 5-9 shows the TGA curves and the corresponding differential 

thermogravimetric (DTG) analysis curves of the pristine SR and the SR/GNR nano-

composites. Obviously, the incorporation of the GNR gave rise to the thermal stability of 

the SR. From Figure 5-9(a), it was seen that the onset temperature of the SR/GNR nano-

composites increased slightly compared to that of the pristine SR. Besides, Figure 5-9(b) 

showed that all the SR samples decomposed with a one-step process, which meant the GNR 

did not break the network of the SR. Moreover, the incorporation of the GNR also induced 

an obvious increase in the temperature of the maximum weight loss rate of the SR. The 

enhancement of the thermal stability of the SR/GNR nano-composites could be also 

ascribed to the interactions between the SR and the GNR. 
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Figure 5-9. (a) TGA curves and corresponding (b) DTG curves of the pristine SR and the 

SR/GNR nano-composites. 

 

DSC analysis for the SR and the SR/GNR nano-composites was then performed and 

the results were shown in Figure 5-10.  
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Figure 5-10. DSC curves of the pristine SR and the SR/GNR nano-composites. 

 

It was known from the literature (Wang et al., 2006) that the glass transition of 

temperature (Tg) of the SR was lower than -100 
o
C, so the endothermic peaks observed in 

Figure 5-10 were actually the melting temperature (Tm). It could be found that due to the 

presence of the rigid nano-filler, the GNR, the Tm of the polymer matrix were enhanced, 

because the homogeneous dispersion of the GNR limited the molecular movement of the 

SR polymer chains. 

The mechanical performance of the pristine SR and the SR/GNR nano-composites was 

then tested in terms of typical strain-stress behavior, and the results were shown in Figure 

5-11 and Table 5-1. As shown, the mechanical performance of the SR/GNR nano-

composites had a significant enhancement compared to that of the pristine SR. With only 

0.4 wt% of the GNR incorporated into the SR, the elongation at break of the nano-

composite increase by 64% from 100% to 164%. When the GNR amount reached to 2.0 

wt%, although the tensile strain decreased to some extent due to stronger molecular 
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interactions between the SR and the GNR, the tensile stress and Young’s modulus increased 

by 67% (from 0.24 MPa to 0.40 MPa) and 93% (from 0.44 MPa to 0.85 Mpa), respectively. 
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Figure 5-11. Typical stress-strain behaviors of the pristine SR and the SR/GNR nano-

composites 

 

Table 5-1. Tensile properties of the pristine SR and the SR/GNR nano-composites. 

Samples Tensile Stress  

(MPa) 

Tensile Strain 

 (%) 

Young’s Modulus 

(MPa) 

Pristine SR 0.24 100 0.44 

SR/GNR 0.4 wt% 0.37 164 0.69 

SR/GNR 1.0 wt% 0.38 105 0.78 

SR/GNR 2.0 wt% 0.40 78 0.85 

 

A uniform dispersion of the GNR and good interfacial interactions between the GNR 



Chapter Five 

 

- 93 - 

and the SR resulted in the enhancement of the mechanical strength of the SR nano-

composites. The overall characterization results of the SR/GNR nano-composites indicated 

that the GNR had great potential to be applied as the filler for fabricating polymer nano-

composites.  

 

5.4. GNR filled PVA nano-composites 

Figure 5-12 shows the SEM images of the cross section of the PVA/GNR nano-

composites. It could be clearly observed that the GNR had a ribbon sheet shape and 

distributed well in the PVA matrix without obvious aggregations. Similar to the GO, the 

GNR also had a lot of oxygen groups within its structure. Hence, it was relatively easy for 

these groups to form hydrogen bonding with the abundant hydroxyl groups of the PVA, 

resulting in the uniform dispersion of the GNR within the PVA. 

  

Figure 5-12.SEM pictures of (a) PVA/GNR 1.0% nano-composite and (b) PVA/GNR 2.0% 

nano-composite 

 

The hydrogen bonding interactions between the GNR and PVA were further confirmed 

by the FT-IR spectra as shown in Figure 5-13(a).  
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Figure 5-13. (a) FT-IR spectra and (b) XRD patterns of the PVA and PVA/GNR nano-

composites. 

 

When the GNR was incorporated into the PVA matrix, the broad band around 3100 – 

3500 cm
-1

 attributing to the stretching vibration of the hydroxyl groups (-OH) shifted to a 

lower wavenumber. Moreover, the wavenumber shifting degree increased with higher GNR 

content, indicating that more hydrogen bonding was formed between the filler and the host 
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matrix. The phenomenon was similar to that of the GO as confirmed by our previous 

studies (Yang et al., 2010b).  

The XRD patterns of the PVA and the PVA/GNR nano-composites are shown in 

Figure 5-13(b). The pure PVA showed a diffraction peak at ~19.6
o
. After the GNR 

incorporation, the PVA/GNR nano-composites showed a characteristic peak similar to that 

of the pure PVA and no GNR peaks were observed, indicating that the GNR was well 

dispersed within the PVA matrix. Furthermore, it was also observed from Figure 5-14(b) 

that the diffraction peak intensity of the PVA/GNR nano-composites was weaker and 

broader than that of the PVA, meaning that the crystallinity of the nano-composites was 

decreased. The cause of the decrease of the PVA crystallinity was due to the fact that the 

GNR and the PVA had close interactions through hydrogen bonding, resulting in an 

impairment of internal hydrogen bonding among the PVA molecules (Salavagione et al., 

2009b). 

The decrease in the PVA crystallinity was further investigated by the DSC with the 

results being shown in Table 5-2. With the incorporation of the GNR, the glass transition 

temperature (Tg) of the PVA increased slightly, which was because the rigid nano-filler 

constrained the mobility of the host polymer. It is known that the crystallinity (χc) of a PVA 

is the ratio of its melting enthalpy (ΔHm) to the enthalpy of pure the PVA crystal (ΔH0), 

which is 138.6 J/g (Yang et al., 2010b). Table 5-2 shows that the interactions between the 

GNR and the PVA led to a decrease in the crystallinity, which was in line with the XRD 

results. 
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Table 5-2. Thermal Properties of the PVA and the PVA/GNR nano-composite 

Sample Tg (
o
C) Tm (

o
C)  ΔHm (J/g) χc (%) 

PVA 67.1 187.3 54.6 39.4% 

PVA/GNR 1.0wt% 70.0 185.9 48.9 35.3% 

PVA/GNR 1.0wt% 72.8 183.1 45.2 32.5% 

 

The TGA curves and the corresponding differential thermogravimetric (DTG) analysis 

curves of the PVA and the PVA/GNR nano-composites are shown in Figure 5-14. The DTG 

curves showed that all the PVA and the PVA/GNR nano-composites decomposed in a three-

step process under gradually increased temperature. This further indicated that the GNR did 

not break the crystal structure of the PVA matrix. Furthermore, the incorporation of the 

GNR increased the thermal stability of the PVA. From the TGA curve, a mild increase of 

the onset degradation temperature could be seen. When compared with the pure PVA, the 

PVA/GNR nano-composites encountered an increased in the temperatures at the maximum 

degradation rate of all three steps.  

It could be observed from the DTG curves that the temperatures at the maximum 

degradation rate of the PVA/GNR nanocompsite with 2.0 wt% GNR loading increased from 

285 
o
C, 409 

o
C, 440 

o
C to 328 

o
C, 433 

o
C and 498 

o
C respectively. Since the GNR 

contained a lot of oxygen groups within its backbone, these oxygen groups could form 

strong hydrogen bonding with the hydroxide groups presented in the PVA chains. Due to 

the increased of the hydrogen bond between the GNR and the PVA matrix, the GNR layers 

in the PVA acted as a barrier to block the penetration of oxygen and thermal heat when the 

nano-composite was heated (Xu et al., 2009a, Liang et al., 2009a). Hence, a very small 
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concentration of the GNR could largely increase the thermal stability of the host polymer 

matrix. 
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Figure 5-14. (a) TGA curves and (b) corresponding DTG curves of PVA and PVA/GNR 

nano-composites. 

 

The typical strain-stress behavior of the PVA and the PVA/GNR nano-composites was 
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also investigated and the results are shown in Figure 5-15 and Table 5-3.  
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Figure 5-15. (a) Typical stress-strain behaviors of PVA and PVA/GNR nano-composites 

and (b) SEM image of the cross-section of PVA/GNR nano-composite after tensile test. 

 

It could be clearly observed that there was a significant increase in the mechanical 

performance of the PVA/GNR nano-composites. Compared with the pure PVA, the tensile 

strength of the PVA/GNR 2.0 wt% nano-composite increased by 85.7% from 18.2 Mpa to 

33.8 Mpa, and the Young’s Modulus increased by 65.2% from 705 Mpa to 1164 Mpa, 
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although the tensile strain decreased to some extent. The incorporation of the rigid filler, 

which was the GNR in this study, and a uniform dispersion of the filler could largely 

improve the Young’s modulus of the PVA matrix. Since the GNR and PVA matrix had very 

strong hydrogen bond interactions, the GNR shared some stress when the nano-composite 

was stretched, resulting in a significant increase in the tensile strength of the nano-

composites. Figure 5-15(b) shows the SEM image of the cross-section of the PVA/GNR 1.0 

wt% nano-composite after the tensile test. It could be seen that some GNRs were pulled out 

of the PVA matrix after the nano-composite was stretched, which was a evidence that the 

interactions between GNR filler and PVA matrix resulted in the tensile strength increase of 

the PVA/GNR nano-composites. In our previous study (Yang et al., 2011), it was reported 

that the incorporation of the GO could largely enhance the mechanical properties like 

Young’s modulus and tensile strength of the PVA due to the uniform dispersion of the GO 

and strong interactions between the GO and PVA matrix. As discussed above, since the 

GNR could be regarded as a ribbon-shaped GO with lower oxidation degree, the 

reinforcing behavior of the GNR was also similar to that of the GO.  

 

Table 5-3. Tensile properties of the PVA and the PVA/GNR nano-composites. 

Samples Tensile Stress (MPa) Tensile Strain (%) Modulus (MPa) 

PVA 18.2 68.8 705 

PVA/GNR 1.0 wt% 27.4 49.1 813 

PVA/GNR 2.0 wt% 33.8 31.9 1164 
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5.5. Chapter summary 

In this chapter, the GNR was prepared through using strong oxidants to unzip the 

MWCNTs. The structure of the GNR was characterized by the FT-IR, XRD, TGA and TEM. 

The results showed that the GNR was successfully prepared and oxidized. The prepared 

GNR was then incorporated into the SR and PVA matrice to fabricate the polymer nano-

composites. It was found that the GNR dispersed very uniformly within the polymer 

matrices with strong interactions. The homogeneous dispersion of the GNR enhanced the 

thermal stability of the SR and PVA. Furthermore, the presence of the GNR significantly 

improved the mechanical performance of the SR and PVA. The results demonstrated that 

the GNR can be an effective reinforcing filler to be applied in fabricating GNR based 

polymer nano-composites with improved properties. 
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6. Chapter Six GO applications in SR nano-composites and 

KGM hydrogel 

6.1. Overview 

As a representative candidate, graphene oxide (GO) has received tremendous research 

interest due to its distinct physical and chemical properties (You et al., 2014, Gan et al., 

2015a, Park et al., 2014). Being the chemical oxidation product of the graphite, GO 

contains a lot of oxygen-containing groups within its backbone. These groups make GO 

highly compatible with many organic polymers, especially those with polar groups (Zor et 

al., 2014, Chen et al., 2014). Due to this reason, GO is regarded as a desirable filler to 

fabricate the GO filled polymer composites (Xu et al., 2013, Yuan et al., 2013, Lu et al., 

2014). 

The SR/GO composites were prepared via the solution mixing approach in the present 

study. The morphological, thermal and mechanical properties of the prepared SR/GO 

composites were studied. Two SRs with different vinyl contents were used, and the 

influence of the vinyl content on the mechanical properties of the SR composites was also 

studied through stress-strain test. 

The GO based KGM hydrogel was also prepared through the crosslinking of calcium 

ions. The morphology, structure and swelling behavior of the KGM/GO hydrogel were 

studied. The dye absorption capability of the KGM/GO hydrogel with respect to MO and 

MB was then investigated. 
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6.2. Impact of vinyl concentration of a silicone rubber on the properties 

of SR/GO composites 

Figure 6-1 shows the TEM images of the exfoliated GO sheets after the sonication of 

GO in THF for 2 h. A drop of diluted GO solution was coated onto a copper grid before 

testing. It is commonly known that the graphene sheets tend to entangle with each other due 

to large van der Waals interactions. However, based on the high resolution TEM image as 

shown in Figure 6-1(b), it was observed that the GO sheets were exfoliated into very thin 

thickness with about three or four layers. The results indicated that GO could form a highly 

exfoliated dispersion in THF, which was favorable for preparing the GO based polymer 

composites when using THF as the mixing solvent. 

   

Figure 6-1. (a) TEM and (b) high resolution TEM pictures of GO 

 

Figure 6-2 shows the XRD patterns of SRs and SR/GO composites. It was clearly seen 

that both SR-H and SR-L had similar XRD patterns with the characteristic peaks appearing 

at 2θ=11.7
o
, which were different from the characteristic peak of GO at 2θ=11.1

o
. As for the 

SR-H/GO and SR-L/GO composites, they both had the same peaks as their pristine SRs but 

almost without the appearance of the GO peak. The results indicated that the GO sheets 
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were well exfoliated and dispersed in the SR matrix.  
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Figure 6-2. XRD patterns of SR and SR/GO nano-composites 

 

Figure 6-3 shows the SEM images of the surface morphology of the SR-H/GO 

composites. It was clearly seen that the GO sheets were uniformly dispersed within the SR 

matrix. It was also found that the GO sheets tended to parallelly distribute in the SR with 

similar directions, meaning that the GO and SR had very good interactions. 

   

Figure 6-3. SEM images of (a) SR-H/ GO0.5 and (b) SR-H/GO1.0 nano-composites 

The effect of the incorporation of GO on the melting behavior of SR was investigated 
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by the DSC measurement with the results being shown in Figure 6-4. According to the 

literature (Wang et al., 2006), it was known that the glass transition temperature (Tg) of the 

SR was below -100 
o
C. Hence, the peaks appeared in the figure were actually the melting 

point (Tm) of the SR composites. It was seen that after the GO was incorporated into the SR, 

the Tm of the resulting composites increased slightly. This phenomenon might be due to the 

interactions between the rigid filler GO and SR which limited the mobility of the SR matrix 

and increased the Tm of the composites. The results of the DSC measurement were in 

accordance with the previous studies (Cheng et al., 2012). It was also observed that the 

melting peaks of the pristine SR and SR/GO nanocoposites were similar, indicating that the 

incorporation of GO slightly affected the structure of the SR matrix. 
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Figure 6-4. DSC curves of SR and SR/GO nano-composites in second heating process. 

 

TGA was then conducted to further investigate the thermal stability of the SR/GO 

composites with the results being shown in Figure 6-5. It could be clearly seen that the 

maximum degradation rate temperatures of SR-H/GO and SR-L/GO composites increased 
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to varying degrees, indicating that there was an increase in the thermal stability of the 

SR/GO composites when compared with the neat SR.  
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Figure 6-5. TGA and DTG curves for (a) SR-H, SR-H/GO nano-composites and (b) SR-L, 

SR-L/GO nano-composites. 

 

Figure 6-6 shows the classical tensile-strain behavior of the SR-H/GO and SR-L/GO 
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composites.  
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Figure 6-6. Stress-strain behavior of SR-H, SR-L and their GO filled composites (inset: the 

crosslinking structure of SR-H and SR-L) 

 

It was seen that without the incorporation of GO, both the SR-H and SR-L exhibited 

weak tensile strength. It was due to the fact that without the incorporation of reinforcing 

fillers, the weak inter-molecular forces among the Si–O bond led to poor mechanical 

properties (Basuli et al., 2008). When the GO was introduced, the mechanical strength of 

both the SR composites increased obviously, whereas the reinforcing effect varied 

according to different vinyl contents of these two SRs. As for the SR-H, when the GO was 

loaded into the matrix, both the tensile strength and elongation enhanced gradually with the 

increase of the incorporation amount of GO. With regard to the SR-L, it appeared that when 

the GO was incorporated, the elongation at break of the resulting composites improved 

significantly, which was more obvious than that of the SR-H/GO composites. Especially 

when the loading amount of GO increased to 1.0 wt%, the resulting composite could be 
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stretched to as long as two times of its original length without breaking. This phenomenon 

could be attributed to the diverse vinyl contents of two silicone rubbers. It was well known 

that high temperature SR could not be applied before vulcanizing (Cohen-Addad et al., 

1989), which is also named as crosslinking. SR with more vinyl groups had more 

crosslinking points within its molecule chains as shown by the inset pictures in Figure 6-6. 

This meant that after vulcanizing, these crosslinked points presented in the SR molecules 

could share more tensile force when being stretched (Serbescu and Saalwachter, 2009). 

Therefore, the SR-H/GO composites could bare more tensile stress than SR-L/GO 

composites because of higher vinyl content, which was in accordance with the results of 

some previous publications (Auad et al., 2001).  

 

Table 6-1. Tensile properties of silicone rubbers and SR/GO nano-composites 

Samples Tensile Stress (MPa) Tensile Strain (%) Young’s 

Modulus (MPa) 

SR-H 0.06369 34.08 0.25236 

SR-H/GO0.5 0.2211 47.63 0.5991 

SR-H/GO1.0 0.3207 66.17 0.8392 

SR-L 0.05038 38.33 0.1705 

SR-L/GO0.5 0.2071 73.75 0.4841 

SR-L/GO1.0 0.2826 100.42 0.6314 

 

The Young’s modulus of the SR and the SR/GO composites also demonstrated that 

SR-H/GO composites were more rigid as shown in Table 6-1. When compared, the increase 

of the Young’s modulus of SR-H/GO the composites was much higher than that of the SR-

L/GO samples. However, more crosslinking points also made the SR-H more brittle and 
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easier to break when being stretched. This was seen from tensile strain, in which the SR-

L/GO composites could be stretched much longer than the SR-H/GO ones. 

