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ABSTRACT 

CONTROLLED REDUCTION OF GRAPHENE OXIDE AND  
GRAPHENE OXIDE-CARBON NANOTUBE HYBRIDS AND THEIR 

APPLICATIONS  
 

by 
Samar Azizighannad 

Graphene and graphene derivatives are widely used in diverse research and industrial 

applications. Graphene production on a large scale is carried out by exfoliating graphite 

oxide and producing graphene oxide (GO), which comprises of graphene sheets with 

different oxygen-containing functional groups such as hydroxyl, carboxyl, and carbonyl. 

GO is reduced to reduced graphene oxide (rGO), which has properties that are closer to 

graphene. Properties of GO and rGO depend upon the oxygen content, and the effect of 

reducing oxygen content on the aqueous behavior of rGOs is not well understood.  

In an effort to understand how properties of rGO change as GO is reduced, a 

stepwise reduction of the same GO to rGO containing different levels of oxygen was 

carried out, and their corresponding chemical and colloidal properties are reported. 

Starting with GO containing 49 percent oxygen, rGOs containing 31, 19, and 9 percent 

oxygen were synthesized. The aqueous behavior in terms of solubility and dispersibility 

is presented.   

In the second part, the controlled synthesis of reduced graphene oxide-carbon 

nanotube (rGO-CNT) hybrids and their aqueous behavior is reported. The CNTs are 

suspended in an aqueous dispersion of GO, and the GO-CNT hybrids are reduced in-situ 

in a controlled fashion using nascent hydrogen. Several hybrids with oxygen content 

ranging from 26 to 2% were synthesized. The properties of the hybrids with a low degree 



of reduction were closer to GO, while those with a high degree of reduction were closer 

to CNTs. Solubility, dispersibility, hydrophobicity, critical coagulation concentration 

(CCC value), and zeta potential of the hybrids are studied and compared.  

Finally, as a major application of some of the above-mentioned materials is the 

development of polyacrylamide (PAM) gel polymer electrolytes (PGE) with doped nano 

carbons. Carboxylated CNTs referred to as (fCNTs), GO, and the hybrid of fCNT/GO 

embedded in the PGE were fabricated as supercapacitors (SC). Thermal stability of the 

pristine PGE increased with the addition of carbon nanomaterials which led to lower 

capacitance degradation and longer cycle life of the SCs. The fCNT/GO-PGE showed the 

best thermal stability, which was 50% higher than PGE. Viscoelastic properties of PGEs 

were improved with the incorporation of GO and fCNT/GO into the PGE structure. 

Oxygen-containing groups in GO and fCNT/GO formed hydrogen bonds with polymer 

chains and improved the elasticity of PGE. Yet, fCNT-PGE showed a slightly lower 

viscous strain modulus due to its ununiform distribution in the polymer matrix and the 

defects that were formed within. Furthermore, ion diffusion between GO layers improved 

in carbon-based composites, which was enhance in fCNT/GO-PGE because fCNTs 

decreased the aggregation of GO sheets and enhanced the ion channels, thus increasing 

the ionic conductivity from 41 to 132 mS cm-1. Finally, MnO2-based supercapacitors 

containing PGE, fCNT-PGE, GO-PGE, and fCNT/GO-PGE electrolytes were fabricated, 

and their performances were examined. This research demonstrated the effectiveness of 

carbon nanomaterials as dopants in polymer gel electrolytes for property enhancements. 
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CHAPTER 1 

INTRODUCTION 

 

1.1  Background and History of Carbon-based Nanomaterials 

Carbon is the base element of different materials and nanomaterials depending on carbon-

carbon bonds with sp, sp2, and sp3 hybridizations. The very first researches on the chemical 

and physical properties of graphite started in the 1950s [1]. Fullerene or buckyball is the 

first carbon nanomaterial discovered in 1985 [2] that is a closed mesh of pentagonal or 

hexagonal carbon-carbon bonds [3]. A monolayer of the graphene sheet that is sp2 

hybridized hexagonal carbon-carbon bonds was discovered by H. P. Boehm in 1962 [1]. 

Yet, the study on graphene did not continue due to the lack of characterization techniques. 

In 1991, carbon nanotubes discovered accidentally while researching on fullerene 

application, and  S. Iijima published a paper named “Helical microtubules of graphitic 

carbon” as a start to the new era for carbon-based nanomaterials [4]. Iijima referred to 

carbon nanotubes as needle-like graphitic sheets and inspired research in the 1990s to be 

focused on carbon nanotubes. Since then, research on nanocarbons and their application 

has increased due to the fact that synthesis and application of them have been significantly 

developed. Until 2004, Novoselov and Geim exfoliated graphite and achieved the single 

layer of graphene and published a paper titled “Rise of graphene” [5].  

In the past 20 years, since the “Rise of graphene,” there have been numerous studies 

on the structure, applications, and derivatives of carbon-based nanomaterials. The research 

continues to develop carbon applications, this fascinating ancient element.  
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1.2  Objectives of This Study 

Graphene and graphene derivatives are widely studied in materials science and condensed 

materials physics. There is a rising number of research on graphene production and 

application. Production of graphene in large scales is by exfoliating graphite oxide. 

Byproduct of this process is graphene oxide (GO) which is graphene sheets with different 

oxygen-containing groups. GO is reduced to reduced graphene oxide (rGO), which has 

closer properties to graphene. Properties of GO and rGO highly depend on oxygen content. 

There is a gap in a basis for accurate comparison as to how properties change with such 

reduction. In this research, new aspects of graphene-based materials are introduced and 

analyzed as noted below: 

• Control oxygen content in graphene oxide and characterize them   

• Study aqueous behavior of step-wisely reduced graphene oxide 

• Reduce graphene oxide in the presence of carbon nanotubes 

• Study aqueous behavior of graphene oxide-carbon nanotubes composites 
properties change under in situ reduction and with oxygen content.  

 

1.3  Dissertation Outline 

This dissertation includes five chapters. Chapters 1 and 2 are introduction and literature 

review about graphene, graphene oxide, and reduced graphene oxide. A study about the 

application of carbon nanomaterials in electronic devices is discussed. Chapter 3, in an 

effort to understand how properties of rGO change as GO is reduced, a stepwise reduction 

of the same GO to rGO containing different levels of oxygen was carried out, and their 

corresponding chemical and colloidal properties are reported. The continuing project, 

Chapter 4, reports the controlled synthesis of reduced graphene oxide-carbon nanotube 
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(rGO-CNT) hybrids and their aqueous behavior. The CNTs were suspended in an aqueous 

dispersion of GO, and the GO-CNT hybrids were reduced in situ in a controlled fashion 

using nascent hydrogen. This approach is novel and provides insight into rGO-CNT 

hybrids, which are very different from those made by mixing CNTs with rGO. This study 

also provides a basis for true comparison as to how chemical and colloidal behavior of 

stepwise reduced GO-CNT composites are changing depending on the degree of reduction. 

Lastly, Chapter 5 presents GO, functionalized carbon nanotubes (fCNT), fCNT-GO 

hybrids effects on an acrylamide gel electrolyte cast in a three dimensional printed cells to 

study thermal, mechanical, and electrochemical properties of generated composites. Figure 

1.1 shows a graphical abstract for this dissertation.  
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Figure 1.1  a) Step wisely reduced graphene oxide, b) Controlled reduction of graphene 
oxide in the presence of carbon nanotubes, c) Studying carbon nanomaterials doped gel  

  electrolyte. 

 

 

c 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter presents an introduction to graphene and its derivatives to explain why there 

are so many interests in this allotrope of carbon and its unique characteristics. A literature 

review on several applications for graphene-based nanomaterials as well as distinctive 

specification that makes them a great candidate research topic is discussed accordingly. 

After a short introduction to carbon nanotubes, additionally, it demonstrates how carbon 

nanotubes-graphene alters their effectiveness in different applications. Ultimately, the 

application of nanocarbon in electronic devices is presented in summary.  