When blending the SRs with different vinyl contents together, the vinyl groups 

distributed non-uniformly within the SR, resulting in a disordered crosslinking and better 

mechanical properties. From this point of view, the tensile properties of mixed SR/GO 

composites were investigated with the results shown in Figure 6-7. It was seen that when 

the SR-H and SR-L were mixed, the tensile strength of all mixed the SRs increased more 

obviously compared with those of the SR-H and SR-L after vulcanizing. This was due to 

the fact that non-uniform crosslinking increased the regional crosslinking density present in 

the SR, resulting in a better mechanical toughness and elasticity. It was obvious that when 

the GO was incorporated into the mixed SRs, the resulting SR/GO composites had a much 

better tensile strength than both the SR-H/GO and SR-L/GO composites. Meanwhile, due 

to the onefold inner molecular structure of SRs with single vinyl content, the incorporation 

of GO could not increase both ductility and rigidity of the SRs at the same time as 

discussed above. These defects could also be solved by mixing the SRs with different vinyl 

contents together. Unlike the SR-H/GO and SR-L/GO composites, both the ductility and 

rigidity of the mixed SR/GO composites increased at the same time. An obvious 

enhancement of the tensile stress, elongation at break and Young’s modulus could thus be 

achieved for nearly all the mixed SR/GO composites. Especially for the SR55/GO and 

SR73/GO composites, their stress, strain and modulus values were nearly two times higher 

than the neat SRs, as shown in Figure 6-7(d).  
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Figure 6-7. The (a) tensile stress, (b) tensile strain and (c) Young’s modulus of mixed SRs 

and SR/GO nano-composites; and (d) digital picture of stretched the SR73/GO1.0 nano-

composite (upper one) compared with its original state (lower one) 

 

The enhanceement of the mechanical properties of the mixed SR/GO composites was 

attributed to the non-uniform crosslinking of the SR molecules and the incorporation of GO 

as shown schematically in Figure 6-8. As discussed previously, mixing the SRs with 

different vinyl contents could initiate the crosslinking of the SR molecules. Hence, these 

non-uniformly crosslinked bonds could share more tensile forces when the SR was 

stretched. Since the non-uniform crosslinking points could also make the SR more elastic, 
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there was an obvious enhancement of both the tensile strength and strain of the mixed 

SR/GO composites. However, the main chain of the SR is so weak and easy to break that 

the reinforcing fillers are often used to enhance the mechanical properties of the SR. It had 

been proved that due to the existence of the oxygen groups in GO, the incorporated GO 

sheets tended to interact with the SR chain (Wang and Dou, 2012). The interactions also 

resulted in the large enhancement of the thermal and mechanical properties of the ultimate 

vulcanized SRs. Hence, GO is a desirable reinforcing filler used for SR as confirmed by the 

above results.  

 

Figure 6-8. Schematic illustration of the SR/GO nano-composite fabrication and internal 

interactions 
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6.3. KGM/GO hydrogel with enhanced dye adsorption capability 

The structure of the KGM/GO hydrogel was investigated first. Figure 6-9 shows the 

FTIR spectra of KGM powder, KGM hydrogel and KGM/GO hydrogels. It was seen that 

the KGM powder had the characteristic peaks at ~3300 cm
-1

(-OH vibration) and 1632 cm
-1

 

(hydrogen bond). After the formation of KGM hydrogel, the peaks at these two areas 

became weaker, indicating that the crosslinking reaction did occur between the KGM 

molecules. This would eliminate some functional oxygen groups present in the KGM 

molecules and some hydrogen bonding. After the GO was incorporated into the KGM 

hydrogel, the intensity of these two peaks increased slightly again, meaning that the GO 

and KGM had formed some new hydrogen bonding interactions in the KGM/GO hydrogel. 
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Figure 6-9. FTIR spectra of KGM powder, KGM hydrogel and KGM/GO hydrogel 
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Figure 6-10. XRD patterns of GO, vacuum dried KGM and KGM/GO hydrogel 

 

Figure 6-10 shows the XRD patterns of the GO, vacuum dried KGM and KGM/GO 

hydrogel. It was seen that KGM had a broad diffraction peak at 2θ=~19.2
o
 which was 

corresponding to its amorphous structure. After the GO was incorporated into the KGM, the 

peaks of KGM/GO hydrogel became broader and shifted slightly to a lower angle without 

the appearance of the GO diffraction peak at 2θ = 11.9
o
. This indicated that the GO 

dispersed uniformly and randomly within the KGM matrix and formed interactions with the 

KGM in the prepared hydrogel.  

The morphology of the KGM/GO hydrogel was then studied by the SEM as shown in 

Figure 6-11. As revealed, the neat KGM hydrogel showed a 3D porous network structure 

with a smooth surface and the pore sizes ranging from 50 to 200 μm. When the GO was 

introduced, the composite hydrogel could still keep its porous architecture. The structure of 

the KGM/GO hydrogel was more compact with a rougher surface and smaller pore size. It 

was seen that the GO randomly distributed within the hydrogel, as shown in Figure 6-11(c). 
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Some GO overlapped partially with each other, evidencing that the GO took part in the 

crosslinking process. The carboxyl groups and hydroxyl groups present in the GO 

molecules reacted with the functional groups of the other GO molecules and KGM 

molecules to form interactions like hydrogen bonding (Yoon et al., 2011). Hence, the 

presence of GO in the hydrogel could enhance the crosslinking interactions and stabilize 

the network structures of the KGM/GO hydrogel. Due to the interactions between the KGM 

and GO, the presence of GO could enhance the thermal stability of KGM (Shen et al., 

2012c). The TGA curves shown in Figure 6-11(d) indicated that the KGM/GO hydrogel 

was much more thermally stable than the neat KGM hydrogel. 
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Figure 6-11. SEM images of (a) KGM hydrogel; (b)KGM/GO hydrogel and (c) magnified 

KGM/GO hydrogel; (d) TGA curves of KGM hydrogel and KGM/GO hydrogel 
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The case which GO took part in the crosslinking could be further proved by the 

Raman spectra as shown in Figure 6-12(a).  
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Figure 6-12. (a) Raman spectra of KGM hydrogel, KGM/GO hydrogel and GO; (b) 

Illustration of the formation mechanism of KGM/GO hydrogel 

 

It was seen that the KGM/GO hydrogel showed a similar Raman spectrum when 
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compared with the KGM hydrogel except the presence of two peaks at ~1380 cm
-1

 and 

1600 cm
-1

 which were the characteristic peaks of graphical materials (Kuila et al., 2011, 

Moriche et al., 2015). The presence of these two peaks, generally named as D band and G 

band, was attributed to the introduction of GO into the hydrogel system. Furthermore, the 

intensity ratio of D band to G band (ID/IG) was commonly used to indicate the structural 

disorder and defect (Ji et al., 2015). It was observed that the ID/IG of GO was ~0.80 while 

the ID/IG of KGM/GO hydrogel was ~0.96. Since some oxygen functional groups present in 

the GO took part in the crosslinking process and dehydrated, the C=C bonds were partially 

restored, resulting in the increase of the ID/IG (Jin et al., 2015, Mowry et al., 2013). In this 

respect, the schematic illustration of the formation mechanism of KGM/GO hydrogel is 

shown in Figure 6-12(b).  

The water holding capacity of the hydrogels being studied in terms of swelling ratio is 

shown in Figure 6-13.  
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Figure 6-13. Swelling behavior of KGM hydrogel and KGM/GO hydrogel. 
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It was clearly seen that both the neat KGM hydrogel and KGM/GO hydrogel reached 

their equilibrium when being put into the DDW for about 8 h. The maximum swelling ratio 

of the KGM/GO hydrogel was lower than that of the neat KGM hydrogel. The decrease in 

swelling ratio was attributed to the crosslinking of GO during the hydrogel formation 

process. The crosslinked GO present in the KGM/GO hydrogel restrained the interactions 

between the hydrogel and the water, resulting in the decrease in swelling ratio (Kim et al., 

2014). 

Successively, the adsorption capacity of the prepared KGM/GO hydrogel was studied. 

Figure 6-14 shows the influence of contact time on the MO and MB adsorption for the 

KGM hydrogel and KGM/GO hydrogel at room temperature (25 
o
C). The concentration of 

MO was 50 mg/L (0.15 mmol/L) and the concentration of MB was 120 mg/L (0.15 

mmol/L). For both dye solutions, the pH value was set at 7.0. As could be seen, the 

introduction of GO largely enhanced the adsorption capacity of the hydrogel with respect to 

both MO and MB. Compared with the non-ionic KGM, GO had an exceptional higher 

surface area and an aromatic structure. This made the KGM/GO hydrogel capable of 

capturing the MO and MB more easily in the aqueous solution through the π-π stacking and 

ionic interactions (Tiwari et al., 2013).  

It is well known that the pH value of a solution affects the ionization degree of the 

dyes and the surface charge of the GO significantly. Hence, the adsorption capacity of the 

KGM/GO hydrogel with respect to the MO and MB dyes could be influenced tremendously 

by the pH value. The effect of solution pH value on the dye adsorption capacity of the 

hydrogels was thus investigated with the results being shown in Figure 6-15. As shown, 

there was an enhancement of the adsorption amount of both the MO and MB with the 

increasing pH value. It was known that the oxygen groups, especially the carboxyl groups 
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(COO
-
), present in the GO were the functional groups of the hydrogel which affected the 

adsorption capacity. At lower pH values, the hydrogen ion in the solution tended to 

integrate with the COO
-
 present on the GO surface, thereby hindering the adsorption of the 

hydrogel. While at higher pH values, the surface of the GO was negatively charged and so 

the COO
-
 groups were much inclined to integrate with the dye molecules, resulting an 

increase of the adsorption capacity of the KGM/GO hydrogel. 
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Figure 6-14. Influence of contact time for KGM hydrogel and KGM/GO hydrogel on (a) 

MO and (b) MB adsorption at room temperature (25
 o
C) and pH value at 7.0 



Chapter Six 

 

- 119 - 

 

2 4 6 8 10 12

20

40

60

80

100 MB

q
e
 (

m
g

/g
)

 

 

pH

MO

 

Figure 6-15. The influence of pH value on the KGM/GO hydrogel adsorption capacity to 

MO and MB 

 

The effect of hydrogel weight on the adsorption efficiency of the MO and MB was 

then investigated by immersing a certain amount of hydrogels into 25 mL of the dye 

solutions. The hydrogel weight was increased from 10 mg to 60 mg while the 

concentrations of MO and MB dyes were kept constant as above. Figure 6-16 shows that 

the KGM/GO hydrogel had a much better dye adsorption capacity than the neat KGM 

hydrogel. Increasing the amount of the hydrogel in the dye solution would cause a higher 

dye adsorption. When the amount of KGM/GO hydrogel present in the MO solution was 

increased to 30 mg, and also the amount of the KGM/GO hydrogel present in the MB 

solution was increased to 50 mg or higher, almost all the dyes present in the solution could 

be completely removed. At the same time, the removal of the dyes by the neat KGM 

hydrogel was not as goood as the KGM/GO hydrogel. Figure 6-16(b) shows the pictures of 



Chapter Six 

 

- 120 - 

pure MB and MO dye solutions containing 50 mg of different hydrogels. It was clearly 

observed that the dye solutions with the presence of the KGM/GO hydrogel were visually 

clear, while the dye solutions with the presence of the KGM hydrogel were not clear. 
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Figure 6-16. (a) Effect of hydrogel weight on the adsorption efficiency of the MO and MB; 

(b) MO solutions with (1) no hydrogel, (2) 50 mg KGM hydrogel, (3) 50 mg KGM/GO 

hydrogel; and MB solutions with (4) no hydrogel, (5) 50 mg KGM hydrogel, (6) 50 mg 

KGM/GO hydrogel 
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The adsorption isotherm, i.e. the influence of the dye concentration on the adsorption 

capacity of the KGM/GO hydrogel, was then investigated with the results being shown in 

Figure 6-17. The amount of the hydrogel used was 10 mg. In the case of the MO solution, 

the concentration was increased from 10 mg/L to 50 mg/L. As for the MB solution, the 

concentration was increased from 40 mg/L to 120 mg/L. When an adsorption isotherm is 

assumed, Langmuir isotherm and Freundlich isotherm are the commonly used models 

(Bessadok et al., 2008, Khan et al., 2013).  

Langmuir isotherm model is applicable to the homogeneous adsorption using the 

following equation: 

  ……(4) 

where  is the theoretical maximal adsorption amount when the monolayer absorbent is 

fully covered with the absorbate (mg/g) and KL is the Langmuir constant (L/g) which is 

related to the adsorption energy.  

Freundlich isotherm model is applicable to a heterogeneous surface with a non-

uniform distribution of heat of adsorption, using the following equation: 

   (5) 

where Kf is the Freundlich constant (mg/g) which is related to the adsorption capacity, and 

1/n is also a Freundlich constant which is related to the adsorption intensity.  
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Figure 6-17. Adsorption isotherms of KGM/GO hydrogel with respect to (a) MO and (b) 

MB including experimental data (black dot); Langmuir model (blue solid line) and 

Freundlich model (red dash line). 

 

Besides the isotherm experimental data, the correlations of these two isotherm models 

are also shown in Figure 6-17 with detailed parameters being shown in Table 6-2. It was 

seen that for both MO and MB, the adsorption data fitted more for the Freundlich model 

compared with the Langmuir model. Furthermore, the Freundlich constants, n of MO and 
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MB were calculated as 1.50 and 1.36 which were both greater than 1. This indicated that a 

favorable condition suitable for the adsorption of both MO and MB by the KGM/GO 

hydrogel was obtained (Panic et al., 2013, Ai and Jiang, 2012).  

 

Table 6-2. Isotherm parameters for the adsorption of MO and MB onto KGM/GO hydrogel 

 MO MB 

Langumir 

Model  

93.5 133.67 

 

0.022 0.013 

Freundlich 

Model  

3.71 2.68 

n 1.50 1.36 

 

6.4. Chapter summary 

In this chapter, GO was used as the filler to be incorporated into two polymer matrix. 

The prepared GO filled polymer nano-composites showed enhanced properties compared 

with their neat polymer. The results obtained from this chapter indicate that GO is 

promising in preparing the GO filled nano-composites. 
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7. Chapter Seven    Covalently functionalized graphene with D-

glucose and its reinforcement to PVA and PMMA 

7.1. Overview 

As a significant precursor and derivative of the graphene, the graphene oxide (GO) 

tends to be more compatible with some solvents (Yuan et al., 2012) and polymers (Yoon et 

al., 2011) since the GO consists of many oxygen containing groups compared with the 

graphene.(Spasevska et al., 2014) These groups further facilitate the chemical 

modifications on the GO. Through simple organic reactions, the GO is able to be covalently 

bonded with some small molecules (Boukhvalov, 2013) or polymers,(Shen et al., 2013, Mo 

et al., 2013) and these chemically functionalized graphene (CFG) molecules are more 

dispersible in aqueous (Shen et al., 2012a) and organic (Park et al., 2014) solvents, and 

polymer matrices.(Deetuam et al., 2014) Moreover, the CFGs are more easily incorporated 

into the polymer without losing the inherent properties of the CFGs and the prepared nano-

composites.(Liu et al., 2013) Recently, much interest has arisen towards synthesizing 

solvents dispersible or soluble CFGs.(Yu et al., 2014, Ou et al., 2013) Long time stable 

CFG dispersions simplify the fabrication of the polymer composites through solvents 

mixing approaches.  

Herein, this chapter first reported the attachment of the graphene and the D-glucose 

through covalent grafting. The D-glucose grafted graphene, named as Glu-G, was further 

incorporated into the PVA and the PMMA to prepare their nano-composites. The prepared 

PVA/Glu-G and the PMMA/Glu-G nano-composites were characterized by morphological, 

mechanical and thermal properties, respectively 
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7.2. Characterization of Glu-G 

The formation of the Glu-G was characterized first by FTIR spectra shown in Figure 

7-1.  
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Figure 7-1. FTIR spectra of GO, Glu-GO and Glu-G 

 

It could be seen that after the GO was grafted with the D-glucose (which is Glu-GO), a 

new peak at around 1735 cm
-1 

(C=O stretching vibration) appeared and the intensity of the 

original peak at 1705 cm
-1

 became weaker, indicating that some carboxylic acid groups 

presented in the GO had been transferred to the ester groups. After the Glu-GO was reduced 

to the Glu-G, the peak at 1705 cm
-1

 disappeared and ~1100 cm
-1

 (C-O-C stretching 

vibration) became weaker, indicating the unreacted -COOH groups and the epoxy groups 

were eliminated by the hydrazine (see Figure 3-1). Besides, the intensity of the two peaks at 

around 2900 cm
-1

 (-CH- stretching vibration) increased largely, indicating that the resulting 

product contained more CH groups (on the glucose backbone). The peak intensity at around 

3100 to 3500 cm
-1

 (-OH stretching vibration) was still relatively strong, indicating that the 
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grafted D-glucose was not affected by the hydrazine much.  

TGA being carried out in a nitrogen atmosphere was then used to investigate the 

grafting rate of Glu-G as shown in Figure 7-2.  
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Figure 7-2. TGA curves of GO, Glu-GO and Glu-G 

 

It could be seen from the curves that the percentage weight of loss was about 40% for 

GO and 52% for Glu-GO at 600 
o
C. Based on this result, it was calculated that there was 

about 23 wt% of glucose and 77 wt% of GO in the Glu-GO. After the Glu-GO was reduced 

to the Glu-G, the weight loss percentage of the Glu-G at 600 
o
C was about 25%. Since the 

oxygen containing groups had been eliminated through reducing process,(Chandrasekaran 

et al., 2013) the weight loss of the Glu-G was mainly the D-glucose. Since the weight 

contents of the D-glucose obtained from the results from Glu-GO and Glu-G were similar, 

it was confirmed that D-glucose was grafted onto the graphene and the grafting rate was 

~20%. 