 

2.1  Graphene, Graphene Oxide, and Reduced Graphene Oxide 

Since the discovery of fullerene in 1985, there have been numerous studies on various 

structures of nano carbons [2]. Carbon-based nanomaterials with a variety of nanostructures 

and morphologies such as nano onions, nanohorns, nanosheets, nanofibers, and nanocages 

attracted the researcher’s attention [2,6]. The most recent allotrope of carbon that has been 

proposed by computational simulation is Hp-C17 which consists of 17 carbon atoms in a 

hexagonal cell with an all-sp3 network [7]. Allotropes of carbon have very different unique 

properties based on sp, sp2, and sp3 hybridizations with different characteristics which make 

them capacitive for a wide range of applications [6-8]. Carbon attaches to the different 

elements properly and alters final properties, which makes carbon nanomaterials even more 

interesting with countless applications in different industries [6]. One of the rapidly 
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growing research fields is graphene and graphene-based nanomaterials which is a single 

layer of strongly bonded carbon atoms. 

 

2.1.1  Properties 

Graphene is a two-dimensional (2D) structure with a single layer of flat sp2 carbon sheet 

with excellent electrical, mechanical, thermal, and optical properties [9-11]. Stacked 

graphene layers that interact with each other are considered graphite, a very well-known 

structure of carbon-based materials. Since it was impossible to detect a single layer of 

atoms in a flake, the discovery of graphene was delayed, and the properties were out of 

sight for many years after graphite [12]. The numerous weak bonding between the layers 

prevents the graphene sheets from separating and holds the stack together. Unique 

properties of a single layer of graphene compared to graphite arise from electron 

confinement in two dimensions [13,14]. A graphene sheet is a cluster of aromatic 

macromolecules with a much higher specific area than activated carbon. 2D structure of 

the graphene is the leading block in producing other hybridized sp2 structure of carbon 

atoms [15]; for instance, carbon nanotubes are the rolled form of graphene sheets, and 

fullerene is the wrapped form of graphene sheet [16-18]. Figure 2.1 introduces the formation 

of carbon nanomaterials from honeycomb structure graphene sheet. Strong carbon-carbon 

bonds in the flat configuration are either rolled up in sphere fullerene structure or tubular 

carbon nanotubes. Properties of carbon nanotubes are discussed in Section 2.1.1.   
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Figure 2.1  Different forms of the graphene sheets.  
Source: [19] 

 

Carbons in the honeycomb structure of graphene are connected in sigma bonding 

and make it hard for other atoms to replace a carbon but, graphene structure includes 

different kinds of defects, such as topological defects (pentagons, heptagons, or both), 

impurities, vacancies, displacement of carbon atoms and defects on the edges [10,20,21]. 

These defects can be observed with transition electron microscopy (TEM) at sub-Ångstrom 

resolution and Raman spectroscopy [16]. There are two main peaks in the Raman spectrum 

of graphene: one is at ~1580 cm-1 which is according to the G-band, and one is at ~1350 

cm-1 which is according to the D-band [10,13,16]. G band in Raman spectrum is related to 

the in-plane optical vibration. D-band in the non-defective graphene will be eliminated. 

Raman spectrum also can be used to determine the number of graphene layers; for example, 

increasing the number of layers will cause a downshift in the location of the G-band [22]. 
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There are two approaches to investigate mechanical properties and Young’s modulus of a 

single layer or multilayer graphene sheets: molecular dynamics simulation [16] and atomic 

force microscopy (AFM) [23]. Mechanical properties also highly depend on defects [16]. 

Researches have shown that Young’s modulus and fracture strength for non-defective 

graphene are 1 TPa and 130 GPa, respectively [24]. Other important properties of graphene 

are zero-band gap, large surface area (2630 m2g−1), high mobility (1.5x104 cm2 V−1 S−1), 

and high thermal conductivity (5000 W m−1 K−1) [25]. It is crucial to study defects and 

disorders in graphene since it has an important role in the overall mechanical and electrical 

properties of graphene. Higher disorder and defects in the graphene structure lower the 

final electrical conductivity [26]. Difficulties in the production process, along with 

agglomeration and low solubility of graphene, limit the general application of this group 

of carbon nanomaterials [6].  Impurities, the addition of functional groups, and doping 

graphene with other atoms will establish a new category of materials with different 

properties than graphene. Graphene sheets are doped with elements such as Phosphorus 

[25], Nitrogen [27-29], Boron [30], Sulfur [31], as well as functional groups in order to 

improve electrochemical properties. Graphene that includes oxygen-containing groups 

referred to as graphene oxide is one of the most common graphene derivatives that have 

been widely studied. 

Graphene oxide (GO) is also a single layer of sp2 carbon layer which includes 

hydroxyl (-OH), carboxyl (-COOH), carbonyl (C=O), alkoxy (C-O-C), and other oxygen-

containing groups [32-34]. It mostly contains 45-55% oxygen which makes it highly soluble 

in aqueous solutions. Compared with pristine graphene, GO contains remarkable structural 

defects which are related to oxygenated groups [35,36]. The electrical, mechanical, and 
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chemical properties of GO highly depend on oxygen-containing groups [9]. Polar oxygen-

containing groups make GO highly water-soluble and suitable for aqueous phase 

procedures, for instance, drop-casting, sparing, and spin coating, which need well 

dispersed, uniform, and stable solutions [37]. Oxygen-containing functional groups are 

proper sites to modify GO by a variety of functional groups such as metals [38], enzymes 

[37], DNA [39], and bacteria [40]. Functionalized GO will be a new opportunity to access 

benefit graphene properties in different divisions [41]. Moreover, the engineering of GO 

allows reaching insulating, semiconducting, and conducting materials according to the 

final application. The number of researches on GO is increasing due to its processability, 

easy synthesis, and versatile properties. An optical image of GO shows wrinkles and 

folding of the sheets, which shows the flexibility of GOs. The size of the GO flakes depends 

on the graphite that has been used in the production process, and it varies from nanometer 

to millimeter scale. Depending on the final application of GO, the size of the flakes can be 

reduced to a nanoscale by a simple sonication procedure [42]. For instance, in bio-

applications and drug delivery systems, nano-size GO is a better candidate [43]. 

Removing oxygen-containing functional groups in GO will produce reduced 

graphene oxide (rGO). rGO is a general term that refers to the GO samples that have been 

in chemical, electrochemical, physical, and other techniques to remove oxygen-containing 

groups from GO [16]. Properties of rGO are strongly dependent on the oxygen content of 

the carbon sheets. It starts from 44% to almost no oxygen content which has very similar 

properties to graphene. Whenever properties of graphene are proper for final application 

GO will be reduced to generate rGO since GO production is a more simple procedure than 

graphene production.  
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2.1.2  Synthesis and Preparation   

Preparation of graphene is very critical in order to reach the desired size, number of layers, 

and purity [12]. Two essential methods to produce nano-scale materials are top-down and 

down-top paths [44]. Chemical vapor deposition (CVD) [16] is a down-top approach to 

produce high-quality single-layer graphene sheets. During the CVD process desired 

structure of graphene is produced by decomposing of selected hydrocarbon and lateral 

growth on the substrate in a reaction chamber [45]. This is a very low speed with a 

production rate of a few microns per hour. Down-top methods such as (CVD) and epitaxial 

growth [46] produce high purity graphene, but they are very complicated methods with  

high cost and high maintenance processes. There are a few researches about the preparation 

of graphene out of carbon nanotubes (CNT) which is called un-zipping of CNTs [47]. In 

this method, CNTs will subject to open up longitudinally by chemically exfoliation, 

mechanical, electrochemical, and hydrothermal methods [48]. For instance, CNTs in the 

intercalation of lithium and ammonia continuing process by acid exfoliation will produce 

nanoribbons and graphene concurrently [49]. Plasma etching is also sufficient to open up 

CNTs. CNT un-zipping proceeds low quantities of graphene and is not scalable, and 

methods have been reported earlier [13]. The top priority of graphene production is to make 

high-quality, scalable sheets in order to be used in large-scale applications. Top-Down 

methods such as graphite oxide exfoliation are the most common path to produce graphene 

on large scales. In the very beginning steps, scotch tapes were used to mechanically 

exfoliate graphite oxide sheets to produce few layers of graphene oxide (GO), which is the 

oxidized graphene sheet including hydroxyl, epoxy, carbonyl, and carboxyl functional 

groups [12]. The product was used to fabricate electronic devices, but the applications were 
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limited due to the insufficient exfoliation process. Hummer’s method was developed in 

1958, which is a chemical process that starts with oxidation of graphite to increase 

interlayer distance and proceeds with exfoliation of graphite oxide [6]. In this chemical 

process, potassium permanganate is added to sodium nitrate and sulfuric acid, including 

graphite. Organic solvents such as dimethylformamide (DMF), tetrahydrofuran (THF), and 

ethylene glycol can be used to exfoliate graphite oxide.  The product of exfoliation of 

graphite oxide is GO [50]. Figure 2.2 summarizes the procedure of Hummer’s method in a 

graphical format. Based on Figure 2.2, two steps of GO production are oxidation of 

graphite sheet and exfoliation of graphite oxide. Hummer’s method is the most common 

approach to produce inexpensive GO on large scales for further application due to the low 

cost of raw materials and uncomplicated process.  

 

 

Figure 2.2  Formation of graphene oxide from graphite sheets by Hummer’s method. 
    Source:[51] 



   12 

The main disadvantage of Hummer’s method is that the oxidation of sodium nitrate 

emits toxic gasses. There are different studies on modification of Hummer’s method, which 

proposes the replacement of sodium nitrate by sulfuric or phosphoric acids and increasing 

amount of potassium permanganate [52]. There are also other methods to produce graphene 

including, micromechanical cleavage, mechanical ablation, etc. [53].  

Since Hummer’s method and modified Hummer’s method are inexpensive and 

easy, they are the most common procedures to produce insulator GOs which should be 

reduced to conductive rGOs to become processible in electronic devices. GO, which is the 

oxidized graphene sheet is the more preferred form for composite applications. Since 

pristine graphene sheets tend to agglomerate and 𝜋 − 𝜋 stacking occurs in flat graphene 

sheets, GO is mostly used to produce uniform and fully dispersed nanocomposites, 

followed by removing oxygen-containing groups to reach rGO properties [54]. Removing 

oxygen content to produce rGO, which has close characteristics to graphene, brought to 

attention and, it has been several studies on the reduction of GO. The most effective method 

to produce graphene in large scales is to remove oxygen content in GO structures. There 

are numerous researches on effective, low cost, non-toxic and mass production of rGOs 

[16]. The first approach to determine the effectiveness of reduction method is the color of 

the colloid state. Brown/yellow (depending on concentration) converts to a blackish 

solution after reduction, and in the solid-state, the brown color of GO transforms into 

metallic due to the increment of electrical conductivity [55]. Visual differences of GO and 

rGO in the solid and colloid state are presented in Figures 2.3 a) and b). Figure 2.3 b) shows 

the brown color of GO aqueous solution changes to black color after reduction. With even 

a mild reduction and removing a small number of functional groups, solution color 
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transition happens in the aqueous suspension. This method has been used to verify that the 

reduction was processed successfully.  

 

 
 

Figure 2.3  Visual differences between GO and rGO.  
Source: [16] 

 

 Chemical, electrochemical and thermal approaches are used to eliminate oxygen-

containing groups in GO. To achieve a high quality rGO, it is important to decrease the 

reduction process time. As the reduction process time increases, it causes the aggregation 

of rGO sheets and lower colloidal stability. The most common method that has been used 

to reduce GO is using hydrazine [9] as reducing agent stirred for 12 hours under 80 ℃. 

Hydrazine reduced GO shows the closest electrical and structural properties to pristine 

graphene [54]. A disadvantage of this method is that hydrazine is a toxic agent, and also the 

process is time consuming, but it is scalable [56]. Other reducing agents that have been used 

to reduce GO are sodium borohydride (NaBH4) [57], hydroiodic acid (HI) [58], 

hydroquinone [59], strong alkaline solutions (KOH, NaOH) [16], and hydroxylamine [60]. 
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Among these reducing agents, NaBH4 is mostly used due to the better electrical 

conductivity of rGO products. The intermediate boron oxide complex acts as an interlayer 

spacing and prevents stacking of rGO layers [61]. Another chemical reduction route for GO 

is to use aluminum (Al) or zinc (Zn) in an acidic environment. Al reacts with hydrochloric 

acid (HCl) and produces hydrogen. Hydrogen reaction with oxygen-containing functional 

groups generates rGO after 2 hours process [54]. Organic solvents including 

dimethylformamide (DMF) and alcohols (methanol, ethanol, isopropanol) have been used 

to remove oxygen content. DMF and GO solution was kept at 153 °C for 1 hour to fabricate 

a highly conductive (6380 S m−1) rGO [54]. Semiconductors such as TiO2 are used as 

photocatalysts, and charge separation occurs after UV radiation [62]. Accumulated 

electrons in this process react with oxygen-containing groups of GO and create rGO. The 

electrochemical approach to convert GO to rGO occurs in a typical electrochemical cell, 

including an aqueous buffer at room temperature. Electron exchange between electrodes 

and GO generates rGO, and there is no need for further reducing agents [63]. Thermal 

reduction of GO is a heating treatment process at high temperatures, which starts with 

exfoliating of graphite oxide at the rate of 2000 ℃/𝑚𝑖𝑛. High temperature decomposes 

oxygenated groups attached to carbon into the gas phase [64]. During the rapid exfoliation 

of graphite oxide, exfoliation, and reduction happen in one step. Yet, it makes wrinkled 

graphene in very low quantities, and requires specific environment and equipment with 

high energy consumption. Thermal annealing shows the best electrical conductive rGO 

among all the reduction methods and in some studies, it has been combined with chemical 

methods for further oxygen content removal. Furthermore, dispersible GO that has been 

used in composite production goes under the thermal reduction process to apply in situ GO 
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reduction [54]. There are green approaches to remove oxygen functional groups of GO with 

no ecotoxicity by using plant extracts such as eucalyptus leaf extracts, green tea, sugar, 

starch, rose water, pomegranate juice, ganoderma lucidum extract, sugarcane bagasse 

extract (SCE), lycium barbarum extracts, salvadora persica roots extract, kaffir lime peel 

extract, spinach leaves juice, asian red ginseng, honeycomb flavone chrysin, caffeic acid, 

oxalic acid, and gallic acid as reducing agents. rGO produced by this method are colloidally 

stable in polar and organic solvents, but these are limited sources and reaching large 

quantities of these materials is the most challenging issue [54]. All mentioned reduction 

methods can be combined in order to increase efficiency, and reach preferable final 

product.  

Properties of GO and rGO highly depends on carbon to oxygen ratio. Elemental 

analysis and X-Ray photo electron spectrometry (XPS) are two approaches to determine 

the C/O ratio. It has been reported that data reached from these two methods are consistent, 

but the elemental analysis is more useful due to the fact that it presents bulk analysis, unlike 

XPS, which is more for surface characterization.  

 

2.1.3  Dispersion of Graphene Derivatives in Polar and Non-Polar Solvents 

Preparation of graphene and its derivatives in solution form in water or organic solvents 

plays an essential part in further applications of these nanomaterials. The study of 

dispersibility and solubility of graphene in water and organic solvents is the first step to 

prepare uniform solutions. These characteristics highly depend on parameters of graphene 

derivatives such as functional groups. Oxygen functional groups in the GO increases the 

surface energy, which leads to the hydrophilicity of GO compared to rGO or pristine 

graphene. Electrostatic repulsion is the reason that negatively charged GO sheets are 
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relatively stable in aqueous solutions. However, graphene is highly hydrophobic and 

instantly agglomerates in the aqueous solutions. Yet, the pristine graphene is more stable 

in nonpolar solvents compared to GO [18,65,66]. To increase the dispersibility of GO in 

nonpolar solvents, there are approaches such as functionalization of GO with polymers or 

other molecules [18]. Studying the aggregation of graphene derivatives in an aqueous 

solution is also important environmental-wise, and it is essential to understand how 

nanomaterial particles are transferring in the environment [67]. The dispersibility of 

graphene nanomaterials can be measured experimentally or using molecular dynamics 

(MD). MD is an efficient molecular simulation method that uses classical mechanics to 

anticipate the structure, movement, and geometry of molecules In this case, describes the 

interaction between solvent molecules on the surface of the nanomaterials [68,69]. MD is a 

computational approach for having a better understanding of molecular interactions. In one 

study, Chen et al. used MD and  proposed that using a solvent, for instance, dimethyl 

sulfoxide (DMSO), in aqueous solutions helps with the dispersibility of GO [68]. Figure 

2.4 presents MD for GO in DMSO and water solution. Figure 2.4 c) shows water molecules 

on the GO sheet. And Figure 2.4 b) shows DMSO on the attracted water layer working as 

a double layer which prevents aggregation of GO sheets.  