It has been well known that the oxidation of graphite destroys partially the sp
2
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structure of the graphite. Thus, RAMAN spectroscopy was conducted to detect the structure 

deformation and Figure 7-3 presents the Raman spectra of the GO, the Glu-GO and the 

Glu-G.  
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Figure 7-3. Raman spectra of GO, Glu-GO and Glu-G 

 

It could be observed that all three materials had two characteristic peaks at around 

1350 cm
-1

 and 1580 cm
-1

, which were generally named as the D band and G band. The D 

band indicates the carbons with sp
3
 hybridization while the G band represents for sp

2
 

hybridized carbons. The intensity ratio of these two bands (ID/IG) is often introduced to 

speculate the degree of the structure defect. From Figure 7-3, it was calculate that ID/IG for 

GO was about 0.86. After the D-glucose was covalently attached onto the GO, the G band 

red shifted to 1572 cm
-1

 and the ID/IG for the Glu-GO was a lower (0.80) compared with 

that of the GO. The sp
2
 domains increased during the reaction process, resulting in the 

decrease of the ID/IG ratio. When the Glu-GO turned to the Glu-G after a reduction process, 

an increase of ID/IG (1.09) was observed, indicating that the reduction decreased the 
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topological disorder of the graphene due to the removal of the oxygen groups.(Kuila et al., 

2011) The peaks at around 2700 cm
-1

 was known as the 2D band of the carbon materials. It 

was also observed from Figure 7-3 that although the peak position of the Glu-G at 2D band 

shifted a little, the peak intensity of the Glu-G was almost the same as the GO, indicating 

that Glu-G could be also exfoliated to a few layers in the solvents.  

Figure 7-4 shows the XRD patterns of graphite, GO, Glu-GO and Glu-G.  
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Figure 7-4. XRD patterns of GO, Glu-GO and Glu-G 

 

It could be seen that the graphene had a characteristic peak at ~26
o
 (002) with a d 

spacing of 0.34 nm.(Yang et al., 2009a) After oxidation, the GO had a characteristic peak at 

~11
o
 (001) with a much larger d spacing of 0.81 nm, due to the existence of the oxygen 

groups. After D-glucose was grafted onto the GO, the peak of the Glu-GO shifted to lower 

value, indicating that the introduction of the D-glucose gave rise to the interlayer spacing of 

the graphene sheet. The Glu-G had a broad peak at ~24
o
 (002), which meant the covalent 

attachment of the D-glucose did not destroy the crystalline structure of the graphene. 
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Figure 7-5 shows the TEM images of the Glu-G. It could be observed that the Glu-G 

was able to be exfoliated to very few layers. The selected area electron diffraction (SAED) 

pattern of the Glu-G showed well-defined diffraction spots, indicating a crystalline 

structure of the reduced Glu-G.  

  

Figure 7-5. (a) TEM, (b) high resolution TEM images of the Glu-G 

 

Figure 7-6(a) gives the UV absorption spectra of the GO and the Glu-G in water (with 

the concentration of 0.05 mg/mL). It has been well known that the absorption peak λmax 

represents for the π conjugation of the investigated material. Compared with that of the GO 

(~220 nm), the λmax of the Glu-G (~280 nm) had a red shift to higher value, indicating that 

the conjugation system of the Glu-G was restored after the reduction process.(Li et al., 

2008b)  

The introducing of the D-glucose to the surface of the graphene also affects the 

dispersibility of the functionalized graphene. Since the D-glucose contains a number of 

oxygen containing groups along its backbone, the Glu-G had a much better dispersibility 

than GO in both aqueous and organic solvents. As shown in Figure 7-6(b), the Glu-G was 

able to disperse in water and DMF homogeneously without aggregation for more than 2 
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months.  
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Figure 7-6. (a) UV-vis spectra of the 0.05 mg/mL Glu-G and GO solutions; (b) digital 

pictures of graphene dispersions in (1) water and (3) DMF; and Glu-G dispersions in (2) 

water and (4) DMF 

 

The UV-vis spectra of the Glu-G in water and DMF were shown in Figure 7-7. From 

the inset figures, it could be seen that the Glu-G solution in both water and DMF obeys the 

Beer’s law. Following Beer’s law, the extinction coefficient for the Glu-G in water was 

36.4mL/mg
.
cm, with a maximal solubility of 0.58 mg/mL, and the extinction coefficient for 

the Glu-G in DMF was 42.2 mL/mg
.
cm, with a maximal solubility of 0.61 mg/mL. The 
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good dispersion of Glu-G in both aqueous and organic solvents facilitates the fabrication of 

the Glu-G based nano-composites for both aqueous soluble and organic soluble polymers. 
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Figure 7-7. UV–Vis spectra of Glu-G in (a) water and (b) DMF at different concentrations. 

The insets show the relationship between the absorbance and the Glu-G concentration 

 

The surface morphology of the GO and the Glu-G was then investigated by AFM 
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shown in Figure 7-8. As could be seen from the height profile, the GO had an average 

thickness of ~1.0 nm, which was accordant with the previous studies.(Xu et al., 2013) On 

the other hand, the Glu-G sheet had an average thickness of ~3.2 nm, which is much thicker 

than that of the GO. This result was mainly ascribed to the introduction of the D-glucose on 

to both sides of the graphene sheets and the grafted D-glucose contributed the thickness of 

the Glu-G.      

                   

                        

Figure 7-8. AFM image of GO (Left) and Glu-G (Right) 

 

7.3. Glu-G filled PVA and PMMA nano-composites 

The structures of the Glu-G/PVA and the Glu-G/PMMA nano-composites were first 

characterized in terms of morphology of fracture surface by SEM shown in Figure 7-9. It 

could be clearly observed that the surfaces of both PVA/Glu-G and PMMA/Glu-G 

presented a uniformly layered structure. Besides the homogeneous dispersion of the Glu-G 

in the polymer matrices, the Glu-G sheets also tended to distribute in parallel with the same 

directions in the polymers. The well distributed Glu-G in the polymer matrices indicated 

that the Glu-G had very well-bonded interactions with both PVA and PMMA. 
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Figure 7-9. SEM images of the fractured surface of (a) PVA/Glu-G and (b) PMMA/Glu-G 

nano-composites; 

 

To further investigate the structure of the nano-composites, XRD analysis was 

conducted and the results were shown in Figure 7-10.  
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Figure 7-10. XRD patterns of PVA, PMMA and their nano-composites 

 

It was observed that pure PVA showed characteristic peaks at ~20
o
, which was 

corresponding to the crystalline phase of the PVA. The PMMA had two very broad peaks at 
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~14.5
o 

and ~30
o
, revealing its amorphous structure.(Li et al., 2008c) After Glu-G was 

incorporated, the peaks of the resulting nano-composites were almost the same as the 

pristine polymers, suggesting that Glu-G sheets were fully exfoliated and well dispersed 

without changing the structure of the polymer matrices. 

It was believed that strong interactions between the Glu-G and the polymers resulted 

in a uniform dispersion of the Glu-G and the interactions were confirmed by the FTIR 

spectra as shown in Figure 7-11. Take the PVA and the PVA/Glu-G as an example, it was 

seen that pure PVA had a wide band at ~3455 cm
-1

, which was attributed to the stretching 

vibration of the O-H bond. When the Glu-G was incorporated into the PVA, the peak 

became broader and shifted to a lower wavenumber at ~3447 cm
-1

. This was due to the 

strong interactions between the Glu-G and the PVA. Since the D-glucose had a number of 

oxygen containing groups like formyl and hydroxyl groups, the Glu-G was able to form 

interactions through hydrogen bonding with –OH groups along the PVA chains, resulting in 

the shift of -OH in FTIR spectra. Analogously, the Glu-G also formed hydrogen bond with 

the PMMA due to the existence of the methyl ester groups within the PMMA backbone. It 

could be seen from the spectra that the intensity at ~1728 cm
-1

 (C=O stretching vibration) 

in the PMMA/Glu-G nano-composite increased compared to that of the pristine PMMA, 

which might resulted from the interactions between the –OH groups in the Glu-G and the 

COOCH3 groups in the PMMA.  
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Figure 7-11. FTIR spectra of PVA, PMMA and their nano-composites. 

The schematic illustration of the interactions between the filler and the matrices was 

thus shown in Figure 7-12. Unlike pristine graphene, since the Glu-G contains the D-

glucose within its body, the Glu-G is more dispersible in both solvents and polymers than 

the pristine graphene without introducing foreign compatibilizers. It is thus expected that 

the synthesized Glu-G is a good reinforcing filler for polymers with oxygen-containing and 

nitrogen-containing groups like polyurethane (PU), resin, etc. 
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Figure 7-12. Schematic illustrations of the interactions between the filler and the matrices 

 

The glass transition temperatures of the PVA, PMMA and their nano-composites were 

investigated by DSC with the results shown in Figure 7-13. Compared with that of the pure 

polymer, the glass transition temperature (Tg) of the PVA/Glu-G nano-composite increased 

from 66.8 to 69.1 
o
C, and the Tg of the PMMA/Glu-G nano-composite increased from 

118.7 to 120.4 
o
C. The increased Tg of the resulting nano-composites was ascribed to the 

uniform dispersion of the Glu-G in the polymer matrices and the strong hydrogen bonding 

between them, which was accord with some previous studies.(Yang et al., 2010b, Shen et 

al., 2012c) 

The TGA measurement being carried out in air atmosphere was further conducted with 

the results shown in Figure 7-14. It was clearly seen that the nano-composites were much 

more thermally stable than the pure polymers. For example, the degradation temperatures at 

20% weight loss of both the PVA/Glu-G and the PMMA/Glu-G nano-composites were 

higher than their pristine polymers. The improved thermal stability of the Glu-G filled 
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nano-composites was also ascribed to the good interactions between the Glu-G and the 

polymers. 

50 60 70 80 90

69.1 
o
C

H
e
a

t 
F

lo
w

 (
W

/g
)

e
n

d
o

Temperature (oC)

66.8 
o
C

 

 

PVA

PVA/Glu-G

(a)

 

110 115 120 125

120.4 
o
C

118.7 
o
C

PMMA/Glu-G

(b)

Temperature (oC)

H
e
a

t 
F

lo
w

 (
W

/g
)

e
n

d
o

 

 

PMMA

 

Figure 7-13. DSC curves of (a) PVA, PVA/Glu-G nano-composite, and (b) PMMA and 

PMMA/Glu-G nano-composite 
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Figure 7-14. TGA curves of (a) PVA, PVA/Glu-G nano-composite, and (b) PMMA and 

PMMA/Glu-G nano-composite. 

 

It was well known that the mechanical properties of a polymer could be influenced 

tremendously by the nano-fillers incorporated into its matrix.(Biswas et al., 2011, Shiu and 

Tsai, 2014) Hence, a typical stress-strain test was conducted with the results shown in 



Chapter Seven 

 

- 139 - 

Figure 7-15 and Table 7-1.  
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Figure 7-15. Stress-strain curves of (a) PVA, PVA/Glu-G nano-composite, and (b) PMMA 

and PMMA/Glu-G nano-composite 

 

It was clearly observed that the incorporation of the Glu-G notably improved the 
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mechanical strength of the PVA and PMMA. Although the elongation of the nano-

composites decreased slightly, the Young’s modulus and the tensile stress of both the PVA 

and the PMMA nano-composites improved significantly compared to that of the pristine 

polymers (Table 7-1). The incorporation of the Glu-G decreased the crystallinity of the 

polymers. The decrease in polymer crystallinity made the prepared nano-composites 

tougher and easier to be broken down, which caused a slight decrease in the elongation of 

the nano-composites. However, the strong hydrogen boding interactions between the Glu-G 

and the polymers facilitated an effective load transfer from the polymer matrices to the 

filler when the nano-composites were under stretching force, resulting in the enhancement 

in the Young’s modulus and the tensile stress. 

 

Table 7-1. Tensile properties of the PVA, PMMA and their nano-composites. 

Samples Tensile Stress 

(MPa) 

Tensile Strain 

(%) 

Modulus 

(MPa) 

PVA 18.4 71.7 526 

PVA/Glu-G 1.0 wt% 25.1 70.3 808 

PMMA 43.1 4.6 14.9 

PVA/Glu-G 1.0 wt% 46.6 3.5 21.2 

 

 

7.4. Chapter summary 

In this chapter, the D-glucose was covalently attached onto the graphene and the 

grafting rate was about 20%. The functionalized graphene had good dispersibility in both 
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aqueous and organic solvents like water and DMF. The introduction of the D-glucose also 

improved the affinity of the functionalized graphene and the polymers such as PVA and 

PMMA. Based on the XRD and SEM results, it was investigated that the Glu-G dispersed 

within both the PVA and PMMA matrices homogeneously and Glu-G sheets tended to align 

parallelly with the same direction. It was then found that the Glu-G interacted with the 

polymers through hydrogen bonding. The good interactions between the filler and the 

matrices also improved the mechanical and thermal properties of the polymers, which were 

validated by DSC, TGA and mechanical testing. The results suggest that the synthesized 

Glu-G is a desirable reinforcing nano-fillers for polymers with oxygen-containing and 

nitrogen-containing groups. The interactions between the Glu-G and the polymers could 

effectively improve the thermal and mechanical properties of the matrix polymers. 

Compared with those CFGs which could only disperse in either aqueous or organic solvents, 

the Glu-G synthesized in this study has wider application potentials for more polymer 

matrices.
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8. Chapter Eight    Conclusions and Recommendations 

8.1. Conclusions 

In this thesis, some functionalization approaches, physical and chemical, were applied 

to the CNTs and graphene. The dispersions of the functionalized CNTs and graphene in 

various solvents and their applications in fabricating polymer nano-composites were also 

investigated. Detailed outcomes are listed below. 

1. The CSCl is a desirable physical functionalization agent to enhance the dispersion 

of the MWCNTs in both solvents and polymers like SR. The CSCl pretreated MWCNTs 

also improved the mechanical, thermal and electrical properties of the SR. 

2. Being chemically functionalizing unzipped from the MWCNTs, the GNR is a 

promising filler for both water soluble and organic soluble polymers and enhance the 

corresponding properties of these polymers. 

        3. D-Glucose is a desirable chemical functionalization agent for improving the 

dispersion of the graphene in both solvents and polymer matrices, enhancing the 

corresponding properties of the polymer matrices at the same time. 

 

8.2. Limitation and recommendations for future work 

Some limitations of the present thesis can still be found. In Chapter 3, although the 

CSCl is found a good physical functionalization agent to enhance the dispersion of the 

MWCNTs, the specific enhancing mechanism is still absent. The reason why CSCl is 

applicable to enhance the dispersion of the MWCNTs in some solvents and inapplicable in 

others needs to be further studied and analyzed. In Chapter 4, the advantages and 
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disadvantages of each carbon nano-material has not been compared and discussed. The 

comparison between the CNTs, graphene and GNR on the enhancing ability to the polymer 

matrices shall be studied in the future work. Also, other parameters which affected the 

electrical properties of the SR nanocomposites should be considered and can be conducted 

in the future work, such as the conductivity during fracturing, and so on. 

In the future work, experiments can be conducted on more polymer matrices to 

discover more application potentials of the functionalized CNTs and the graphene. 

Moreover, other properties can be investigated to find more application potentials of the 

prepared nano-composites. Besides, the combining of physical and chemical approaches for 

functionalizing CNTs and graphene is also worth trying. Last yet not the least, more 

functionalization approaches are readily to be discovered. 

 

 



References 

 

- 144 - 

References 

AI, L. & JIANG, J. 2012. Removal of methylene blue from aqueous solution with self-

assembled cylindrical graphene–carbon nanotube hybrid. Chemical Engineering 

Journal, 192, 156-163. 

AJAYAN, P. M., STEPHAN, O., COLLIEX, C. & TRAUTH, D. 1994. Aligned Carbon 

Nanotube Arrays Formed by Cutting a Polymer Resin-Nanotube Composite. 

Science, 265, 1212-1214. 

AN, X., SIMMONS, T., SHAH, R., WOLFE, C., LEWIS, K. M., WASHINGTON, M., 

NAYAK, S. K., TALAPATRA, S. & KAR, S. 2010. Stable aqueous dispersions of 

noncovalently functionalized graphene from graphite and their multifunctional high-

performance applications. Nano Letters, 10, 4295-4301. 

ANG, P. K., CHEN, W., WEE, A. T. S. & LOH, K. P. 2008. Solution-gated epitaxial 

graphene as pH sensor. Journal of the American Chemical Society, 130, 14392-

14393. 

ARNOLD, M. S., GREEN, A. A., HULVAT, J. F., STUPP, S. I. & HERSAM, M. C. 2006. 

Sorting carbon nanotubes by electronic structure using density differentiation. 

Nature Nanotechnology, 1, 60-65. 

AROON, M. A., ISMAIL, A. F., MONTAZER-RAHMATI, M. M. & MATSUURA, T. 

2010. Effect of chitosan as a functionalization agent on the performance and 

separation properties of polyimide/multi-walled carbon nanotubes mixed matrix flat 

sheet membranes. Journal of Membrane Science, 364, 309-317. 

AUAD, M., FRONTINI, P., BORRAJO, J. & ARANGUREN, M. 2001. Liquid rubber 

modified vinyl ester resins: fracture and mechanical behavior. Polymer, 42, 3723-



References 

 

- 145 - 

3730. 

BAHR, J. L. & TOUR, J. M. 2002. Covalent chemistry of single-wall carbon nanotubes. 

Journal of Materials Chemistry, 12, 1952-1958. 

BAI, H., XU, Y., ZHAO, L., LI, C. & SHI, G. 2009. Non-covalent functionalization of 

graphene sheets by sulfonated polyaniline. Chemical Communications, 1667-1669. 

BALANDIN, A. A. 2011. Thermal properties of graphene and nanostructured carbon 

materials. Nature Materials, 10, 569-581. 

BALASUBRAMANIAN, K. & BURGHARD, M. 2005. Chemically functionalized carbon 

nanotubes. Small, 1, 180-192. 

BANDYOPADHYAYA, R., NATIV-ROTH, E., REGEV, O. & YERUSHALMI-ROZEN, R. 

2002. Stabilization of individual carbon nanotubes in aqueous solutions. Nano 

Letters, 2, 25-28. 

BAO, C. L., GUO, Y. Q., SONG, L. & HU, Y. 2011. Poly(vinyl alcohol) nanocomposites 

based on graphene and graphite oxide: a comparative investigation of property and 

mechanism. Journal of Materials Chemistry, 21, 13942-13950. 