 

 
 

Figure 2.4  Molecular simulations of a) and b) DMSO and GO in aqueous solutions,  
    c) Water layer on GO sheets.  

Source: [68] 
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2.1.4  General Applications of Graphene Derivatives  

According to the excellent electrical, mechanical, optical, and thermal properties of 

graphene, there is a wide range of applications for graphene and graphene derivatives. 

There are extensive applications from electronics [70] and sensors to biomedicines [71] and 

environmental sciences for graphene-based materials. Some of the developing applications 

of graphene are transparent electrodes, electrocatalysts, supercapacitors, fuel cells, and 

drug delivery systems. Figure 2.5 summarizes the variety of graphene-based applications. 

The most challenging part with graphene is the size of graphene sheets and the coagulation 

of them. Also, the insolubility of graphene in aqueous solutions limits some of the 

applications which can be replaced by GO in order to overcome this dilemma [65,67,72]. 

Yet, this will cause a lack of fast electron transferring ability in biosensors.  

 

 

 
Figure 2.5  Summary of graphene applications.  
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Graphene has very high mobility, mobility of 200,000 cm2 v−1 s−1 [74], mechanical 

stiffness of  1060 GPa, an excellent light transmittance of 97.7%, a large surface area of 

2630 m2 g−1, and thermal conductivity of 5000 W m−1 k−1 [13]. It is also a zero-band gap 

semiconductor that can be used in nanoribbon form with narrow width and soft edges to 

reach a sufficient band-gap for transistor applications. Furthermore, engineering band-gap 

by heteroatomic doping graphene is another approach to fabricate desirable electrical 

properties for electronic application [75]. Dopants that have been used for graphene are 

nitrogen [76], boron [77], sulfur [78] and potassium [79,80]. Graphene-based materials have 

diverse properties from insulators to semiconducting and conducting structures, which 

broadens the applications in different industries [81]. They also have non-corrosive nature 

and chemically inert materials [81]. Graphene derivatives are highly used energy storage 

devices such as batteries, capacitors, and supercapacitors. Details about this category of 

applications are discussed in Section 2.3.  

Applications of graphene-based materials are not limited to electronics, and they 

can be used for biotechnology and biological studies such as functionalized biosystems. 

Structural properties, as well as biocompatibility of graphene monolayers, establish a great 

candidate for biomedical engineering [81]. Figure 2.6 presents the integration of graphene 

with biological samples in order to improve biocompatibility, solubility, and selectivity.  

For instance, graphene and GO sheets adsorbed deoxyribonucleic acid (DNA) by 𝜋 − 𝜋 

stacking on both sides and used as fluorescence resonance energy transfer (FRET) 

biosensors and field-effect transistors (FET). FRETs and FETs can be used for living cell 

detection as well as diagnostics and therapy with excellent selectivity and reproducibility 

[11,22,81]. 



   19 

 

 
 

Figure 2.6  Functionalization of graphene with biological samples by physical adsorption 
 or chemical reaction.  
 Source: [11] 

 

Graphene and its derivatives are proven to be antibacterial with chemical and 

physical interaction with bacterial cells. Antibacterial mechanisms are the synergy of 

membrane stress, oxidative stress, and wrapping isolation. But the aggregation behavior of 

nanomaterials is an important parameter in antibacterial activity. The smaller the size of 

the nanoparticle, and the higher metallic property show higher cytotoxicity [82,83]. 

Graphene that has been functionalized with silver nanoparticles, titanium dioxide, zinc, and 

copper is also studied for its antibacterial properties. In order to functionalize graphene, it 

should have oxygen-containing groups. Thus, GO or rGO is better candidates for using 

graphene-based materials along with other antibacterial materials [84]. GO coated polymers 

are another method to introduce GO to the bacterial environment. Liu et al. used a GO layer 
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on top of a silicon rubber substrate to reduce the risk of inhalation of GO sheets. This 

method is easy to recycle and useful in medical instruments [85]. The size of the GO flakes 

is an important parameter in nano-bio application. Performing ultrasonication of GOs for 

1 hour decreases the sheet’s size to nanoscale. Incorporation of nano-sized GOs into 

hydrophobic drugs proposed for fast drug delivery systems [43].  

Another application of graphene and its derivates are according to their excellent 

electrocatalytic properties of them. Graphene/noble metals such as Au, Pt, Pd, and Ru 

composites are generated by physical vapor deposition, atomic layer deposition (ALD), 

and wet chemical synthesis. Electrocatalytic-energy-conversion applications, such as the 

hydrogen evolution reaction and CO2 reduction was improved in the composites compared 

to conventionally used methods [86].  

Graphene is a useful additive to improve the thermal properties of epoxy resins, 

such as thermal interface materials (TIM) that are assigned to minimize the thermal contact 

resistance and improve heat dissipation of electronic devices [87]. The important factor for 

this application is the high thermal stability of graphene. Graphene, in general, is a great 

candidate in composite materials in order to increase the overall thermal stability of 

composites. For instance, in a study addition of 0.05% graphene to polyvinylidene fluoride 

(PVDF) increased the decomposition temperature by 20°C [88]. Electrical conductivity and 

thermal conductivity were also surged significantly by introducing graphene to the 

composite structure.  

Besides using graphene in PVDF composite, a thin layer of graphene on top of the 

PVDF membrane proved a promising nanofiltration system for water purification. The 

modified membrane showed higher separation rates for organic dyes [89]. There are 
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difficulties with using graphene-coated membranes since non-defective graphene is a 

packed layer of carbon and it has impermeable nature [90]. To overcome this issue, 

membranes coated by defective GO sheets have shown enhanced efficiency in applications 

of selective ion-transport [91], vapor transport [92], hydrogen separation [93], water transport 

[94], proton exchange [95], and desalination [96]. 

The surface plasmon property of graphene and its behavior as a photoluminescence 

compound make it suitable for the optical sensors, the optical fibers, and photodetectors 

[73]. Precious metals such as silver and gold can be easily replaced by graphene. Also, it is 

hard for graphene to be oxidized, unlike silver and gold. In order to reach the 

photoluminescence properties of graphene, it should be cut in small sheets with 3-20 nm 

length, and it is called graphene quantum dots (GQD) [97].  

Applications of GO are different from graphene since they both have different 

unique properties. Reactive surface-bound oxygen-containing groups of the GO sheets can 

be replaced by functional groups and metals in order to reach desirable criteria for further 

applications. For instance, functionalization of GOs by polymers will make novel 

composites and, according to selected polymer properties will be different. Electroactive 

polymers such as polyaniline (PANI) [98], poly- styrene sulfonate (PSS) [99], nafion [100], 

and poly- diallyl dimethylammonium (PEDOT) [101] incorporated with graphene to 

enhance electrochemical properties and sensing properties of graphene or polymer sensors. 

PANI/GO has been used in supercapacitor electrodes and has delivered a uniform structure 

with higher specific capacitance with better a lifetime of charging and discharging cycle 

[102]. Both covalent and noncovalent modification of GO has been reported. Electrostatic 

and hydrogen bonding, as well as 𝜋 − 𝜋 stacking is a noncovalent modification of GOs. 



   22 

One of the noncovalent methods to generate GO composite is to sonicate functionalization 

agent and GO in an aqueous or an organic solvent followed by evaporation of the solvent. 

GO sheets will sandwich polymer between layers. Important parameter in composite 

applications is the concentration of carbon nanomaterials. Increasing the concentration of 

graphene-based materials (more than 10%) increases the agglomeration areas and 

decreases the uniformity of composite [103]. 

 

2.1.5  Toxicity of Graphene-Nanomaterials  

Increasing usage and applications of carbon-nanomaterials, specifically in biomedicine, 

increases health and safety concerns. On another aspect, the release of graphene derivatives 

in the environment and aquatic medium is unpreventable. From a biological point of view, 

it was demonstrated that highly hydrophobic graphene is toxic due to the accumulation on 

cell membrane surface followed by DNA damage and oxidative stress [103,104]. Methods 

to decrease the toxicity of graphene-based materials are surface modification and 

functionalization as well as composite preparations. A mechanism that was proposed for 

rGO toxicity in the aquatic environment is that rGO with lower oxygen content on the 

edges are acting like a nano blade and disturb algal cells [104]. 