BAO, H., PAN, Y., PING, Y., SAHOO, N. G., WU, T., LI, L., LI, J. & GAN, L. H. 2011. 

Chitosan‐Functionalized Graphene Oxide as a Nanocarrier for Drug and Gene 

Delivery. Small, 7, 1569-1578. 

BARONE, P. W., BAIK, S., HELLER, D. A. & STRANO, M. S. 2005. Near-infrared 

optical sensors based on single-walled carbon nanotubes. Nature Materials, 4, 86-92. 

BARONE, P. W. & STRANO, M. S. 2006. Reversible control of carbon nanotube 

aggregation for a glucose affinity sensor. Angewandte Chemie, 118, 8318-8321. 

BASIUK, V. A., SALVADOR-MORALES, C., BASIUK, E. V., JACOBS, R. M. J., WARD, 

M., CHU, B. T., SIM, R. B. & GREEN, M. L. H. 2006. 'Green' derivatization of 



References 

 

- 146 - 

carbon nanotubes with Nylon 6 and l-alanine. Journal of Materials Chemistry, 16, 

4420-4426. 

BASKARAN, D., MAYS, J. W. & BRATCHER, M. S. 2005. Noncovalent and nonspecific 

molecular interactions of polymers with multiwalled carbon nanotubes. Chemistry 

of Materials, 17, 3389-3397. 

BASULI, U., CHAKI, T. & NASKAR, K. 2008. Mechanical properties of thermoplastic 

elastomers based on silicone rubber and an ethylene–octene copolymer by dynamic 

vulcanization. Journal of Applied Polymer Science, 108, 1079-1085. 

BAUGHMAN, R. H., ZAKHIDOV, A. A. & DE HEER, W. A. 2002. Carbon nanotubes-the 

route toward applications. Science, 297, 787-792. 

BAUHOFER, W. & KOVACS, J. Z. 2009. A review and analysis of electrical percolation in 

carbon nanotube polymer composites. Composites Science and Technology, 69, 

1486-1498. 

BERBER, S., KWON, Y.-K. & TOMANEK, D. 2000. Unusually high thermal conductivity 

of carbon nanotubes. Physical Review Letters, 84, 4613. 

BESSADOK, A., MARAIS, S., ROUDESLI, S., LIXON, C. & MÉTAYER, M. 2008. 

Influence of chemical modifications on water-sorption and mechanical properties of 

Agave fibres. Composites Part A: Applied Science and Manufacturing, 39, 29-45. 

BISWAS, S., FUKUSHIMA, H. & DRZAL, L. T. 2011. Mechanical and electrical property 

enhancement in exfoliated graphene nanoplatelet/liquid crystalline polymer 

nanocomposites. Composites Part A: Applied Science and Manufacturing, 42, 371-

375. 

BOKOBZA, L. 2007. Multiwall carbon nanotube elastomeric composites: A review. 

Polymer, 48, 4907-4920. 



References 

 

- 147 - 

BOUKHVALOV, D. W. 2013. DFT modeling of the covalent functionalization of graphene: 

from ideal to realistic models. RSC Advances, 3, 7150-7159. 

BOURLINOS, A. B., GOURNIS, D., PETRIDIS, D., SZABÓ, T., SZERI, A. & DÉKÁNY, 

I. 2003. Graphite oxide: chemical reduction to graphite and surface modification 

with primary aliphatic amines and amino acids. Langmuir, 19, 6050-6055. 

CADEK, M., COLEMAN, J., BARRON, V., HEDICKE, K. & BLAU, W. 2002. 

Morphological and mechanical properties of carbon-nanotube-reinforced 

semicrystalline and amorphous polymer composites. Applied Physics Letters, 81, 

5123-5125. 

CANO, M., KHAN, U., SAINSBURY, T., O'NEILL, A., WANG, Z., MCGOVERN, I. T., 

MASER, W. K., BENITO, A. M. & COLEMAN, J. N. 2013. Improving the 

mechanical properties of graphene oxide based materials by covalent attachment of 

polymer chains. Carbon, 52, 363-371. 

CASSELL, A. M., RAYMAKERS, J. A., KONG, J. & DAI, H. 1999. Large scale CVD 

synthesis of single-walled carbon nanotubes. Journal of Physical Chemistry B, 103, 

6484-6492. 

CHANDRASEKARAN, S., FAIELLA, G., PRADO, L. A. S. A., TÖLLE, F., MÜLHAUPT, 

R. & SCHULTE, K. 2013. Thermally reduced graphene oxide acting as a trap for 

multiwall carbon nanotubes in bi-filler epoxy composites. Composites Part A: 

Applied Science and Manufacturing, 49, 51-57. 

CHANG, H., TANG, L., WANG, Y., JIANG, J. & LI, J. 2010. Graphene fluorescence 

resonance energy transfer aptasensor for the thrombin detection. Analytical 

Chemistry, 82, 2341-2346. 

CHANG, T., JENSEN, L. R., KISLIUK, A., PIPES, R., PYRZ, R. & SOKOLOV, A. 2005. 



References 

 

- 148 - 

Microscopic mechanism of reinforcement in single-wall carbon 

nanotube/polypropylene nanocomposite. Polymer, 46, 439-444. 

CHEN, G. X., KIM, H. S., PARK, B. H. & YOON, J. S. 2007. Synthesis of Poly 

(L‐lactide)‐Functionalized Multiwalled Carbon Nanotubes by Ring‐Opening 

Polymerization. Macromolecular Chemistry and Physics, 208, 389-398. 

CHEN, J., HAMON, M. A., HU, H., CHEN, Y., RAO, A. M., EKLUND, P. C. & 

HADDON, R. C. 1998. Solution Properties of Single-Walled Carbon Nanotubes. 

Science, 282, 95-98. 

CHEN, J., ZHAO, D., JIN, X., WANG, C., WANG, D. & GE, H. 2014. Modifying glass 

fibers with graphene oxide: Towards high-performance polymer composites. 

Composites Science and Technology, 97, 41-45. 

CHEN, R. J., BANGSARUNTIP, S., DROUVALAKIS, K. A., KAM, N. W. S., SHIM, M., 

LI, Y., KIM, W., UTZ, P. J. & DAI, H. 2003. Noncovalent functionalization of 

carbon nanotubes for highly specific electronic biosensors. Proceedings of the 

National Academy of Sciences, 100, 4984-4989. 

CHEN, W., TZANG, C. H., TANG, J., YANG, M. & LEE, S. T. 2005. Covalently linked 

deoxyribonucleic acid with multiwall carbon nanotubes: Synthesis and 

characterization. Applied Physics Letters, 86, 103114. 

CHEN, Y. & MITRA, S. 2008. Fast Microwave-Assisted Purification, Functionalization 

and Dispersion of Multi-Walled Carbon Nanotubes. Journal of Nanoscience and 

Nanotechnology, 8, 5770-5775. 

CHEN, Y., ZHANG, X., ZHANG, D., YU, P. & MA, Y. 2011. High performance 

supercapacitors based on reduced graphene oxide in aqueous and ionic liquid 

electrolytes. Carbon, 49, 573-580. 



References 

 

- 149 - 

CHENG, H. K. F., SAHOO, N. G., TAN, Y. P., PAN, Y., BAO, H., LI, L., CHAN, S. H. & 

ZHAO, J. 2012. Poly(vinyl alcohol) Nanocomposites Filled with Poly(vinyl 

alcohol)-Grafted Graphene Oxide. ACS Applied Materials & Interfaces, 4, 2387-

2394. 

CHOI, E.-Y., HAN, T. H., HONG, J., KIM, J. E., LEE, S. H., KIM, H. W. & KIM, S. O. 

2010. Noncovalent functionalization of graphene with end-functional polymers. 

Journal of Materials Chemistry, 20, 1907-1912. 

COHEN-ADDAD, J.-P., HUCHOT, P., JOST, P. & POUCHELON, A. 1989. Hydroxyl or 

methyl terminated poly (dimethylsiloxane) chains: Kinetics of adsorption on silica 

in mechanical mixtures. Polymer, 30, 143-146. 

COHENADDAD, J. P., ROBY, C. & SAUVIAT, M. 1985. CHARACTERIZATION OF 

CHAIN BINDING TO FILLER IN SILICONE SILICA SYSTEMS. Polymer, 26, 

1231-1233. 

COLEMAN, J. N., DALTON, A., CURRAN, S., RUBIO, A., DAVEY, A., DRURY, A., 

MCCARTHY, B., LAHR, B., AJAYAN, P. & ROTH, S. 2000. Phase separation of 

carbon nanotubes and turbostratic graphite using a functional organic polymer. 

Advanced Materials, 12, 213-216. 

CUI, S., CANET, R., DERRE, A., COUZI, M. & DELHAES, P. 2003. Characterization of 

multiwall carbon nanotubes and influence of surfactant in the nanocomposite 

processing. Carbon, 41, 797-809. 

CURRAN, S. A., AJAYAN, P. M., BLAU, W. J., CARROLL, D. L., COLEMAN, J. N., 

DALTON, A. B., DAVEY, A. P., DRURY, A., MCCARTHY, B. & MAIER, S. 1998. 

A composite from poly (m‐phenylenevinylene‐co‐2, 

5‐dioctoxy‐p‐phenylenevinylene) and carbon nanotubes: A novel material for 



References 

 

- 150 - 

molecular optoelectronics. Advanced Materials, 10, 1091-1093. 

DALTON, A., STEPHAN, C., COLEMAN, J., MCCARTHY, B., AJAYAN, P., LEFRANT, 

S., BERNIER, P., BLAU, W. & BYRNE, H. 2000. Selective interaction of a 

semiconjugated organic polymer with single-wall nanotubes. Journal of Physical 

Chemistry B, 104, 10012-10016. 

DANG, Z. M., JIANG, M. J., XIE, D., YAO, S. H., ZHANG, L. Q. & BAI, J. B. 2008. 

Supersensitive linear piezoresistive property in carbon nanotubes∕silicone rubber 

nanocomposites. Journal of Applied Physics, 104, 385-391. 

DATSYUK, V., KALYVA, M., PAPAGELIS, K., PARTHENIOS, J., TASIS, D., SIOKOU, 

A., KALLITSIS, I. & GALIOTIS, C. 2008. Chemical oxidation of multiwalled 

carbon nanotubes. Carbon, 46, 833-840. 

DEETUAM, C., SAMTHONG, C., THONGYAI, S., PRASERTHDAM, P. & 

SOMWANGTHANAROJ, A. 2014. Synthesis of well dispersed graphene in 

conjugated poly(3,4-ethylenedioxythiophene):polystyrene sulfonate via click 

chemistry. Composites Science and Technology, 93, 1-8. 

DELGADO, J. L., DE LA CRUZ, P., LANGA, F., URBINA, A., CASADO, J. & LOPEZ 

NAVARRETE, J. T. 2004. Microwave-assisted sidewall functionalization of single-

wall carbon nanotubes by Diels-Alder cycloaddition. Chemical Communications, 

1734-1735. 

DIECKMANN, G. R., DALTON, A. B., JOHNSON, P. A., RAZAL, J., CHEN, J., 

GIORDANO, G. M., MUÑOZ, E., MUSSELMAN, I. H., BAUGHMAN, R. H. & 

DRAPER, R. K. 2003. Controlled assembly of carbon nanotubes by designed 

amphiphilic peptide helices. Journal of the American Chemical Society, 125, 1770-

1777. 



References 

 

- 151 - 

DIMIEV, A., LU, W., ZELLER, K., CROWGEY, B., KEMPEL, L. C. & TOUR, J. M. 2011. 

Low-loss, high-permittivity composites made from graphene nanoribbons. ACS 

Applied Materials & Interfaces, 3, 4657-4661. 

DONG, L., GARI, R. R. S., LI, Z., CRAIG, M. M. & HOU, S. 2010. Graphene-supported 

platinum and platinum–ruthenium nanoparticles with high electrocatalytic activity 

for methanol and ethanol oxidation. Carbon, 48, 781-787. 

DU, D., YE, X., CAI, J., LIU, J. & ZHANG, A. 2010. Acetylcholinesterase biosensor 

design based on carbon nanotube-encapsulated polypyrrole and polyaniline 

copolymer for amperometric detection of organophosphates. Biosensors and 

Bioelectronics, 25, 2503-2508. 

DU, P., LIU, S., WU, P. & CAI, C. 2007. Preparation and characterization of room 

temperature ionic liquid/single-walled carbon nanotube nanocomposites and their 

application to the direct electrochemistry of heme-containing proteins/enzymes. 

Electrochimica Acta, 52, 6534-6547. 

DUESBERG, G., BURGHARD, M., MUSTER, J. & PHILIPP, G. 1998. Separation of 

carbon nanotubes by size exclusion chromatography. Chemical Communications, 

435-436. 

DYKE, C. A. & TOUR, J. M. 2004. Covalent functionalization of single-walled carbon 

nanotubes for materials applications. Journal of Physical Chemistry A, 108, 11151-

11159. 

EHLI, C., RAHMAN, G. M. A., JUX, N., BALBINOT, D., GULDI, D. M., PAOLUCCI, F., 

MARCACCIO, M., PAOLUCCI, D., MELLE-FRANCO, M., ZERBETTO, F., 

CAMPIDELLI, S. & PRATO, M. 2006. Interactions in Single Wall Carbon 

Nanotubes/Pyrene/Porphyrin Nanohybrids. Journal of the American Chemical 



References 

 

- 152 - 

Society, 128, 11222-11231. 

ELKIN, T., JIANG, X., TAYLOR, S., LIN, Y., GU, L., YANG, H., BROWN, J., COLLINS, 

S. & SUN, Y.-P. 2005. Immuno-Carbon Nanotubes and Recognition of Pathogens. 

ChemBioChem, 6, 640-643. 

FANG, M., WANG, K., LU, H., YANG, Y. & NUTT, S. 2009. Covalent polymer 

functionalization of graphene nanosheets and mechanical properties of composites. 

Journal of Materials Chemistry, 19, 7098-7105. 

FANG, M., WANG, K., LU, H., YANG, Y. & NUTT, S. 2010. Single-layer graphene 

nanosheets with controlled grafting of polymer chains. Journal of Materials 

Chemistry, 20, 1982-1992. 

FASOLINO, A., LOS, J. & KATSNELSON, M. I. 2007. Intrinsic ripples in graphene. 

Nature Materials, 6, 858-861. 

FENG, L., CHEN, Y., REN, J. & QU, X. 2011. A graphene functionalized electrochemical 

aptasensor for selective label-free detection of cancer cells. Biomaterials, 32, 2930-

2937. 

FORATI, T., ATAI, M., RASHIDI, A. M., IMANI, M. & BEHNAMGHADER, A. 2013. 

Physical and mechanical properties of graphene oxide/polyethersulfone 

nanocomposites. Polymers for Advanced Technologies, 25, 322-328. 

FU, K., HUANG, W., LIN, Y., RIDDLE, L. A., CARROLL, D. L. & SUN, Y.-P. 2001. 

Defunctionalization of Functionalized Carbon Nanotubes. Nano Letters, 1, 439-441. 

FUGETSU, B., SANO, E., SUNADA, M., SAMBONGI, Y., SHIBUYA, T., WANG, X. & 

HIRAKI, T. 2008. Electrical conductivity and electromagnetic interference 

shielding efficiency of carbon nanotube/cellulose composite paper. Carbon, 46, 

1256-1258. 



References 

 

- 153 - 

FUKUSHIMA, T. & AIDA, T. 2007. Ionic liquids for soft functional materials with carbon 

nanotubes. Chemistry-A European Journal, 13, 5048-5058. 

FUKUSHIMA, T., ASAKA, K., KOSAKA, A. & AIDA, T. 2005. Fully Plastic Actuator 

through Layer-by-Layer Casting with Ionic-Liquid-Based Bucky Gel. Angewandte 

Chemie International Edition, 44, 2410-2413. 

FUKUSHIMA, T., KOSAKA, A., YAMAMOTO, Y., AIMIYA, T., NOTAZAWA, S., 

TAKIGAWA, T., INABE, T. & AIDA, T. 2006. Dramatic effect of dispersed carbon 

nanotubes on the mechanical and electroconductive properties of polymers derived 

from ionic liquids. Small, 2, 554-560. 

GAN, L., SHANG, S., YUEN, C. W. M. & JIANG, S.-X. 2015. Covalently functionalized 

graphene with d-glucose and its reinforcement to poly(vinyl alcohol) and 

poly(methyl methacrylate). RSC Advances, 5, 15954-15961. 

GAN, L., SHANG, S., YUEN, C. W. M., JIANG, S.-X. & LUO, N. M. 2015. Facile 

preparation of graphene nanoribbon filled silicone rubber nanocomposite with 

improved thermal and mechanical properties. Composites Part B: Engineering, 69, 

237-242. 

GEORGAKILAS, V., BOURLINOS, A. B., ZBORIL, R., STERIOTIS, T. A., DALLAS, P., 

STUBOS, A. K. & TRAPALIS, C. 2010. Organic functionalisation of graphenes. 

Chemical Communications, 46, 1766-1768. 

GEORGAKILAS, V., OTYEPKA, M., BOURLINOS, A. B., CHANDRA, V., KIM, N., 

KEMP, K. C., HOBZA, P., ZBORIL, R. & KIM, K. S. 2012. Functionalization of 

Graphene: Covalent and Non-Covalent Approaches, Derivatives and Applications. 

Chemical Reviews, 112, 6156-6214. 

GONG, X., LIU, J., BASKARAN, S., VOISE, R. D. & YOUNG, J. S. 2000. Surfactant-



References 

 

- 154 - 

Assisted Processing of Carbon Nanotube/Polymer Composites. Chemistry of 

Materials, 12, 1049-1052. 

GOODING, J. J., WIBOWO, R., LIU, YANG, W., LOSIC, D., ORBONS, S., MEARNS, F. 

J., SHAPTER, J. G. & HIBBERT, D. B. 2003. Protein Electrochemistry Using 

Aligned Carbon Nanotube Arrays. Journal of the American Chemical Society, 125, 

9006-9007. 

GRADY, B. P., POMPEO, F., SHAMBAUGH, R. L. & RESASCO, D. E. 2002. Nucleation 

of Polypropylene Crystallization by Single-Walled Carbon Nanotubes. Journal of 

Physical Chemistry B, 106, 5852-5858. 

GRAFF, R. A., SWANSON, J. P., BARONE, P. W., BAIK, S., HELLER, D. A. & STRANO, 

M. S. 2005. Achieving Individual-Nanotube Dispersion at High Loading in Single-

Walled Carbon Nanotube Composites. Advanced Materials, 17, 980-984. 

GROMOV, A., DITTMER, S., SVENSSON, J., NERUSHEV, O. A., PEREZ-GARCIA, S. 

A., LICEA-JIMENEZ, L., RYCHWALSKI, R. & CAMPBELL, E. E. B. 2005. 

Covalent amino-functionalisation of single-wall carbon nanotubes. Journal of 

Materials Chemistry, 15, 3334-3339. 

GUARDIA, L., FERNÁNDEZ-MERINO, M. J., PAREDES, J. I., SOLÍS-FERNÁNDEZ, P., 

VILLAR-RODIL, S., MARTÍNEZ-ALONSO, A. & TASCÓN, J. M. D. 2011. High-

throughput production of pristine graphene in an aqueous dispersion assisted by 

non-ionic surfactants. Carbon, 49, 1653-1662. 

GUO, J., REN, L., WANG, R., ZHANG, C., YANG, Y. & LIU, T. 2011. Water dispersible 

graphene noncovalently functionalized with tryptophan and its poly(vinyl alcohol) 

nanocomposite. Composites Part B: Engineering, 42, 2130-2135. 

GUOYONG, X., WEI-TAI, W., YUSONG, W., WENMIN, P., PINGHUA, W., QINGREN, 



References 

 

- 155 - 

Z. & FEI, L. 2006. Synthesis and characterization of water-soluble multiwalled 

carbon nanotubes grafted by a thermoresponsive polymer. Nanotechnology, 17, 

2458. 

HAGGENMUELLER, R., FISCHER, J. E. & WINEY, K. I. 2006. Single wall carbon 

nanotube/polyethylene nanocomposites: nucleating and templating polyethylene 

crystallites. Macromolecules, 39, 2964-2971. 

HAGGENMUELLER, R., RAHATEKAR, S. S., FAGAN, J. A., CHUN, J., BECKER, M. 

L., NAIK, R. R., KRAUSS, T., CARLSON, L., KADLA, J. F. & TRULOVE, P. C. 

2008. Comparison of the quality of aqueous dispersions of single wall carbon 

nanotubes using surfactants and biomolecules. Langmuir, 24, 5070-5078. 

HAMON, M. A., CHEN, J., HU, H., CHEN, Y., ITKIS, M. E., RAO, A. M., EKLUND, P. 

C. & HADDON, R. C. 1999. Dissolution of Single-Walled Carbon Nanotubes. 

Advanced Materials, 11, 834-840. 

HAN, T. H., LEE, W. J., LEE, D. H., KIM, J. E., CHOI, E. Y. & KIM, S. O. 2010. 

Peptide/graphene hybrid assembly into core/shell nanowires. Advanced Materials, 

22, 2060-2064. 

HAO, R., QIAN, W., ZHANG, L. & HOU, Y. 2008. Aqueous dispersions of TCNQ-anion-

stabilized graphene sheets. Chemical Communications, 6576-6578. 

HE, P. & DAI, L. 2004. Aligned carbon nanotube-DNA electrochemical sensors. Chemical 

Communications, 348-349. 

HIGGINBOTHAM, A. L., KOSYNKIN, D. V., SINITSKII, A., SUN, Z. & TOUR, J. M. 

2010. Lower-Defect Graphene Oxide Nanoribbons from Multiwalled Carbon 

Nanotubes. ACS Nano, 4, 2059-2069. 

HILL, D. E., LIN, Y., RAO, A. M., ALLARD, L. F. & SUN, Y.-P. 2002. Functionalization 



References 

 

- 156 - 

of Carbon Nanotubes with Polystyrene. Macromolecules, 35, 9466-9471. 

HINDERLING, C., KELES, Y., STÖCKLI, T., KNAPP, H. F., DE LOS ARCOS, T., 

OELHAFEN, P., KORCZAGIN, I., HEMPENIUS, M. A., VANCSO, G. J. & 

PUGIN, R. 2004. Organometallic block copolymers as catalyst precursors for 

templated carbon nanotube growth. Advanced Materials, 16, 876-879. 

HO, K.-K., HSIAO, M.-C., CHOU, T.-Y., MA, C.-C. M., XIE, X.-F., CHIANG, J.-C., 

YANG, S.-H. & CHANG, L.-H. 2013. Preparation and characterization of 

covalently functionalized graphene using vinyl-terminated benzoxazine monomer 

and associated nanocomposites with low coefficient of thermal expansion. Polymer 

International, 62, 966-973. 

HOLZINGER, M., ABRAHAM, J., WHELAN, P., GRAUPNER, R., LEY, L., HENNRICH, 

F., KAPPES, M. & HIRSCH, A. 2003. Functionalization of Single-Walled Carbon 

Nanotubes with (R-)Oxycarbonyl Nitrenes. Journal of the American Chemical 

Society, 125, 8566-8580. 

HU, H., ZHAO, B., HAMON, M. A., KAMARAS, K., ITKIS, M. E. & HADDON, R. C. 

2003. Sidewall functionalization of single-walled carbon nanotubes by addition of 

dichlorocarbene. Journal of the American Chemical Society, 125, 14893-14900. 

HU, L. B., PASTA, M., LA MANTIA, F., CUI, L. F., JEONG, S., DESHAZER, H. D., 

CHOI, J. W., HAN, S. M. & CUI, Y. 2010. Stretchable, Porous, and Conductive 

Energy Textiles. Nano Letters, 10, 708-714. 

HUANG, W., TAYLOR, S., FU, K., LIN, Y., ZHANG, D., HANKS, T. W., RAO, A. M. & 

SUN, Y.-P. 2002. Attaching Proteins to Carbon Nanotubes via Diimide-Activated 

Amidation. Nano Letters, 2, 311-314. 

HUANG, X., QI, X. Y., BOEY, F. & ZHANG, H. 2012. Graphene-based composites. 



References 

 

- 157 - 

Chemical Society Reviews, 41, 666-686. 

HUANG, Y., QIN, Y., ZHOU, Y., NIU, H., YU, Z.-Z. & DONG, J.-Y. 2010. 

Polypropylene/Graphene Oxide Nanocomposites Prepared by In Situ Ziegler−Natta 

Polymerization. Chemistry of Materials, 22, 4096-4102. 

HUMMERS, W. S. & OFFEMAN, R. E. 1958. Preparation of Graphitic Oxide. Journal of 

the American Chemical Society, 80, 1339-1339. 

HWANG, G. L., SHIEH, Y. T. & HWANG, K. C. 2004. Efficient Load Transfer to Polymer-

Grafted Multiwalled Carbon Nanotubes in Polymer Composites. Advanced 

Functional Materials, 14, 487-491. 

IAMSAMAI, C., HANNONGBUA, S., RUKTANONCHAI, U., SOOTTITANTAWAT, A. 

& DUBAS, S. T. 2010. The effect of the degree of deacetylation of chitosan on its 

dispersion of carbon nanotubes. Carbon, 48, 25-30. 

IIJIMA, S. 1991. Helical Microtubules of Graphitic Carbon. Nature, 354, 56-58. 

ISLAM, M., ROJAS, E., BERGEY, D., JOHNSON, A. & YODH, A. 2003. High weight 

fraction surfactant solubilization of single-wall carbon nanotubes in water. Nano 

Letters, 3, 269-273. 

JAHAN, M., BAO, Q., YANG, J.-X. & LOH, K. P. 2010. Structure-Directing Role of 

Graphene in the Synthesis of Metal− Organic Framework Nanowire. Journal of the 

American Chemical Society, 132, 14487-14495. 

JI, L., WU, Y., MA, L. & YANG, X. 2015. Noncovalent functionalization of graphene with 

pyrene-terminated liquid crystalline polymer. Composites Part A: Applied Science 

and Manufacturing, 72, 32-39. 

JI, Q., HONMA, I., PAEK, S.-M., AKADA, M., HILL, J. P., VINU, A. & ARIGA, K. 2010. 

Layer-by-Layer Films of Graphene and Ionic Liquids for Highly Selective Gas 



References 

 

- 158 - 

Sensing. Angewandte Chemie International Edition, 49, 9737-9739. 

JIA, G., WANG, H., YAN, L., WANG, X., PEI, R., YAN, T., ZHAO, Y. & GUO, X. 2005. 

Cytotoxicity of carbon nanomaterials: single-wall nanotube, multi-wall nanotube, 

and fullerene. Environmental science & technology, 39, 1378-1383. 

JIANG, G., WANG, L., CHEN, C., DONG, X., CHEN, T. & YU, H. 2005. Study on 

attachment of highly branched molecules onto multiwalled carbon nanotubes. 

Materials Letters, 59, 2085-2089. 

JIANG, M. J., DANG, Z. M., XU, H. P., YAO, S. H. & BAI, J. B. 2007. Effect of aspect 

ratio of multiwall carbon nanotubes on resistance-pressure sensitivity of rubber 

nanocomposites. Applied Physics Letters, 91, 072907-3. 

JIAO, L., ZHANG, L., WANG, X., DIANKOV, G. & DAI, H. 2009. Narrow graphene 

nanoribbons from carbon nanotubes. Nature, 458, 877-880. 

JIN, T.-X., LIU, C., ZHOU, M., CHAI, S.-G., CHEN, F. & FU, Q. 2015. Crystallization, 

mechanical performance and hydrolytic degradation of poly(butylene 

succinate)/graphene oxide nanocomposites obtained via in situ polymerization. 

Composites Part A: Applied Science and Manufacturing, 68, 193-201. 

JUNG, D.-H., KIM, B. H., KO, Y. K., JUNG, M. S., JUNG, S., LEE, S. Y. & JUNG, H.-T. 

2004. Covalent Attachment and Hybridization of DNA Oligonucleotides on 

Patterned Single-Walled Carbon Nanotube Films. Langmuir, 20, 8886-8891. 

KANG, Y. & TATON, T. A. 2003. Micelle-encapsulated carbon nanotubes: a route to 

nanotube composites. Journal of the American Chemical Society, 125, 5650-5651. 

KARAJANAGI, S. S., YANG, H., ASURI, P., SELLITTO, E., DORDICK, J. S. & KANE, 

R. S. 2006. Protein-assisted solubilization of single-walled carbon nanotubes. 

Langmuir, 22, 1392-1395. 



References 

 

- 159 - 

KE, G., GUAN, W., TANG, C., GUAN, W., ZENG, D. & DENG, F. 2007. Covalent 

Functionalization of Multiwalled Carbon Nanotubes with a Low Molecular Weight 

Chitosan. Biomacromolecules, 8, 322-326. 

KHAN, S. B., ALAMRY, K. A., MARWANI, H. M., ASIRI, A. M. & RAHMAN, M. M. 

2013. Synthesis and environmental applications of cellulose/ZrO2 nanohybrid as a 

selective adsorbent for nickel ion. Composites Part B: Engineering, 50, 253-258. 

KIM, B., HONG, D. & CHANG, W. V. 2014. Inhomogeneous swelling and mechanical 

properties of polystyrene bead-filled poly(acrylic acid) hydrogels. RSC Advances, 4, 

63559-63568. 

KIM, G. Y., CHOI, M.-C., LEE, D. & HA, C.-S. 2012. 2D-Aligned Graphene Sheets in 

Transparent Polyimide/Graphene Nanocomposite Films Based on Noncovalent 

Interactions Between Poly(amic acid) and Graphene Carboxylic Acid. 

Macromolecular Materials and Engineering, 297, 303-311. 

KIM, H.-S., PARK, W.-I., KANG, M. & JIN, H.-J. 2008. Multiple light scattering 

measurement and stability analysis of aqueous carbon nanotube dispersions. 

Journal of Physics and Chemistry of Solids, 69, 1209-1212. 

KIM, H., MIURA, Y. & MACOSKO, C. W. 2010. Graphene/Polyurethane Nanocomposites 

for Improved Gas Barrier and Electrical Conductivity. Chemistry of Materials, 22, 

3441-3450. 

KNITE, M., TETERIS, V., KIPLOKA, A. & KAUPUZS, J. 2004. Polyisoprene-carbon 

black nanocomposites as tensile strain and pressure sensor materials. Sensors and 

Actuators A: Physical, 110, 142-149. 

KOCIAK, M., KASUMOV, A. Y., GUÉRON, S., REULET, B., KHODOS, I., GORBATOV, 

Y. B., VOLKOV, V., VACCARINI, L. & BOUCHIAT, H. 2001. Superconductivity 



References 

 

- 160 - 

in ropes of single-walled carbon nanotubes. Physical review letters, 86, 2416. 

KODALI, V. K., SCRIMGEOUR, J., KIM, S., HANKINSON, J. H., CARROLL, K. M., 

DE HEER, W. A., BERGER, C. & CURTIS, J. E. 2010. Nonperturbative chemical 

modification of graphene for protein micropatterning. Langmuir, 27, 863-865. 

KONG, H., GAO, C. & YAN, D. 2004. Constructing amphiphilic polymer brushes on the 

convex surfaces of multi-walled carbon nanotubes by in situ atom transfer radical 

polymerization. Journal of Materials Chemistry, 14, 1401-1405. 

KONG, H., LUO, P., GAO, C. & YAN, D. 2005. Polyelectrolyte-functionalized multiwalled 

carbon nanotubes: preparation, characterization and layer-by-layer self-assembly. 

Polymer, 46, 2472-2485. 

KOSHIO, A., YUDASAKA, M., ZHANG, M. & IIJIMA, S. 2001. A Simple Way to 

Chemically React Single-Wall Carbon Nanotubes with Organic Materials Using 

Ultrasonication. Nano Letters, 1, 361-363. 

KOSYNKIN, D. V., HIGGINBOTHAM, A. L., SINITSKII, A., LOMEDA, J. R., DIMIEV, 

A., PRICE, B. K. & TOUR, J. M. 2009. Longitudinal unzipping of carbon 

nanotubes to form graphene nanoribbons. Nature, 458, 872-876. 

KUILA, T., BOSE, S., KHANRA, P., KIM, N. H., RHEE, K. Y. & LEE, J. H. 2011. 

Characterization and properties of in situ emulsion polymerized poly(methyl 

methacrylate)/graphene nanocomposites. Composites Part A: Applied Science and 

Manufacturing, 42, 1856-1861. 

KUILA, T., BOSE, S., MISHRA, A. K., KHANRA, P., KIM, N. H. & LEE, J. H. 2012. 

Chemical functionalization of graphene and its applications. Progress in Materials 

Science. 

KUMAR, M., SINGH, K., DHAWAN, S. K., THARANIKKARASU, K., CHUNG, J. S., 



References 

 

- 161 - 

KONG, B.-S., KIM, E. J. & HUR, S. H. 2013. Synthesis and characterization of 

covalently-grafted graphene–polyaniline nanocomposites and its use in a 

supercapacitor. Chemical Engineering Journal, 231, 397-405. 

KYMAKIS, E. & AMARATUNGA, G. 2002. Single-wall carbon nanotube/conjugated 

polymer photovoltaic devices. Applied Physics Letters, 80, 112-114. 

LAAKSONEN, P., KAINLAURI, M., LAAKSONEN, T., SHCHEPETOV, A., JIANG, H., 

AHOPELTO, J. & LINDER, M. B. 2010. Interfacial engineering by proteins: 

exfoliation and functionalization of graphene by hydrophobins. Angewandte Chemie 

International Edition, 49, 4946-4949. 

LAYEK, R. K., DAS, A. K., PARK, M. J., KIM, N. H. & LEE, J. H. 2015. Enhancement of 

physical, mechanical, and gas barrier properties in noncovalently functionalized 

graphene oxide/poly(vinylidene fluoride) composites. Carbon, 81, 329-338. 

LEE, H. B., RAGHU, A. V., YOON, K. S. & JEONG, H. M. 2010. Preparation and 

characterization of poly (ethylene oxide)/graphene nanocomposites from an aqueous 

medium. Journal of Macromolecular Science, Part B, 49, 802-809. 

LI, C., THOSTENSON, E. T. & CHOU, T.-W. 2008. Sensors and actuators based on carbon 

nanotubes and their composites: a review. Composites Science and Technology, 68, 

1227-1249. 

LI, D., MUELLER, M. B., GILJE, S., KANER, R. B. & WALLACE, G. G. 2008. 

Processable aqueous dispersions of graphene nanosheets. Nature Nanotechnology, 3, 

101-105. 

LI, L., RAJI, A.-R. O., FEI, H., YANG, Y., SAMUEL, E. L. G. & TOUR, J. M. 2013. 

Nanocomposite of Polyaniline Nanorods Grown on Graphene Nanoribbons for 

Highly Capacitive Pseudocapacitors. ACS Applied Materials & Interfaces, 5, 6622-



References 

 

- 162 - 

6627. 

LI, W., GENG, X., GUO, Y., RONG, J., GONG, Y., WU, L., ZHANG, X., LI, P., XU, J. & 

CHENG, G. 2011. Reduced graphene oxide electrically contacted graphene sensor 

for highly sensitive nitric oxide detection. ACS Nano, 5, 6955-6961. 

LI, Y., MANN, D., ROLANDI, M., KIM, W., URAL, A., HUNG, S., JAVEY, A., CAO, J., 

WANG, D. & YENILMEZ, E. 2004. Preferential growth of semiconducting single-

walled carbon nanotubes by a plasma enhanced CVD method. Nano Letters, 4, 317-

321. 

LI, Y., TANG, J., HUANG, L., WANG, Y., LIU, J., GE, X., TJONG, S. C., LI, R. K. Y. & 

BELFIORE, L. A. 2015. Facile preparation, characterization and performance of 

noncovalently functionalized graphene/epoxy nanocomposites with poly(sodium 4-

styrenesulfonate). Composites Part A: Applied Science and Manufacturing, 68, 1-9. 

LI, Y., TANG, L. & LI, J. 2009. Preparation and electrochemical performance for methanol 

oxidation of pt/graphene nanocomposites. Electrochemistry Communications, 11, 

846-849. 