Additionally, the reaction of graphene derivatives with air pollutants and threading 

human life by migration of particles through inhalation should be studied in detail. 

Interaction between graphene and air pollutants such as ozone (O3), oxygen difluoride 

(OF2), carbon monoxide (CO), phosgene (COCl2), nitrogen oxides, and sulfur oxides was 

studied by Zhou et al. It was concluded that pristine graphene is weakly attached to the 

pollutants and there was no significant change in physical and chemical properties of 

graphene [105]. 
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2.2  Graphene Oxide and Carbon Nanotube Hybrids 

2.2.1  Carbon nanotubes, Structure, and Properties  

Tubular and rolled-up graphene sheets called carbon nanotubes (CNT) was discovered in 

1991 by Iijima [106]. There are two variations of CNTs: single-walled CNTs, and multi-

walled CNTs based on tubes with different structural, and slightly different properties [107]. 

Besides excellent thermal, mechanical and electrical properties of CNTs, the 1D CNT 

structure brings up new “line-to-point” contact areas between the CNT framework in 

composites [108,109]. Different functional groups were introduced to carbon nanotubes in 

order to change some properties such as solubility and dispersibility, as well as expanding 

the applications of CNTs. Oxidizing CNTs by acid treatment is the most used 

functionalization process, which will establish the sites for further functionalization. 

Carboxyl functional groups added inert chemicals and defect-free tubes in sulfuric acid and 

nitric acid mixture in order to increase the dispersibility and solubility of CNTs [110]. 

Further functionalization of CNTs with amine, metals, and biological species are also 

reported in several researches. Based on a study by Zhang et al. amine-functionalized CNT 

showed better performance in removing heavy metals due to the functional groups 

coordination with heavy metals [111]. Maleki et al. prepared aminated CNTs to increase 

dye adsorption in wastewater treatment [112]. The presence of oxygen-containing groups 

on CNTs increases the interaction of metals such as gold (Au), silver (Ag), and platinum 

(Pt) with CNT walls and fabricates more stable products for electronic applications [113].  
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2.2.2  Advantages of Using Graphene and Carbon nanotube Hybrids  

Graphene and carbon nanotubes (CNT) are two sp2 hybridized structures of carbon. CNT 

is the rolled-up graphene sheet in a single wall and multi wall shape. The high length to 

diameter ratio, high electrical conductivity, and mechanical strength of CNTs have made 

them very attractive among carbon nanomaterials. Applications of graphene and GO are 

increasing due to their unique structure and properties, but it is difficult to maintain the 

single layer of the sheets [114]. Modification of CNT or GO is a method to improve their 

properties, yet, some intrinsic properties will change after modification [115]. One method 

to improve the properties of CNT and GO is fabricating hybrids with these two components 

followed by combining their properties. Recent studies show altered properties of 

graphene/CNT and GO/CNT over individual graphene and CNT materials [8,20]. Figure 

2.7 represents scanning electron microscopy and transmission electron microscopy of 

graphene and CNTs. Figure 2.7 e) shows the TEM image of the CNT-GO hybrid that CNT 

has been distributed between GO sheets. It is proved that the agglomeration of CNTs and 

GOs will be decreased by using the GO-CNT hybrid over the individual components. GO-

CNT hybrids are mostly used in composite materials, and the distribution of fillers in 

composites is a crucial point in composite production [116]. Band gap and electrical 

properties of the hybrids change over single materials, and it should be considered in 

electronic applications [114]. The most important property in the hybrids is the synergetic 

effect the in their structure which improves the ultimate performance [8].  
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Figure 2.7  Scanning electron microscope images of a) Graphene, b) Carbon nanotubes, 
 and Transmission electron microscope images of c) graphene and d) Carbon nanotubes, 
 e) Graphene- CNT hybrid. 

a 

 

b 

 

d 
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The main problem with individual CNT and graphene, is low dispersibility in 

organic and aqueous solvents. CNTs tend to tangle and agglomerate because of the van der 

Waals forces making them unsuitable for use in composites [67]. The lower dispersibility 

of CNTs are, the more uneven composite will be produced. Carboxylation of carbon 

nanotubes is a method to increase the dispersibility of them in the aqueous solutions, but it 

will affect their properties of them. GO has been used in different studies as a dispersing 

CNTs in the solutions. GO is an inexpensive, easily produced single layer of oxidized 

carbon layer that can be used as a dispersing agent for CNTs [117].  

However, an important consideration is that aggregation of graphene sheets is often 

an unwanted process during GO reduction. This is a well-known phenomenon and leads to 

the formation of hard agglomerates. Processible rGO, which is suitable for further 

applications, should have minimum interaction between layers. The presence of CNT in 

GO-CNT hybrids prevents hard agglomeration of GO during the chemical reduction of 

oxygen-containing groups [118]. 

 

2.2.3  Synthesis of Graphene/CNT Composites 

The preparation of graphene/CNT hybrids and their applications have been investigated in 

different studies. CNTs will be distributed in graphene/CNT hybrid in three different 

orientations. Based on Figure 2.8, in type 1 CNTs will disperse between the layers of 

graphene sheets, in type 2 will indent in the graphene sheets, and in type 3 CNTs will wrap 

around GO sheets. Type 1 is the most common form of hybrids, which does not need any 

specific formation method, and graphene works as a substrate for CNT. Type 2 shows 

better plane electrical conductivity, and mechanical strength, and CNT grows on graphene 

sheet by means of catalysts. Preparation of perpendicularly attached CNTs to graphene 
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sheet is a difficult structure to achieve and it depends on the aspect ratio of each component. 

This is a unique structure of core-shell complex with an increased oscillating frequency of 

nanometers and reduced damping coefficient. Formation of graphene/CNT composites 

consists of the following methods: Chemical vapor deposition (CVD), layer by layer 

assembly (LBL), vacuum filtration (VF), electrophoretic deposition (EPD), and in situ 

reduction (ISR) [119].  

 

 
 

Figure 2.8  Different types of distribution of CNTs in graphene CNT composites. 
       Source: [119] 

 

CVD, which is mostly used for thin-film fabrication, has been used to attach CNTs 

vertically on the graphene from both ends. The idea is the formation of graphene on the 

substrate and CNT growth on the graphene sheet through catalyst followed by etching of 

the first substrate. In the next step, CNT will be sandwiched between graphene layers. The 

length of CNTs is around 100 nm and uniformly distributed between graphene layers [120]. 

Graphene-CNT-graphene sandwich has a high specific capacity that is suitable for 

electronic devices [121]. LBL is also two-phase process that is based on oppositely charged 

components. Interaction between graphene and CNT is formed on electrostatic forces that 

can be applied in larger areas. Self-assembled uniformly sandwich layers of graphene and 



   28 

CNT is also used in electronic devices. VF that is a method to separate solids and liquids, 

is an easy technique to prepare GO-CNT hybrid films. GO, and CNT should be dispersed 

in a solution followed by VF on a membrane filter. The film will be removed from the 

membrane and transferred on a proper substrate for further applications. The challenges in 

the VF technique are selecting a suitable surfactant in order to reach a homogenous 

solution. Graphene and CNT are both hydrophobic and are not going to disperse in the 

aqueous solutions, so N-methyl pyrrolidone (NMP), block copolymers, tetra butyl titanate, 

and gallic acid has been proposed in order to reach a uniform solution. Microporous 

polyvinylidene fluoride membrane with a pore size of 0.45 has been used to separate solids 

from the liquid and generate a hybrid film [119].  

 

2.2.4  Applications of Graphene/CNT Composites 

Using CNT and GO separately in composites have been extensively studied throughout the 

years; their effectiveness in altering electrical, thermal, and mechanical properties have 

been proved. Carbon nanotubes- graphene hybrids also have been used in different areas 

such as energy storage devices (batteries, supercapacitors) [122-125], sensors, composite 

materials [24,126] and, water purification [127,128]. A different variation of CNT and 

graphene have been used based on the final application of the product. Carboxylated and 

pristine CNTs, along with GO and rGO, have different electrical and ionic conductivity 

depending on functionalization groups. But for all these variations, there is 𝜋 − 𝜋 stacking 

interaction between CNTs and Graphene layers which increases synergistic effects in the 

hybrids and improves overall properties. Synergetic effect in all these combinations is the 

key parameter that makes CNT-Graphene hybrid so unique for further applications [119]. 