LI, Y., YANG, D., ADRONOV, A., GAO, Y., LUO, X. & LI, H. 2012. Covalent 

Functionalization of Single-Walled Carbon Nanotubes with Thermoresponsive Core 

Cross-Linked Polymeric Micelles. Macromolecules, 45, 4698-4706. 

LI, Y., ZHANG, B. & PAN, X. 2008. Preparation and characterization of PMMA–kaolinite 

intercalation composites. Composites Science and Technology, 68, 1954-1961. 

LIANG, J. J., HUANG, Y., ZHANG, L., WANG, Y., MA, Y. F., GUO, T. & CHEN, Y. S. 

2009. Molecular-Level Dispersion of Graphene into Poly(vinyl alcohol) and 

Effective Reinforcement of their Nanocomposites. Advanced Functional Materials, 

19, 2297-2302. 



References 

 

- 163 - 

LIANG, Y., WU, D., FENG, X. & MÜLLEN, K. 2009. Dispersion of Graphene Sheets in 

Organic Solvent Supported by Ionic Interactions. Advanced Materials, 21, 1679-

1683. 

LIN, Y., ZHOU, B., SHIRAL FERNANDO, K., LIU, P., ALLARD, L. F. & SUN, Y.-P. 

2003. Polymeric carbon nanocomposites from carbon nanotubes functionalized with 

matrix polymer. Macromolecules, 36, 7199-7204. 

LISUNOVA, M. O., LEBOVKA, N. I., MELEZHYK, O. V. & BOIKO, Y. P. 2006. Stability 

of the aqueous suspensions of nanotubes in the presence of nonionic surfactant. 

Journal of Colloid and Interface Science, 299, 740-746. 

LIU, H., WANG, C. Y., ZOU, S. W., WEI, Z. J. & TONG, Z. 2012. Simple, Reversible 

Emulsion System Switched by pH on the Basis of Chitosan without Any 

Hydrophobic Modification. Langmuir, 28, 11017-11024. 

LIU, J., YANG, W., TAO, L., LI, D., BOYER, C. & DAVIS, T. P. 2010. Thermosensitive 

graphene nanocomposites formed using pyrene‐terminal polymers made by RAFT 

polymerization. Journal of Polymer Science Part A: Polymer Chemistry, 48, 425-

433. 

LIU, K., CHEN, S., LUO, Y., JIA, D., GAO, H., HU, G. & LIU, L. 2013. Edge-

functionalized graphene as reinforcement of epoxy-based conductive composite for 

electrical interconnects. Composites Science and Technology, 88, 84-91. 

LIU, L.-H., LERNER, M. M. & YAN, M. 2010. Derivitization of Pristine Graphene with 

Well-Defined Chemical Functionalities. Nano Letters, 10, 3754-3756. 

LIU, Y., CHIPOT, C., SHAO, X. & CAI, W. 2010. Solubilizing Carbon Nanotubes through 

Noncovalent Functionalization. Insight from the Reversible Wrapping of Alginic 

Acid around a Single-Walled Carbon Nanotube. The Journal of Physical Chemistry 



References 

 

- 164 - 

B, 114, 5783-5789. 

LIU, Y., ZHOU, J., ZHANG, X., LIU, Z., WAN, X., TIAN, J., WANG, T. & CHEN, Y. 2009. 

Synthesis, characterization and optical limiting property of covalently 

oligothiophene-functionalized graphene material. Carbon, 47, 3113-3121. 

LIU, Z., ROBINSON, J. T., SUN, X. & DAI, H. 2008. PEGylated Nanographene Oxide for 

Delivery of Water-Insoluble Cancer Drugs. Journal of the American Chemical 

Society, 130, 10876-10877. 

LO, C., ZHU, D. & JIANG, H. 2011. An infrared-light responsive graphene-oxide 

incorporated poly(N-isopropylacrylamide) hydrogel nanocomposite. Soft Matter, 7, 

5604-5609. 

LOISEAU, A., WILLAIME, F., DEMONCY, N., HUG, G. & PASCARD, H. 1996. Boron 

nitride nanotubes with reduced numbers of layers synthesized by arc discharge. 

Physical Review Letters, 76, 4737. 

LOTYA, M., HERNANDEZ, Y., KING, P. J., SMITH, R. J., NICOLOSI, V., KARLSSON, 

L. S., BLIGHE, F. M., DE, S., WANG, Z. & MCGOVERN, I. 2009. Liquid phase 

production of graphene by exfoliation of graphite in surfactant/water solutions. 

Journal of the American Chemical Society, 131, 3611-3620. 

LOU, X., DETREMBLEUR, C., PAGNOULLE, C., JÉRÔME, R., BOCHAROVA, V., 

KIRIY, A. & STAMM, M. 2004. Surface modification of multiwalled carbon 

nanotubes by poly (2‐vinylpyridine): Dispersion, selective deposition, and 

decoration of the nanotubes. Advanced Materials, 16, 2123-2127. 

LU, H., YAO, Y., HUANG, W. M. & HUI, D. 2014. Noncovalently functionalized carbon 

fiber by grafted self-assembled graphene oxide and the synergistic effect on 

polymeric shape memory nanocomposites. Composites Part B: Engineering, 67, 



References 

 

- 165 - 

290-295. 

MA, J., MENG, Q., MICHELMORE, A., KAWASHIMA, N., IZZUDDIN, Z., 

BENGTSSON, C. & KUAN, H.-C. 2013. Covalently bonded interfaces for 

polymer/graphene composites. Journal of Materials Chemistry A, 1, 4255-4264. 

MA, P.-C., SIDDIQUI, N. A., MAROM, G. & KIM, J.-K. 2010. Dispersion and 

functionalization of carbon nanotubes for polymer-based nanocomposites: a review. 

Composites Part A: Applied Science and Manufacturing, 41, 1345-1367. 

MAGO, G., FISHER, F. T. & KALYON, D. M. 2009. Deformation-induced crystallization 

and associated morphology development of carbon nanotube-PVDF 

nanocomposites. Journal of Nanoscience and Nanotechnology, 9, 3330-3340. 

MARIA, K., SUSMIT, K., ROSARIA, B., SIMONA, P., CAROLA LA, T., GIOVANNI, B., 

MASSIMO DE, V., ROBERTO, C. & ATHANASSIA, A. 2013. Electrical response 

from nanocomposite PDMS–Ag NPs generated by in situ laser ablation in solution. 

Nanotechnology, 24, 035707. 

MARKOVIĆ, Z., JOVANOVIĆ, S., KLEUT, D., ROMČEVIĆ, N., JOKANOVIĆ, V., 

TRAJKOVIĆ, V. & TODOROVIĆ-MARKOVIĆ, B. 2009. Comparative study on 

modification of single wall carbon nanotubes by sodium dodecylbenzene sulfonate 

and melamine sulfonate superplasticiser. Applied Surface Science, 255, 6359-6366. 

MATEO-ALONSO, A., EHLI, C., CHEN, K. H., GULDI, D. M. & PRATO, M. 2007. 

Dispersion of Single-Walled Carbon Nanotubes with an Extended Diazapentacene 

Derivative†. The Journal of Physical Chemistry A, 111, 12669-12673. 

MATSUMOTO, H., IMAIZUMI, S., KONOSU, Y., ASHIZAWA, M., MINAGAWA, M., 

TANIOKA, A., LU, W. & TOUR, J. M. 2013. Electrospun Composite Nanofiber 

Yarns Containing Oriented Graphene Nanoribbons. ACS Applied Materials & 



References 

 

- 166 - 

Interfaces, 5, 6225-6231. 

MATSUO, Y., TAHARA, K. & SUGIE, Y. 1997. Structure and thermal properties of 

poly(ethylene oxide)-intercalated graphite oxide. Carbon, 35, 113-120. 

MATSUURA, K., SAITO, T., OKAZAKI, T., OHSHIMA, S., YUMURA, M. & IIJIMA, S. 

2006. Selectivity of water-soluble proteins in single-walled carbon nanotube 

dispersions. Chemical Physics Letters, 429, 497-502. 

MINAMI, N., KIM, Y., MIYASHITA, K., KAZAOUI, S. & NALINI, B. 2006. Cellulose 

derivatives as excellent dispersants for single-wall carbon nanotubes as 

demonstrated by absorption and photoluminescence spectroscopy. Applied Physics 

Letters, 88, 093123. 

MITCHELL, C. A., BAHR, J. L., AREPALLI, S., TOUR, J. M. & KRISHNAMOORTI, R. 

2002. Dispersion of Functionalized Carbon Nanotubes in Polystyrene. 

Macromolecules, 35, 8825-8830. 

MKHABELA, V., MISHRA, A. & MBIANDA, X. 2011. Thermal and mechanical 

properties of phosphorylated multiwalled carbon nanotube/polyvinyl chloride 

composites. Carbon, 49, 610-617. 

MO, Y., YANG, M., LU, Z. & HUANG, F. 2013. Preparation and tribological performance 

of chemically-modified reduced graphene oxide/polyacrylonitrile composites. 

Composites Part A: Applied Science and Manufacturing, 54, 153-158. 

MONIRUZZAMAN, M. & WINEY, K. I. 2006. Polymer nanocomposites containing 

carbon nanotubes. Macromolecules, 39, 5194-5205. 

MOORE, V. C., STRANO, M. S., HAROZ, E. H., HAUGE, R. H., SMALLEY, R. E., 

SCHMIDT, J. & TALMON, Y. 2003. Individually suspended single-walled carbon 

nanotubes in various surfactants. Nano Letters, 3, 1379-1382. 



References 

 

- 167 - 

MORICHE, R., PROLONGO, S. G., SÁNCHEZ, M., JIMÉNEZ-SUÁREZ, A., 

SAYAGUÉS, M. J. & UREÑA, A. 2015. Morphological changes on graphene 

nanoplatelets induced during dispersion into an epoxy resin by different methods. 

Composites Part B: Engineering, 72, 199-205. 

MOWRY, M., PALANIUK, D., LUHRS, C. C. & OSSWALD, S. 2013. In situ Raman 

spectroscopy and thermal analysis of the formation of nitrogen-doped graphene 

from urea and graphite oxide. RSC Advances, 3, 21763-21775. 

MUKHERJEE, B., BATABYAL, S. K. & PAL, A. J. 2007. Electronically interacting 

composite systems for electrical bistability and memory applications. Advanced 

Materials, 19, 717-722. 

MYLVAGANAM, K. & ZHANG, L. C. 2004. Nanotube Functionalization and Polymer 

Grafting:  An ab Initio Study. Journal of Physical Chemistry B, 108, 15009-15012. 

NAIR, R., BLAKE, P., GRIGORENKO, A., NOVOSELOV, K., BOOTH, T., STAUBER, 

T., PERES, N. & GEIM, A. 2008. Fine structure constant defines visual 

transparency of graphene. Science, 320, 1308-1308. 

NAKASHIMA, N., OKUZONO, S., MURAKAMI, H., NAKAI, T. & YOSHIKAWA, K. 

2003. DNA dissolves single-walled carbon nanotubes in water. Chemistry Letters, 

32, 456-457. 

NGUYEN, C. V., DELZEIT, L., CASSELL, A. M., LI, J., HAN, J. & MEYYAPPAN, M. 

2002. Preparation of Nucleic Acid Functionalized Carbon Nanotube Arrays. Nano 

Letters, 2, 1079-1081. 

NIKOLAEV, P., BRONIKOWSKI, M. J., BRADLEY, R. K., ROHMUND, F., COLBERT, 

D. T., SMITH, K. & SMALLEY, R. E. 1999. Gas-phase catalytic growth of single-

walled carbon nanotubes from carbon monoxide. Chemical physics letters, 313, 91-



References 

 

- 168 - 

97. 

NIYOGI, S., HAMON, M., HU, H., ZHAO, B., BHOWMIK, P., SEN, R., ITKIS, M. & 

HADDON, R. 2002. Chemistry of single-walled carbon nanotubes. Accounts of 

Chemical Research, 35, 1105-1113. 

NOBELPRIZE. Available: http://www.nobelprize.org/. 

NOVOSELOV, K. S., GEIM, A. K., MOROZOV, S. V., JIANG, D., ZHANG, Y., 

DUBONOS, S. V., GRIGORIEVA, I. V. & FIRSOV, A. A. 2004. Electric field effect 

in atomically thin carbon films. Science, 306, 666-669. 

NUMATA, M., SUGIKAWA, K., KANEKO, K. & SHINKAI, S. 2008. Creation of 

Hierarchical Carbon Nanotube Assemblies through Alternative Packing of 

Complementary Semi‐Artificial β‐1, 3‐Glucan/Carbon Nanotube Composites. 

Chemistry-A European Journal, 14, 2398-2404. 

NUVOLI, D., VALENTINI, L., ALZARI, V., SCOGNAMILLO, S., BON, S. B., 

PICCININI, M., ILLESCAS, J. & MARIANI, A. 2011. High concentration few-

layer graphene sheets obtained by liquid phase exfoliation of graphite in ionic liquid. 

Journal of Materials Chemistry, 21, 3428-3431. 

OGOSHI, T., TAKASHIMA, Y., YAMAGUCHI, H. & HARADA, A. 2007. Chemically-

Responsive Sol−Gel Transition of Supramolecular Single-Walled Carbon 

Nanotubes (SWNTs) Hydrogel Made by Hybrids of SWNTs and Cyclodextrins. 

Journal of the American Chemical Society, 129, 4878-4879. 

OU, E., XIE, Y., PENG, C., SONG, Y., PENG, H., XIONG, Y. & XU, W. 2013. High 

concentration and stable few-layer graphene dispersions prepared by the exfoliation 

of graphite in different organic solvents. RSC Advances, 3, 9490-9499. 

PAIVA, M., ZHOU, B., FERNANDO, K., LIN, Y., KENNEDY, J. & SUN, Y.-P. 2004. 



References 

 

- 169 - 

Mechanical and morphological characterization of polymer–carbon nanocomposites 

from functionalized carbon nanotubes. Carbon, 42, 2849-2854. 

PANIC, V. V., MADZAREVIC, Z. P., VOLKOV-HUSOVIC, T. & VELICKOVIC, S. J. 

2013. Poly(methacrylic acid) based hydrogels as sorbents for removal of cationic 

dye basic yellow 28: Kinetics, equilibrium study and image analysis. Chemical 

Engineering Journal, 217, 192-204. 

PAREDES, J. & BURGHARD, M. 2004. Dispersions of individual single-walled carbon 

nanotubes of high length. Langmuir, 20, 5149-5152. 

PAREDES, J. I., VILLAR-RODIL, S., MARTINEZ-ALONSO, A. & TASCON, J. M. D. 

2008. Graphene oxide dispersions in organic solvents. Langmuir, 24, 10560-10564. 

PARK, O.-K., KIM, S.-G., YOU, N.-H., KU, B.-C., HUI, D. & LEE, J. H. 2014. Synthesis 

and properties of iodo functionalized graphene oxide/polyimide nanocomposites. 

Composites Part B: Engineering, 56, 365-371. 

PARK, Y.-J., PARK, S. Y. & IN, I. 2011. Preparation of water soluble graphene using 

polyethylene glycol: Comparison of covalent approach and noncovalent approach. 

Journal of Industrial and Engineering Chemistry, 17, 298-303. 

PARVIZ, D., DAS, S., AHMED, H. S. T., IRIN, F., BHATTACHARIA, S. & GREEN, M. J. 

2012. Dispersions of Non-Covalently Functionalized Graphene with Minimal 

Stabilizer. ACS Nano, 6, 8857-8867. 

PATIL, A. J., VICKERY, J. L., SCOTT, T. B. & MANN, S. 2009. Aqueous Stabilization 

and Self-Assembly of Graphene Sheets into Layered Bio-Nanocomposites using 

DNA. Advanced Materials, 21, 3159-3164. 

PATOLSKY, F., WEIZMANN, Y. & WILLNER, I. 2004. Long-Range Electrical Contacting 

of Redox Enzymes by SWCNT Connectors. Angewandte Chemie International 



References 

 

- 170 - 

Edition, 43, 2113-2117. 

PAULIUKAITE, R., GHICA, M. E., FATIBELLO-FILHO, O. & BRETT, C. M. A. 2009. 

Comparative Study of Different Cross-Linking Agents for the Immobilization of 

Functionalized Carbon Nanotubes within a Chitosan Film Supported on a 

Graphite−Epoxy Composite Electrode. Analytical Chemistry, 81, 5364-5372. 

PETIT, C. & BANDOSZ, T. J. 2010. Enhanced Adsorption of Ammonia on Metal‐Organic 

Framework/Graphite Oxide Composites: Analysis of Surface Interactions. Advanced 

Functional Materials, 20, 111-118. 

PLANEIX, J., COUSTEL, N., COQ, B., BROTONS, V., KUMBHAR, P., DUTARTRE, R., 

GENESTE, P., BERNIER, P. & AJAYAN, P. 1994. Application of carbon nanotubes 

as supports in heterogeneous catalysis. Journal of the American Chemical Society, 

116, 7935-7936. 

POMPEO, F. & RESASCO, D. E. 2002. Water Solubilization of Single-Walled Carbon 

Nanotubes by Functionalization with Glucosamine. Nano Letters, 2, 369-373. 

PRADHAN, B., BATABYAL, S. K. & PAL, A. J. 2006. Electrical bistability and memory 

phenomenon in carbon nanotube-conjugated polymer matrixes. Journal of Physical 

Chemistry B, 110, 8274-8277. 

PRAMODA, K. P., HUSSAIN, H., KOH, H. M., TAN, H. R. & HE, C. B. 2010. Covalent 

bonded polymer–graphene nanocomposites. Journal of Polymer Science Part A: 

Polymer Chemistry, 48, 4262-4267. 

QI, X., PU, K. Y., LI, H., ZHOU, X., WU, S., FAN, Q. L., LIU, B., BOEY, F., HUANG, W. 

& ZHANG, H. 2010. Amphiphilic graphene composites. Angewandte Chemie 

International Edition, 49, 9426-9429. 

QIN, S., QIN, D., FORD, W. T., HERRERA, J. E. & RESASCO, D. E. 2004. Grafting of 



References 

 

- 171 - 

Poly(4-vinylpyridine) to Single-Walled Carbon Nanotubes and Assembly of 

Multilayer Films. Macromolecules, 37, 9963-9967. 