In a study, Polybenzimidazole composite showed improved electrical conductivity and 
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tensile strength after reinforcing polymer by GO-CNT in comparison to using GO and CNT 

separately in the polymer matrix [129]. In another study, Song suggests sandwiching 

polymer between fCNT and rGO by attaching the polymer chain to fCNT at the first step 

and attaching the polymer functionalized by fCNT to the rGO at the second step [34]. 

Improvement of thermal conductivity and mechanical strength of styrene-butadiene rubber 

was the outcome of this approach. Graphene-CNT was used for fire protection and 

improving thermal stability as well as water-resistance of the composites [130]. Overall, 

carbon nanofillers are very effective additives in composite production since they have a 

higher impact on thermal conductivity and mechanical properties with minimum filler 

content [131]. CNT-rGO has been used as an additive to ionic liquids in high vacuum to 

reduce friction and improve wear resistance [119,132]. This idea opens a new class of 

applications in space. Wimalasari proved in a research that CNTs in GO-CNT hybrid works 

as a diffusion path for ion conduction and increases the porosity of the structure. This 

phenomenon increases the specific capacity of the hybrids and makes them beneficiate for 

energy storage devices [133].  

Another application for GO-CNT hybrids is in membrane separation. Polyimide 

membranes reinforced with the hybrids for gas separation approaches. It was concluded 

that membranes including GO-CNT showed improved gas sensing and separation 

performance [134]. Sui et al. used GO-CNT hybrid for water purification approach and 

proved the potential of hybrids in deionization of light metal salts and heavy metal ions, as 

well as removing organic dyes [127]. In a study by Liu et al. epoxy reinforced composites 

with 0.5% GO-CNT for enhancing microwave and electromagnetic absorbing properties 

[115]. 
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2.3  Application of Carbon-based Nanomaterials in Electronic Devices 

2.3.1  Energy Storage Devices 

Climate change caused pollutions produced by human being have become an important 

concern in current days. Fossil energy sources are the main origin of greenhouse gases, 

mainly carbon dioxide, and also, they are limited resources for consuming energy in future 

days. Environmental issues and the limitation of fossil energy sources have highlighted the 

importance of other energy sources such as solar, wind, and electric energy [135,136]. 

Converted energy from renewable sources such as wind and solar resources needs to be 

stored effectively to increase efficiency. Energy storage systems have been through so 

many improvements in the past decades. Performance comparison of different energy 

storage devices is presented in the Ragone plot in Figure 2.9. 

 

 
 

Figure 2.9  Energy storage Ragone Plot.  
Source:[137] 

 

Energy storage devices need continuous development and increase overall 

performance as well as durability. The best energy storage device is the rechargeable one 

with the highest specific energy and the fastest charging time [138]. Batteries and 
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supercapacitors are widely investigated to improve overall performance. Electrodes, 

electrolytes are the main variables that are common in these devices, and the study of their 

materials is important in order to reach the highest capacity. Next, the most used energy 

storage devices are discussed.  

2.3.1.1  Capacitors, A capacitor is the simple system of using an insulator (dielectric) 

between conductors (electrodes), but the research to reach higher power density, and the 

higher energy density continues. Different types of capacitors such as film, ceramic, 

electrolytic, and double-layer capacitors are available [139]. Investigation on types of 

dielectrics used in capacitor continues.  

2.3.1.2  Supercapacitors, Supercapacitors (SC) have higher specific energy compared to 

capacitors and they have specific energy close to batteries without any chemical reaction. 

There is a later of activated carbon on the conductive metal layer of electrodes in SC which 

makes them double-layer capacitors. Figure 2.10 represents a schematic of double layer 

electrochemical capacitor and shows the importance of ionic conductivity of electrolytes 

as well as conductivity of electrode film on current collector [140]. Supercapacitor, along 

with rechargeable batteries, will increase the battery life and energy recovery efficiency in 

hybrid and electric cars [141].   
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Figure 2.10  Double-layer supercapacitor.  
Source:[140] 

 

2.3.1.3  Batteries, Batteries are separated into two main groups as primary and secondary 

batteries. Primary batteries that cannot be recharged are being used for portable electric 

devices are Zinc-carbon (Zn-C) battery, Alkaline battery, Lithium primary cells. Secondary 

batteries that are rechargeable include Lead-acid (Pb-A) batteries, Lithium-ion batteries, 

Lithium-Sulphur (Li-S) batteries, Nickel-metal hydride (Ni-MH) batteries, Nickel-

cadmium (Ni-Cd) batteries, and Nickel-zinc (Ni-Zn) batteries [142]. There are more efforts 

for optimization of rechargeable batteries since they are more being used in chargeable 

devices such as phones and electric cars. Commercial lithium-ion batteries (LIB) were first 

started 30 years ago by Sony Co. in portable electronics with high energy density but low 

power density [143,144]. LIB is still the most used rechargeable battery in portable devices 
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such as phones, laptops, and electric cars. Lithium is the key component in LIB batteries 

which is ionized in the anode and they move through the cathode, and electrically 

neutralize. Different types of electrodes for anode and cathode, separators, and electrolytes 

have been used throughout the years to reach the maximum capacity of these types of 

batteries. But still, there are struggles such as environmental hazards issues as well as cost 

issues for LIBs [145]. To overcome the deficiency of the LIBs, environmentally friendly 

alkaline batteries have been developed, which provide high power density due to the 

aqueous electrolytes [146]. Alkaline batteries use nickel/manganese/zinc-based cathodes. 

High specific energy and low cost is the advantage of the alkaline batteries [147].  

Recently, developing iodine-based batteries have become more interesting due to 

their high theoretical specific capacity (211 mAh g-1) and fast reaction kinetics.  

In another point of view, increasing demand for wearable and flexible technologies 

is a motivation for numerous researches on light-weighted, flexible energy storage devices, 

which means using flexible electrodes as well as practical electrolytes [148]. 

2.3.1.4  Fuel cells, Fuel cells (FCs) with the highest specific energy are the form of energy 

storage devices that converts different energy of chemical fuels into electrical energy. 

Advantages of FCS over other energy storage devices are higher energy conversion 

efficiency and minimum energy loss as heat as well as low carbon dioxide emission 

[149,150].  

 

2.3.2  Carbon Nanomaterials Incorporated into Batteries 

Rechargeable batteries and renewable sources of energy are growing in different industries, 

specifically using electric cars instead of using fossil energy sources. There are 

environmental concerns as well as interest in high technology to move from conventional 
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vehicles to hybrid or fully electric cars [151,152]. Fuel cells and batteries are candidates for 

new technology vehicles. Lithium-ion batteries are the most common rechargeable 

batteries for electric cars. As mentioned earlier, the most concerns in the battery industry 

are higher energy density, specific energy, and low solubility in electrolytes and low self-

discharge rate. The number of electron processing is cathode material plays an important 

role in the specific capacity of the batteries. Among carbon-based materials, the physical 

and chemical properties of graphene and CNTs are most desirable for active electrode 

materials due to the high surface area and excellent electrical conductivity. They also 

improve flexibility and porous structure as well as buffering support for anode electrode. 

Since GO reduction is the most used method in rGO production and electrical conductivity 

is the key factor in electrode materials, Table 2.1 summarizes the effect of the reduction 

method on the electrical conductivity of rGOs. The reduction method is a harsh chemical, 

thermal or electrochemical method that removes oxygen-containing groups from the 

surface of graphene sheets that increases the electrical conductivity of the products, and 

causing unpreventable defects. The reduction method must be selected based on the final 

application; for instance, in battery applications that electrical conductivity is crucial for 

the performance of the batteries.  
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Table 2.1 Electrical Conductivity of rGO Based on Reduction Method 

 

 
Derivative 

 
Reduction/modifying agent 

 
Electrical 
conductivity  
(S.cm−1) 
 

rGO KOH 60 

rGO Hydroiodic acid 103 

rGO Hydrazine hydrate 58 

rGO Hydrobromic acid 36 

rGO Sodium borohydride 34 

rGO Dextrose 18 

Gr Hydrazine hydrate 1000 

TrGO Thermal 2.3 

Gr Ammonia and hydrazine 5.5 

GNS Ammonia and hydrazine 7.2 

TrGO Hydrazine and thermal annealing 298 

TrGO Thermal 727 

rGO Hydroiodic acid and acetic acid 304 

GNS Hydrazine 24 

fGO Hydrazine and Pyrene groups ∼1000 

TrGO Thermal reduction 80 

 Source: [103] 

 

Figure 2.11 summarizes the graphene derivatives along with polymers in the form 

of composites that have been used in electronic devices. Graphene derivatives have 



   36 

different electrical properties based on structure, functional groups, and defects. Selected 

graphene material might be modified, doped, or combined with polymers to fit the final 

application. Determination of the proper nanocarbon, as well as engineering the structure 

of it, opens a wide range of applications in different energy storage devices. Engineering 

band gap as well as controlling electrical properties are the most important parameters in 

battery design.  

 

 

Figure 2.11  Summary of Graphene derivatives and polymers composite.  
Source:[51] 

 

Table 2.1 is a summary of findings in the electrical conductivity of graphene-loaded 

composites. It was concluded that the electrical conductivity of rGOs enhances 

significantly after using along with a polymer or filler [103]. As expected, polyaniline, 

which is a conductive polymer, shows the best electrical conductivity among the 

composites, and for most of the concentration of the graphene in the samples was kept low. 

At the higher graphene concentrations, sheets agglomeration occurs, and conductivity 

decreases [103] 



   37 

Table 2.2  Electrical Conductivity of rGO and Polymer Composites 
 

Nanocomposites Filler 
loading 

Fabrication 
method 

Electrical 
conductivity 
(S.cm−1) 

Polystyrene/Phenyl 
Isocyanate-functionalized 
rGO 

2.5 vol.% 
Melt 
blending/Solution 
casting/In situ 

0.1 

Poly(ethylene-2,6-
naphthalate) 5 wt.% Solution casting 0.0004 

PET/Graphene 3 vol.% Melt blending 0.1 
Polystyrene/Graphene 2.5 vol.% Solution casting 0.1 
Polystyrene/Graphene 5 vol.% Solution casting 1 
PMMA/Graphene 1-5 wt.% Melt blending 0.1 

Polyurethane/Graphene 

0.015, 
0.02, 
0.025 vol.
% 

Melt 
blending/Solution 
casting/In situ 

0.0001 

Polypyrrole/Graphene 20 wt.% In situ 7.930 
PVDF/Graphene 15 wt.% Solution casting 0.01 
polystyrene-co-
acrylonitrile 
(SAN)/TrGO 

12 wt.% 

Melt blending 

0.0012 

Polypropylene/TrGO 12 wt.% 0.001 
Polycarbonate/TrGO 5 wt.% 1 × 10−5 
Polyamide 6/TrGOH 12 wt.% 7 × 10−6 
PDMS/Graphene 4 wt.% Solution casting 1 × 10−7 
Natural rubber/Graphene 0.3 
Nylon-6/Graphene 1.5 vol.% In situ 0.001 
HDPE/Graphene 3 wt.% 

Melt blending 
2 × 10−11 

Polyphenylene 
Sulfide/Graphene 4 wt.% 1 × 10−6 

Polyaniline/Graphene 1.5 wt.% In situ 10 
Polyvinyl 
Alcohol/Graphene 0.47 vol.% Solution casting 1 × 10−7 

Epoxy/Graphene 0.52 vol.% Solution casting 1 × 10−8 
PLA/rGO 1.25 vol.% Solution casting 0.022 
Graphene/Nano-cellulose 10 wt.% Solution casting 80 

Source: [103] 
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Lithium-ion batteries (LIB) are the most used rechargeable battery in energy 

storage devices due to their high power density, high specific energy, and longer cycle life 

[153]. Previously, graphite anode was used in LIBs, but the charge and discharge capability 

were low, and the distance between the layers remarkably varied that caused gradual 

peeling. The research focused on using metals instead of graphite which caused other 

problems like structural change and deformation during the charge and discharge process 

or low electrical conductivity. The development of graphene created a new path to carbon-

based anodes that have been used as anode additive in LIBs, in pristine form, alloy form 

or modified by different functional groups such as fluorinated, and sulfonated graphene, or 

combined with polymers and silica. Graphene sheets with large surface area, wide 

electrochemical window, excellent electrical conductivity, better theoretical capacity, and 

high chemical diffusivity are the best candidates for LIB anode materials [26]. Graphene 

properties highly depend on the production process. Since reduction of GO is the most 

convenient path to produce graphene; it is important to select a proper process according 

to the final application, which in this case it is crucial to decrease graphene defects to reach 

better electrical properties. The disadvantage of using graphene as the anode in LIBs is the 

agglomeration of lithium atoms and decreasing charge-discharge capacity [26]. In order to 

overcome the lithium agglomeration, graphene can be modified by doping or using other 

additives. Heteroatom-doping the most promising approach to improve electrochemical 

properties of graphene. Nitrogen which is the most popular dopant introduced to the sp2 

graphene layer, generates the chemically active sites for charge transferring and improves 

final electrical properties [154,155]. There are several methods for nitrogen doping graphene 

such as CVD, ball milling, plasma, microwave, thermal and hydrothermal procedure [75]. 
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Graphene has also been used as an electron conductive additive in LIB cathode materials. 

Yet, it is crucial to mix the cathode materials properly to facilitate lithium ion migration 

[156].  

Carbon-based nanomaterials are also used as cathode materials for zinc ion 

batteries. Zinc ion batteries (ZIB) are low-cost and non-toxic sources of energy storage 

systems that should be optimized with proper cathode for zinc ions. The essential struggles 

in alkaline batteries are selecting and optimizing anode to reach high specific capacity, low 

solubility, low self-discharge rate, and high energy density. MnO2−Zn [157], Ni−Cd, 

Ni−MH, and Ag−Zn are the conventional single electron redox that are mostly used in 

industry [158]. In order to increase the specific capacity of the batteries, it is important to 

achieve multiple electron redox. In one study, Wang discovered that Carbon nanotubes are 

promising conductive additive in alkaline batteries according to their high flexibility as 

well as conductivity [146]. Graphene cathode used in ZIB batteries optimized by coupling 

with zinc manganate nanodots, polystyrene sulfonate, sulfur, zinc manganese oxide, 

nitrogen, etc.   

In designing anode materials, the addition of conductive material will improve the 

specific capacity of the anode. Carbon-based materials including graphene, graphene oxide 

(GO), reduced graphene oxide (rGO), carbon nanotubes (CNT), and amorphous carbon 

have been used in electrode materials. The main problem with the application of GO or 

rGO is the aggregation of the sheets, which prevents obtaining maximum surface area. The 

presence of CNT in the reduction process of GO reduces aggregation and π-π stacking of 

GO sheets. Kim et al. introduced all graphene batteries using functionalized graphene in 

the cathode and reduced graphene in anode structure. Similarities chemistry and structure 
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of anode and cathode materials increased the final performance of batteries. Kim et al. 

labeled this structure as a bridge between batteries and supercapacitors [159]. 

 

2.3.3  Carbon nanomaterials Incorporated into Capacitors 

Electrodes play the most important role in energy storage devices to determine energy 

density and power density [160]. Commercialized supercapacitors mostly use activated 

carbon over metal oxide, organic metal frameworks, and conductive polymers as electrode 

material due to their high surface area, and low cost [160]. But there are disadvantages such 

as limited conductivity that limits the electrochemical performance. CNTs are another 

candidates for supercapacitors to overcome the low conductivity of activated carbons, but 

they also have trouble with cost and van der Waals forces between the tubes  [141]. 