QIN, S., QIN, D., FORD, W. T., HERRERA, J. E., RESASCO, D. E., BACHILO, S. M. & 

WEISMAN, R. B. 2004. Solubilization and Purification of Single-Wall Carbon 

Nanotubes in Water by in Situ Radical Polymerization of Sodium 4-

Styrenesulfonate. Macromolecules, 37, 3965-3967. 

QIN, W., LI, X., BIAN, W.-W., FAN, X.-J. & QI, J.-Y. 2010. Density functional theory 

calculations and molecular dynamics simulations of the adsorption of biomolecules 

on graphene surfaces. Biomaterials, 31, 1007-1016. 

QU, L., LIN, Y., HILL, D. E., ZHOU, B., WANG, W., SUN, X., KITAYGORODSKIY, A., 

SUAREZ, M., CONNELL, J. W. & ALLARD, L. F. 2004. Polyimide-functionalized 

carbon nanotubes: synthesis and dispersion in nanocomposite films. 

Macromolecules, 37, 6055-6060. 

RAFIEE, M. A., LU, W., THOMAS, A. V., ZANDIATASHBAR, A., RAFIEE, J., TOUR, J. 

M. & KORATKAR, N. A. 2010. Graphene Nanoribbon Composites. ACS Nano, 4, 

7415-7420. 

RAMASAMY, M. S., MAHAPATRA, S. S., YOO, H. J., KIM, Y. A. & CHO, J. W. 2014. 

Soluble conducting polymer-functionalized graphene oxide for air-operable actuator 

fabrication. Journal of Materials Chemistry A, 2, 4788-4794. 

RAO, C. E. N. E. R., SOOD, A. E. K., SUBRAHMANYAM, K. E. S. & GOVINDARAJ, A. 

2009. Graphene: The New Two‐Dimensional Nanomaterial. Angewandte Chemie 

International Edition, 48, 7752-7777. 

RIGGS, J. E., GUO, Z., CARROLL, D. L. & SUN, Y.-P. 2000. Strong luminescence of 

solubilized carbon nanotubes. Journal of the American Chemical Society, 122, 



References 

 

- 172 - 

5879-5880. 

RONAN, J. S., MUSTAFA, L. & JONATHAN, N. C. 2010. The importance of repulsive 

potential barriers for the dispersion of graphene using surfactants. New Journal of 

Physics, 12, 125008. 

ROUSE, J. H. 2005. Polymer-assisted dispersion of single-walled carbon nanotubes in 

alcohols and applicability toward carbon nanotube/sol-gel composite formation. 

Langmuir, 21, 1055-1061. 

RYU, H. J., MAHAPATRA, S. S., YADAV, S. K. & CHO, J. W. 2013. Synthesis of click-

coupled graphene sheet with chitosan: Effective exfoliation and enhanced properties 

of their nanocomposites. European Polymer Journal, 49, 2627-2634. 

SABBA, Y. & THOMAS, E. L. 2004. High-Concentration Dispersion of Single-Wall 

Carbon Nanotubes. Macromolecules, 37, 4815-4820. 

SÁFAR, G., RIBEIRO, H., MALARD, L., PLENTZ, F., FANTINI, C., SANTOS, A., DE 

FREITAS-SILVA, G. & IDEMORI, Y. 2008. Optical study of porphyrin-doped 

carbon nanotubes. Chemical Physics Letters, 462, 109-111. 

SAHOO, N. G., JUNG, Y. C., YOO, H. J. & CHO, J. W. 2006. Effect of Functionalized 

Carbon Nanotubes on Molecular Interaction and Properties of Polyurethane 

Composites. Macromolecular Chemistry and Physics, 207, 1773-1780. 

SALAVAGIONE, H. J., GOMEZ, M. A. & MARTINEZ, G. 2009. Polymeric Modification 

of Graphene through Esterification of Graphite Oxide and Poly(vinyl alcohol). 

Macromolecules, 42, 6331-6334. 

SALAVAGIONE, H. J. & MARTÍNEZ, G. 2011. Importance of Covalent Linkages in the 

Preparation of Effective Reduced Graphene Oxide−Poly(vinyl chloride) 

Nanocomposites. Macromolecules, 44, 2685-2692. 



References 

 

- 173 - 

SALAVAGIONE, H. J., MARTINEZ, G. & GOMEZ, M. A. 2009. Synthesis of poly(vinyl 

alcohol)/reduced graphite oxide nanocomposites with improved thermal and 

electrical properties. Journal of Materials Chemistry, 19, 5027-5032. 

SALEH, N. B., PFEFFERLE, L. D. & ELIMELECH, M. 2010. Influence of 

biomacromolecules and humic acid on the aggregation kinetics of single-walled 

carbon nanotubes. Environmental Science & Technology, 44, 2412-2418. 

SALEH, T. A. & GUPTA, V. K. 2012. Photo-catalyzed degradation of hazardous dye 

methyl orange by use of a composite catalyst consisting of multi-walled carbon 

nanotubes and titanium dioxide. Journal of Colloid and Interface Science, 371, 101-

106. 

SEPÚLVEDA, A. T., DE VILLORIA, R. G., VIANA, J. C., PONTES, A. J., WARDLE, B. 

& ROCHA, L. A. 2013. Full elastic constitutive relation of non-isotropic aligned-

CNT/PDMS flexible nanocomposites. Nanoscale, 5, 4847-4854. 

SERBESCU, A. & SAALWACHTER, K. 2009. Particle-induced network formation in 

linear PDMS filled with silica. Polymer, 50, 5434-5442. 

SHAFFER, M. S. & WINDLE, A. H. 1999. Fabrication and characterization of carbon 

nanotube/poly (vinyl alcohol) composites. Advanced Materials, 11, 937-941. 

SHAFFER, M. S. P. & KOZIOL, K. 2002. Polystyrene grafted multi-walled carbon 

nanotubes. Chemical Communications, 2074-2075. 

SHAFIEIZADEGAN ESFAHANI, A. R., KATBAB, A. A., DEHKHODA, P., KARAMI, H. 

R., BARIKANI, M., SADEGHI, S. H. H. & GHORBANI, A. 2012. Preparation and 

characterization of foamed polyurethane/silicone rubber/graphite nanocomposite as 

radio frequency wave absorbing material: The role of interfacial compatibilization. 

Composites Science and Technology, 72, 382-389. 



References 

 

- 174 - 

SHANG, S., GAN, L., YUEN, C. W. M., JIANG, S.-X. & LUO, N. M. 2015. The synthesis 

of graphene nanoribbon and its reinforcing effect on poly (vinyl alcohol). 

Composites Part A: Applied Science and Manufacturing, 68, 149-154. 

SHANG, S., GAN, L., YUEN, M. C.-W., JIANG, S.-X. & MEI LUO, N. 2014. Carbon 

nanotubes based high temperature vulcanized silicone rubber nanocomposite with 

excellent elasticity and electrical properties. Composites Part A: Applied Science 

and Manufacturing, 66, 135-141. 

SHANG, S., ZENG, W. & TAO, X.-M. 2011. High stretchable MWNTs/polyurethane 

conductive nanocomposites. Journal of Materials Chemistry, 21, 7274-7280. 

SHANG, S. M., GAN, L. & YUEN, M. C. W. 2013. Improvement of carbon nanotubes 

dispersion by chitosan salt and its application in silicone rubber. Composites 

Science and Technology, 86, 129-134. 

SHANG, S. M., LI, L., YANG, X. M. & WEI, Y. Y. 2009. Polymethylmethacrylate-carbon 

nanotubes composites prepared by microemulsion polymerization for gas sensor. 

Composites Science and Technology, 69, 1156-1159. 

SHANG, S. M., ZENG, W. & TAO, X. M. 2012. Investigation on the electrical response 

behaviors of multiwalled carbon nanotube/polyurethane composite in organic 

solvent vapors. Sensors and Actuators B-Chemical, 166, 330-337. 

SHEN, B., ZHAI, W., LU, D., WANG, J. & ZHENG, W. 2012. Ultrasonication-assisted 

direct functionalization of graphene with macromolecules. RSC Advances, 2, 4713-

4719. 

SHEN, B., ZHAI, W., TAO, M., LU, D. & ZHENG, W. 2013. Chemical functionalization of 

graphene oxide toward the tailoring of the interface in polymer composites. 

Composites Science and Technology, 77, 87-94. 



References 

 

- 175 - 

SHEN, J., YAN, B., LI, T., LONG, Y., LI, N. & YE, M. 2012. Mechanical, thermal and 

swelling properties of poly (acrylic acid)–graphene oxide composite hydrogels. Soft 

Matter, 8, 1831-1836. 

SHEN, J., YAN, B., LI, T., LONG, Y., LI, N. & YE, M. 2012. Study on graphene-oxide-

based polyacrylamide composite hydrogels. Composites Part A: Applied Science 

and Manufacturing, 43, 1476-1481. 

SHEN, M., WANG, S. H., SHI, X., CHEN, X., HUANG, Q., PETERSEN, E. J., PINTO, R. 

A., BAKER, J. R. & WEBER, W. J. 2009. Polyethyleneimine-Mediated 

Functionalization of Multiwalled Carbon Nanotubes: Synthesis, Characterization, 

and In Vitro Toxicity Assay.  Journal of Physical Chemistry C, 113, 3150-3156. 

SHIN, J. Y., PREMKUMAR, T. & GECKELER, K. E. 2008. Dispersion of Single‐Walled 

Carbon Nanotubes by Using Surfactants: Are the Type and Concentration Important? 

Chemistry-A European Journal, 14, 6044-6048. 

SHIU, S.-C. & TSAI, J.-L. 2014. Characterizing thermal and mechanical properties of 

graphene/epoxy nanocomposites. Composites Part B: Engineering, 56, 691-697. 

SONG, S. H., PARK, K. H., KIM, B. H., CHOI, Y. W., JUN, G. H., LEE, D. J., KONG, B.-

S., PAIK, K.-W. & JEON, S. 2013. Enhanced Thermal Conductivity of Epoxy–

Graphene Composites by Using Non-Oxidized Graphene Flakes with Non-Covalent 

Functionalization. Advanced Materials, 25, 732-737. 

SONG, Y. S. & YOUN, J. R. 2005. Influence of dispersion states of carbon nanotubes on 

physical properties of epoxy nanocomposites. Carbon, 43, 1378-1385. 

SPASEVSKA, D., DANILOSKA, V., LEAL, G. P., GILEV, J. B. & TOMOVSKA, R. 2014. 

Reactive emulsion mixing as a novel pathway toward water-borne reduced graphene 

oxide/polymer composites. RSC Advances, 4, 24477-24483. 



References 

 

- 176 - 

STANKOVICH, S., DIKIN, D. A., PINER, R. D., KOHLHAAS, K. A., KLEINHAMMES, 

A., JIA, Y., WU, Y., NGUYEN, S. T. & RUOFF, R. S. 2007. Synthesis of graphene-

based nanosheets via chemical reduction of exfoliated graphite oxide. Carbon, 45, 

1558-1565. 

STANKOVICH, S., PINER, R. D., CHEN, X., WU, N., NGUYEN, S. T. & RUOFF, R. S. 

2006. Stable aqueous dispersions of graphitic nanoplatelets via the reduction of 

exfoliated graphite oxide in the presence of poly (sodium 4-styrenesulfonate). 

Journal of Materials Chemistry, 16, 155-158. 

STOLLER, M. D., PARK, S., ZHU, Y., AN, J. & RUOFF, R. S. 2008. Graphene-based 

ultracapacitors. Nano Letters, 8, 3498-3502. 

SU, Q., PANG, S., ALIJANI, V., LI, C., FENG, X. & MÜLLEN, K. 2009. Composites of 

Graphene with Large Aromatic Molecules. Advanced Materials, 21, 3191-3195. 

SUGAI, T., YOSHIDA, H., SHIMADA, T., OKAZAKI, T., SHINOHARA, H. & 

BANDOW, S. 2003. New synthesis of high-quality double-walled carbon nanotubes 

by high-temperature pulsed arc discharge. Nano Letters, 3, 769-773. 

TAGMATARCHIS, N. & PRATO, M. 2004. Functionalization of carbon nanotubes via 1, 

3-dipolar cycloadditions. Journal of Materials Chemistry, 14, 437-439. 

TANG, Z., ZHANG, L., WANG, N., ZHANG, X., WEN, G., LI, G., WANG, J., CHAN, C. & 

SHENG, P. 2001. Superconductivity in 4 angstrom single-walled carbon nanotubes. 

Science, 292, 2462-2465. 

TAO, L., CHEN, G., MANTOVANI, G., YORK, S. & HADDLETON, D. M. 2006. 

Modification of multi-wall carbon nanotube surfaces with poly(amidoamine) 

dendrons: Synthesis and metal templating. Chemical Communications, 4949-4951. 

TASIS, D., TAGMATARCHIS, N., BIANCO, A. & PRATO, M. 2006. Chemistry of carbon 



References 

 

- 177 - 

nanotubes. Chemical Reviews, 106, 1105-1136. 

THOSTENSON, E. T., REN, Z. & CHOU, T.-W. 2001. Advances in the science and 

technology of carbon nanotubes and their composites: a review. Composites Science 

and Technology, 61, 1899-1912. 

TIWARI, J. N., MAHESH, K., LE, N. H., KEMP, K. C., TIMILSINA, R., TIWARI, R. N. 

& KIM, K. S. 2013. Reduced graphene oxide-based hydrogels for the efficient 

capture of dye pollutants from aqueous solutions. Carbon, 56, 173-182. 

TKAC, J. & RUZGAS, T. 2006. Dispersion of single walled carbon nanotubes. Comparison 

of different dispersing strategies for preparation of modified electrodes toward 

hydrogen peroxide detection. Electrochemistry Communications, 8, 899-903. 

TKALYA, E., GHISLANDI, M., ALEKSEEV, A., KONING, C. & LOOS, J. 2010. Latex-

based concept for the preparation of graphene-based polymer nanocomposites. 

Journal of Materials Chemistry, 20, 3035-3039. 

TONG, X., LIU, C., CHENG, H.-M., ZHAO, H., YANG, F. & ZHANG, X. 2004. Surface 

modification of single-walled carbon nanotubes with polyethylene via in situ 

Ziegler–Natta polymerization. Journal of Applied Polymer Science, 92, 3697-3700. 

TSAI, Y.-C., LI, S.-C. & LIAO, S.-W. 2006. Electrodeposition of polypyrrole–multiwalled 

carbon nanotube–glucose oxidase nanobiocomposite film for the detection of 

glucose. Biosensors and Bioelectronics, 22, 495-500. 

UMEYAMA, T., TEZUKA, N., FUJITA, M., HAYASHI, S., KADOTA, N., MATANO, Y. 

& IMAHORI, H. 2008. Clusterization, Electrophoretic Deposition, and 

Photoelectrochemical Properties of Fullerene-Functionalized Carbon Nanotube 

Composites. Chemistry – A European Journal, 14, 4875-4885. 

VADUKUMPULLY, S., PAUL, J. & VALIYAVEETTIL, S. 2009. Cationic surfactant 



References 

 

- 178 - 

mediated exfoliation of graphite into graphene flakes. Carbon, 47, 3288-3294. 

VOLMAN, V., ZHU, Y., RAJI, A.-R. O., GENORIO, B., LU, W., XIANG, C., KITTRELL, 

C. & TOUR, J. M. 2013. Radio-Frequency-Transparent, Electrically Conductive 

Graphene Nanoribbon Thin Films as Deicing Heating Layers. ACS Applied 

Materials & Interfaces, 6, 298-304. 

WAN, C. & CHEN, B. 2011. Poly (ε-caprolactone)/graphene oxide biocomposites: 

mechanical properties and bioactivity. Biomedical Materials, 6, 055010. 

WANG, H., ZHOU, A., PENG, F., YU, H. & CHEN, L. 2007. Adsorption characteristic of 

acidified carbon nanotubes for heavy metal Pb (II) in aqueous solution. Materials 

Science and Engineering: A, 466, 201-206. 

WANG, H., ZHOU, A., PENG, F., YU, H. & YANG, J. 2007. Mechanism study on 

adsorption of acidified multiwalled carbon nanotubes to Pb (II). Journal of Colloid 

and Interface Science, 316, 277-283. 

WANG, H., ZHOU, W., HO, D. L., WINEY, K. I., FISCHER, J. E., GLINKA, C. J. & 

HOBBIE, E. K. 2004. Dispersing Single-Walled Carbon Nanotubes with 

Surfactants:  A Small Angle Neutron Scattering Study. Nano Letters, 4, 1789-1793. 

WANG, J., CHU, H. & LI, Y. 2008. Why single-walled carbon nanotubes can be dispersed 

in imidazolium-based ionic liquids. ACS Nano, 2, 2540-2546. 

WANG, L. H. & HAN, Y. Y. 2013. Compressive relaxation of the stress and resistance for 

carbon nanotube filled silicone rubber composite. Composites Part A: Applied 

Science and Manufacturing, 47, 63-71. 

WANG, L. H., MA, F. F., SHI, Q. S., LIU, H. H. & WANG, X. T. 2011. Study on 

compressive resistance creep and recovery of flexible pressure sensitive material 

based on carbon black filled silicone rubber composite. Sensors and Actuators A: 



References 

 

- 179 - 

Physical, 165, 207-215. 

WANG, P., GENG, S. N. & DING, T. H. 2010. Effects of carboxyl radical on electrical 

resistance of multi-walled carbon nanotube filled silicone rubber composite under 

pressure. Composites Science and Technology, 70, 1571-1573. 

WANG, S., CHIA, P.-J., CHUA, L.-L., ZHAO, L.-H., PNG, R.-Q., 

SIVARAMAKRISHNAN, S., ZHOU, M., GOH, R. G. S., FRIEND, R. H., WEE, A. 

T. S. & HO, P. K. H. 2008. Band-like Transport in Surface-Functionalized Highly 

Solution-Processable Graphene Nanosheets. Advanced Materials, 20, 3440-3446. 

WANG, S., GOH, B. M., MANGA, K. K., BAO, Q., YANG, P. & LOH, K. P. 2010. 

Graphene as Atomic Template and Structural Scaffold in the Synthesis of 

Graphene−Organic Hybrid Wire with Photovoltaic Properties. ACS Nano, 4, 6180-

6186. 

WANG, X. & DOU, W. 2012. Preparation of graphite oxide (GO) and the thermal stability 

of silicone rubber/GO nanocomposites. Thermochimica Acta, 529, 25-28. 

WANG, X., FULVIO, P. F., BAKER, G. A., VEITH, G. M., UNOCIC, R. R., MAHURIN, S. 

M., CHI, M. & DAI, S. 2010. Direct exfoliation of natural graphite into micrometre 

size few layers graphene sheets using ionic liquids. Chemical Communications, 46, 

4487-4489. 

WANG, Y., IQBAL, Z. & MALHOTRA, S. V. 2005. Functionalization of carbon nanotubes 

with amines and enzymes. Chemical Physics Letters, 402, 96-101. 

WANG, Y. L., HU, Y. A., CHEN, L., GONG, X. L., JIANG, W. Q., ZHANG, P. Q. & CHEN, 

Z. Y. 2006. Effects of rubber/magnetic particle interactions on the performance of 

magnetorheological elastomers. Polymer Testing, 25, 262-267. 

WANG, Z., ZHANG, Q., KUEHNER, D., XU, X., IVASKA, A. & NIU, L. 2008. The 



References 

 

- 180 - 

synthesis of ionic-liquid-functionalized multiwalled carbon nanotubes decorated 

with highly dispersed Au nanoparticles and their use in oxygen reduction by 

electrocatalysis. Carbon, 46, 1687-1692. 

WICHMANN, M. H. G., BUSCHHORN, S. T., GEHRMANN, J. & SCHULTE, K. 2009. 

Piezoresistive response of epoxy composites with carbon nanoparticles under tensile 

load. Physical Review B, 80, 245437. 

WILLIAMS, K. A., VEENHUIZEN, P. T. M., DE LA TORRE, B. G., ERITJA, R. & 

DEKKER, C. 2002. Nanotechnology: Carbon nanotubes with DNA recognition. 

Nature, 420, 761-761. 

WOHLSTADTER, J. N., WILBUR, J. L., SIGAL, G. B., BIEBUYCK, H. A., 

BILLADEAU, M. A., DONG, L., FISCHER, A. B., GUDIBANDE, S. R., 

JAMEISON, S. H., KENTEN, J. H., LEGINUS, J., LELAND, J. K., MASSEY, R. J. 

& WOHLSTADTER, S. J. 2003. Carbon Nanotube-Based Biosensor. Advanced 

Materials, 15, 1184-1187. 

WU, B., HU, D., KUANG, Y., LIU, B., ZHANG, X. & CHEN, J. 2009. Functionalization of 

Carbon Nanotubes by an Ionic‐Liquid Polymer: Dispersion of Pt and PtRu 

Nanoparticles on Carbon Nanotubes and Their Electrocatalytic Oxidation of 

Methanol. Angewandte Chemie International Edition, 48, 4751-4754. 

WU, P., CHEN, X., HU, N., TAM, U. C., BLIXT, O., ZETTL, A. & BERTOZZI, C. R. 

2008. Biocompatible Carbon Nanotubes Generated by Functionalization with 

Glycodendrimers. Angewandte Chemie International Edition, 47, 5022-5025. 

WU, Z., FENG, W., FENG, Y., LIU, Q., XU, X., SEKINO, T., FUJII, A. & OZAKI, M. 

2007. Preparation and characterization of chitosan-grafted multiwalled carbon 

nanotubes and their electrochemical properties. Carbon, 45, 1212-1218. 



References 

 

- 181 - 

XIANG, C. S., LU, W., ZHU, Y., SUN, Z. Z., YAN, Z., HWANG, C. C. & TOUR, J. M. 

2012. Carbon Nanotube and Graphene Nanoribbon-Coated Conductive Kevlar 

Fibers. ACS Applied Materials & Interfaces, 4, 131-136. 

XIAOZHI, Z., DONGSHENG, M., JIANGLING, W., HUIBI, X. & XIANGLIANG, Y. 2009. 

A novel method for the separation and determination of non-encapsulated pyrene in 

plasma and its application in pharmacokinetic studies of pyrene-loaded MPEG–PLA 

based nanoparticles. Nanotechnology, 20, 125701. 

XING, Y., LI, L., CHUSUEI, C. C. & HULL, R. V. 2005. Sonochemical Oxidation of 

Multiwalled Carbon Nanotubes. Langmuir, 21, 4185-4190. 

XU, C., GAO, J., XIU, H., LI, X., ZHANG, J., LUO, F., ZHANG, Q., CHEN, F. & FU, Q. 

2013. Can in situ thermal reduction be a green and efficient way in the fabrication 

of electrically conductive polymer/reduced graphene oxide nanocomposites? 

Composites Part A: Applied Science and Manufacturing, 53, 24-33. 

XU, C., WANG, X., WANG, J., HU, H. & WAN, L. 2010. Synthesis and photoelectrical 

properties of β-Cyclodextrin functionalized graphene materials with high bio-

recognition capability. Chemical Physics Letters, 498, 162-167. 

XU, H.-B., CHEN, H.-Z., SHI, M.-M., BAI, R. & WANG, M. 2005. A novel donor–

acceptor heterojunction from single-walled carbon nanotubes functionalized by 

erbium bisphthalocyanine. Materials Chemistry and Physics, 94, 342-346. 

XU, H. P., DANG, Z. M., YAO, S. H., JIANG, M. J. & WANG, D. Y. 2007. Exploration of 

unusual electrical properties in carbon black/binary-polymer nanocomposites. 

Applied Physics Letters, 90, 152912. 

XU, Y., BAI, H., LU, G., LI, C. & SHI, G. 2008. Flexible Graphene Films via the Filtration 

of Water-Soluble Noncovalent Functionalized Graphene Sheets. Journal of the 



References 

 

- 182 - 

American Chemical Society, 130, 5856-5857. 

XU, Y., HONG, W. J., BAI, H., LI, C. & SHI, G. Q. 2009. Strong and ductile poly(vinyl 

alcohol)/graphene oxide composite films with a layered structure. Carbon, 47, 

3538-3543. 

XU, Y., LIU, Z., ZHANG, X., WANG, Y., TIAN, J., HUANG, Y., MA, Y., ZHANG, X. & 

CHEN, Y. 2009. A graphene hybrid material covalently functionalized with 

porphyrin: synthesis and optical limiting property. Advanced Materials, 21, 1275-

1279. 

YAMADA, T., HAYAMIZU, Y., YAMAMOTO, Y., YOMOGIDA, Y., IZADI-

NAJAFABADI, A., FUTABA, D. N. & HATA, K. 2011. A stretchable carbon 

nanotube strain sensor for human-motion detection. Nature Nanotechnology, 6, 296-

301. 

YAN, L. Y., POON, Y. F., CHAN-PARK, M. B., CHEN, Y. & ZHANG, Q. 2008. 

Individually dispersing single-walled carbon nanotubes with novel neutral pH 

water-soluble chitosan derivatives. Journal of Physical Chemistry C, 112, 7579-

7587. 

YANG, H., SHAN, C., LI, F., HAN, D., ZHANG, Q. & NIU, L. 2009. Covalent 

functionalization of polydisperse chemically-converted graphene sheets with amine-

terminated ionic liquid. Chemical Communications, 3880-3882. 

YANG, J., HU, J., WANG, C., QIN, Y. & GUO, Z. 2004. Fabrication and Characterization 

of Soluble Multi-Walled Carbon Nanotubes Reinforced P(MMA-co-EMA) 

Composites. Macromolecular Materials and Engineering, 289, 828-832. 

YANG, L., SETYOWATI, K., LI, A., GONG, S. & CHEN, J. 2008. Reversible infrared 

actuation of carbon nanotube–liquid crystalline elastomer nanocomposites. 



References 

 

- 183 - 

Advanced Materials, 20, 2271-2275. 

YANG, Q., PAN, X., HUANG, F. & LI, K. 2010. Fabrication of High-Concentration and 

Stable Aqueous Suspensions of Graphene Nanosheets by Noncovalent 

Functionalization with Lignin and Cellulose Derivatives. Journal of Physical 

Chemistry C, 114, 3811-3816. 

YANG, X. M., LI, L., SHANG, S. M. & TAO, X. M. 2010. Synthesis and characterization 

of layer-aligned poly(vinyl alcohol)/graphene nanocomposites. Polymer, 51, 3431-

3435. 

YANG, X. M., SHANG, S. M. & LI, L. 2011. Layer-Structured Poly(vinyl 

alcohol)/Graphene Oxide Nanocomposites with Improved Thermal and Mechanical 

Properties. Journal of Applied Polymer Science, 120, 1355-1360. 

YANG, X. M., TU, Y. F., LI, L., SHANG, S. M. & TAO, X. M. 2010. Well-Dispersed 

Chitosan/Graphene Oxide Nanocomposites. ACS Applied Materials & Interfaces, 2, 

1707-1713. 

YANG, Y.-K., HE, C.-E., PENG, R.-G., BAJI, A., DU, X.-S., HUANG, Y.-L., XIE, X.-L. & 

MAI, Y.-W. 2012. Non-covalently modified graphene sheets by imidazolium ionic 

liquids for multifunctional polymer nanocomposites. Journal of Materials 

Chemistry, 22, 5666-5675. 

YANG, Y., WANG, J., ZHANG, J., LIU, J., YANG, X. & ZHAO, H. 2009. Exfoliated 

Graphite Oxide Decorated by PDMAEMA Chains and Polymer Particles. Langmuir, 

25, 11808-11814. 

YOON, O. J., JUNG, C. Y., SOHN, I. Y., KIM, H. J., HONG, B., JHON, M. S. & LEE, N.-E. 

2011. Nanocomposite nanofibers of poly(d, l-lactic-co-glycolic acid) and graphene 

oxide nanosheets. Composites Part A: Applied Science and Manufacturing, 42, 



References 

 

- 184 - 

1978-1984. 

YOON, S. & IN, I. 2010. Solubilization of Reduced Graphene in Water through 

Noncovalent Interaction with Dendrimers. Chemistry Letters, 39, 1160-1161. 

YOONESSI, M., SHI, Y., SCHEIMAN, D. A., LEBRON-COLON, M., TIGELAAR, D. M., 

WEISS, R. A. & MEADOR, M. A. 2012. Graphene Polyimide Nanocomposites; 

Thermal, Mechanical, and High-Temperature Shape Memory Effects. ACS Nano, 6, 

7644-7655. 

YOU, F., WANG, D., LI, X., LIU, M., HU, G.-H. & DANG, Z.-M. 2014. Interfacial 

engineering of polypropylene/graphene nanocomposites: improvement of graphene 

dispersion by using tryptophan as a stabilizer. RSC Advances, 4, 8799-8807. 

YU, B., ZHOU, F., LIU, G., LIANG, Y., HUCK, W. T. S. & LIU, W. 2006. The electrolyte 

switchable solubility of multi-walled carbon nanotube/ionic liquid (MWCNT/IL) 

hybrids. Chemical Communications, 2356-2358. 

YU, M.-F., LOURIE, O., DYER, M. J., MOLONI, K., KELLY, T. F. & RUOFF, R. S. 2000. 

Strength and breaking mechanism of multiwalled carbon nanotubes under tensile 

load. Science, 287, 637-640. 

YU, W., FU, J., DONG, X., CHEN, L. & SHI, L. 2014. A graphene hybrid material 

functionalized with POSS: Synthesis and applications in low-dielectric epoxy 

composites. Composites Science and Technology, 92, 112-119. 

YUAN, D., WANG, B., WANG, L., WANG, Y. & ZHOU, Z. 2013. Unusual toughening 

effect of graphene oxide on the graphene oxide/nylon 11 composites prepared by in 

situ melt polycondensation. Composites Part B: Engineering, 55, 215-220. 

YUAN, N. Y., MA, F. F., FAN, Y., LIU, Y. B. & DING, J. N. 2012. High conductive 

ethylene vinyl acetate composites filled with reduced graphene oxide and 



References 

 

- 185 - 

polyaniline. Composites Part A: Applied Science and Manufacturing, 43, 2183-

2188. 

ZENGIN, H., ZHOU, W., JIN, J., CZERW, R., SMITH, D. W., ECHEGOYEN, L., 

CARROLL, D. L., FOULGER, S. H. & BALLATO, J. 2002. Carbon Nanotube 

Doped Polyaniline. Advanced Materials, 14, 1480-1483. 

ZHANG, B., NING, W., ZHANG, J., QIAO, X., ZHANG, J., HE, J. & LIU, C.-Y. 2010. 

Stable dispersions of reduced graphene oxide in ionic liquids. Journal of Materials 

Chemistry, 20, 5401-5403. 

ZHANG, C., HUANG, S., TJIU, W. W., FAN, W. & LIU, T. 2012. Facile preparation of 

water-dispersible graphene sheets stabilized by acid-treated multi-walled carbon 

nanotubes and their poly (vinyl alcohol) composites. Journal of Materials 

Chemistry, 22, 2427-2434. 

ZHANG, H., WANG, Z. G., ZHANG, Z. N., WU, J., ZHANG, J. & HE, H. S. 2007. 

Regenerated-cellulose/multiwalled-carbon-nanotube composite fibers with 

enhanced mechanical properties prepared with the ionic liquid 1-allyl-3-

methylimidazolium chloride. Advanced Materials, 19, 698-702. 

ZHANG, J., ZOU, H., QING, Q., YANG, Y., LI, Q., LIU, Z., GUO, X. & DU, Z. 2003. 

Effect of chemical oxidation on the structure of single-walled carbon nanotubes. 

The Journal of Physical Chemistry B, 107, 3712-3718. 

ZHANG, L.-S., LIANG, X.-Q., SONG, W.-G. & WU, Z.-Y. 2010. Identification of the 

nitrogen species on N-doped graphene layers and Pt/NG composite catalyst for 

direct methanol fuel cell. Physical Chemistry Chemical Physics, 12, 12055-12059. 

ZHANG, L., WANG, Z., XU, C., LI, Y., GAO, J., WANG, W. & LIU, Y. 2011. High strength 

graphene oxide/polyvinyl alcohol composite hydrogels. Journal of Materials 



References 

 

- 186 - 

Chemistry, 21, 10399-10406. 

ZHANG, M., SMITH, A. & GORSKI, W. 2004. Carbon nanotube-chitosan system for 

electrochemical sensing based on dehydrogenase enzymes. Analytical Chemistry, 76, 

5045-5050. 

ZHANG, R., ZHANG, Y., ZHANG, Q., XIE, H., QIAN, W. & WEI, F. 2013. Growth of 

Half-Meter Long Carbon Nanotubes Based on Schulz–Flory Distribution. ACS 

Nano, 7, 6156-6161. 

ZHANG, W., GUO, Z., HUANG, D., LIU, Z., GUO, X. & ZHONG, H. 2011. Synergistic 

effect of chemo-photothermal therapy using PEGylated graphene oxide. 

Biomaterials, 32, 8555-8561. 

ZHANG, W. L., PARK, B. J. & CHOI, H. J. 2010. Colloidal graphene oxide/polyaniline 

nanocomposite and its electrorheology. Chemical Communications, 46, 5596-5598. 

ZHANG, X., LIU, Z., HUANG, Y., WAN, X., TIAN, J., MA, Y. & CHEN, Y. 2009. 

Synthesis, Characterization and Nonlinear Optical Property of Graphene-C60 

Hybrid. Journal of Nanoscience and Nanotechnology, 9, 5752-5756. 

ZHANG, Y., LI, J., SHEN, Y., WANG, M. & LI, J. 2004. Poly-l-lysine Functionalization of 

Single-Walled Carbon Nanotubes. The Journal of Physical Chemistry B, 108, 

15343-15346. 

ZHAO, B., HU, H. & HADDON, R. C. 2004. Synthesis and Properties of a Water-Soluble 

Single-Walled Carbon Nanotube–Poly(m-aminobenzene sulfonic acid) Graft 

Copolymer. Advanced Functional Materials, 14, 71-76. 

ZHAO, J., DAI, K., LIU, C., ZHENG, G., WANG, B., LIU, C., CHEN, J. & SHEN, C. 2013. 

A comparison between strain sensing behaviors of carbon black/polypropylene and 

carbon nanotubes/polypropylene electrically conductive composites. Composites 



References 

 

- 187 - 

Part A: Applied Science and Manufacturing, 48, 129-136. 

ZHAO, J., LU, J. P., HAN, J. & YANG, C.-K. 2003. Noncovalent functionalization of 

carbon nanotubes by aromatic organic molecules. Applied Physics Letters, 82, 

3746-3748. 

ZHENG, M., JAGOTA, A., SEMKE, E. D., DINER, B. A., MCLEAN, R. S., LUSTIG, S. 

R., RICHARDSON, R. E. & TASSI, N. G. 2003. DNA-assisted dispersion and 

separation of carbon nanotubes. Nature Materials, 2, 338-342. 

ZHOU, Y., YANG, H. & CHEN, H.-Y. 2008. Direct electrochemistry and reagentless 

biosensing of glucose oxidase immobilized on chitosan wrapped single-walled 

carbon nanotubes. Talanta, 76, 419-423. 

ZHU, C., GUO, S., ZHAI, Y. & DONG, S. 2010. Layer-by-Layer Self-Assembly for 

Constructing a Graphene/Platinum Nanoparticle Three-Dimensional Hybrid 

Nanostructure Using Ionic Liquid as a Linker. Langmuir, 26, 7614-7618. 

ZIEGLER, K. J., GU, Z., PENG, H., FLOR, E. L., HAUGE, R. H. & SMALLEY, R. E. 

2005. Controlled Oxidative Cutting of Single-Walled Carbon Nanotubes. Journal of 

the American Chemical Society, 127, 1541-1547. 

ZOR, E., SAGLAM, M. E., AKIN, I., SAF, A. O., BINGOL, H. & ERSOZ, M. 2014. Green 

synthesis of reduced graphene oxide/nanopolypyrrole composite: characterization 

and H2O2 determination in urine. RSC Advances, 4, 12457-12466. 

 

 