Graphene with a high surface area and electrical conductivity is a great candidate for 

supercapacitor applications [161]. Interlayer distance, specific surface area, pore size 

distribution, conductivity, edges, and dopants are important parameters of graphene that 

should be investigated for supercapacitor applications. In order to reach low-cost graphene, 

GO should be reduced to rGO and used in the electrode structure, and one of the most 

common problems caused during the reduction process is agglomeration [162]. Graphene 

and CNTs have been individually used in supercapacitor in a few researches. In one study 

combination of graphene, CNT showed better specific capacitance. Graphene and CNT 

properties alter by the combination of these two materials. Graphene would be an electron 

transferring channel, and CNT would decrease the aggregation of graphene sheets. The 

specific capacitance of graphene (135 F/g) and CNT (113 F/g) increased to 385 F/g in 

graphene-CNT composites [2]. The disadvantage of using graphene as electrode materials 

is the stacking and agglomeration of graphene sheets which is followed by decreasing 
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supercapacitor performance. Overlapping sheets occur during the reduction process and 

electrode preparation. In order to overcome this issue, Tang et al. proposed using a 

composite of conducting polymer such as PANI along with rGO to improve charge-

discharge rate of capacitors [163]. Oyedotun et al. suggested using graphene foam with an 

interconnected hierarchical form to prevent overlapping the sheets and increasing the 

internal surface area as well as forming diffusion channels for electrons and ions [164]. In 

another study, Ge et al. fabricated montmorillonite nanosheets (MTs) and rGO aerogel by 

hydrothermal process and reached the specific capacitance of 275 F g−1. They studied the 

effectiveness of MTs in preventing agglomeration of graphene sheets during the 

hydrothermal process [165]. According to Chen et al. continuous reduction of oxygen 

functional groups on rGO-based electrodes will cause capacitance increment after 

increasing the cycle numbers until the 2000th cycle [166]. 

 

2.3.4  Carbon Nanomaterials Incorporated into Electrolytes 

Engineering electrode/electrolytes increase the energy density of batteries and 

supercapacitors [167]. Improving mechanical properties and thermal stability as well as 

ionic conductivity plays a key role in designing electrolytes [168]. Tunable structure and 

compatibility of carbon nanomaterials make them a great candidate in solid-state 

electrolyte-related researches, and they have been widely investigated as an additive in 

electrolytes. Excellent mechanical strength and thermal stability make carbon-based 

nanomaterials more interesting in composite structures. There are two approaches to 

introduce GO into electrolytes: making a GO film and fabricating polymeric composites 

[169]. The addition of less than 1% carbon-nanomaterials will make a big difference in 

overall mechanical and thermal properties [170]. Moreover, carbon-based nanomaterial 
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introduce pathways for ions or protons to pass through the electrolytes, causing increasing 

the ionic conductivity as well as improving proton transportation [169]. Dinesh et al. used 

water-soluble graphene as an additive to magnesium air battery in order to decrease 

corrosion anode and increase overall negative potential [171]. GO is a great additive 

candidate in solid-state electrolytes, and it is proved that GO plays an important role in 

increasing the ionic conductivity of gel electrolytes as well as improving the mechanical 

strength of them [172]. Sohail et al. used modified and improved Hummer’s method to 

fabricate GO electrolyte material, and it has been proved that GO sheets fabricated by both 

methods are suitable candidates to increase the thermal stability of electrolytes [173].   
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2.4  Future of Graphene 

Since the discovery of graphene in 2004, there have been numerous studies and research 

on the properties and applications of graphene-based materials. Excellent electrical, 

thermal, mechanical, and optical properties of graphene are known since then. However, 

researchers are still investigating the structure of this single layer of carbon atoms in order 

to apply the significant characteristics in different research areas. An extensive range of 

applications has been introduced for graphene, from electronics and energy storage devices 

to membrane studies, water purifications, and biomedicals. A single sheet of graphene is 

stronger than steel and highly flexible at the same time, which makes it even more suitable 

for smart clothing and flexible screens. But the applications go beyond by doping graphene 

with oxygen-containing groups, nitrogen, and other functional groups. Furthermore, 

graphene is a great candidate to improve the mechanical, thermal, and electrical properties 

of composite materials. Scientists are still struggling with some of the problems such as 

coagulation, and agglomeration of graphene sheets, sharp edges that might disturb live cells 

[174], low aqueous dispersibility and large particle size of the sheets. Additionally, the 

fabrication of low-cost graphene with minimum defects in large quantities is still difficult. 

In conclusion, graphene has a great potential characteristic that can be applied in a variety 

of sciences. Yet, improving production as well as engineering properties will make 

graphene to reach its full capacity.   
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CHAPTER 3 

COLLOIDAL BEHAVIOR OF GRAPHENE OXIDE 

 

3.1  Introduction 

Graphene-based materials have distinctive optical, mechanical and electrical properties 

which make them attractive for many applications [5,65,175-177]. Oxidation of graphite 

powder to graphene oxide (GO) followed by chemical reduction to reduced graphene oxide 

(rGO) is a well-established approach to generating graphene-based materials. Numerous 

methods of chemical reduction to rGO have been published where hydrazine hydrate [14], 

dimethylhydrazine [176], hydroquinone [176], NaBH4 [178], HI [176,178] and Fe and Zn 

powder [176] have been used to reduce GO. Since the GO from different sources vary 

widely and contains a wide range of oxygen containing groups such as hydroxyl, carboxyl 

and epoxy [14,16,18,65,67,175-197], rGO represents a family of material with different 

physical/chemical properties. While there are several reports on different aspects and 

applications of GO and rGO [194-196,198,199], a systematic study of property variation in 

rGO containing different levels of oxygen is yet to be reported.  

The level of reduction in rGO is also expected to alter aqueous dispersibility of 

these species. Besides chemical behavior, this also has ecological consequences. As the 

applications of GO and rGO proliferate, mass production and disposal of products 

containing these nanocarbon will increase with potential for environmental contamination 

and water pollution. Recent studies have shown that graphene can be toxic toward 

organisms including bacteria [200], nematodes zebra fish and humans [200,201]. Cytotoxicity 

toward bacteria through both membrane and oxidative stress has been demonstrated for 
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both GO and rGO and level of oxidation has been shown affect cytotoxicity [200,202]. While 

a hydrophobic rGO can be expected to settle out of aqueous media into solid phases such 

as river sediments, hydrophilic rGO will stay dispersed. Therefore, there is a need to 

develop an understanding of the fate of different rGOs in aqueous media, where there have 

been limited studies [67,190,191,197]. Theoretical predictions of GO aggregation kinetics and 

stability using Derjaguin− Landau− Verwey− Overbeek (DLVO) theory has been used to 

estimate the attachment efficiency [67,179,183], and an alternative Maxwell approach [203] 

taking into account has also been used to determine particle collision efficiencies and 

aggression kinetics of GO and rGOs. Time resolved dynamic light scattering has been used 

to study dispersibility of GO and rGOs [204], and the  solubility of rGO from different 

methods have been measured in different solvents and  correlated with solubility 

parameters [65].  

An important consideration is that oxygen containing groups play an important role 

in determining chemical properties as well as dispersibility and aggregation of rGO in 

aqueous solutions. Since GO and rGO form different sources show a wide range of 

variability in both structure as well as the presence of functional groups, they cannot be 

compared directly. To address this issue, the objective of this work is the stepwise 

reduction of the same GO to generate rGO containing different levels of oxygen and study 

their chemical properties. Yet another objective is to study the colloidal behavior of the 

rGOs representing different levels of GO reduction.  
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3.2  Experiments 

3.2.1  Materials 

Graphene Oxide was purchased from Graphena Inc., Zinc was purchased from Fluka and 

all other chemicals were purchased from Sigma Aldrich with purity higher than 95%. 

Reduction of GO to rGO was carried out using a method published before[196], however 

the method was modified for step wise reduction. 200 mg of GO was dispersed in 50 mL 

water and sonicated for 10 min to form a homogeneous solution. 0.1 M Hydrochloric acid 

was added to adjust the pH to 2. The Zn power was then added and sonicated for 10 min 

to generate enough hydrogen that would lead to formation of rGO. Reducing the amount 

of Zn reduced the hydrogen generation and consequently the degree of reduction the 

addition of 200, 400 and 1000 mg Zinc led to the formation rGO containing 19.5, 33 and 

8 percent oxygen, respectively. These are referred to as rGO-33, rGO-19.5 and rGO-8. The 

reduction of GO took place according to the Equations (3.1) and (3.2), and any remaining 

Zn was dissolved by adding additional HCl before filtration:  

 

𝑍𝑛 + 2𝐻𝐶𝑙 → 𝑍𝑛𝐶𝑙! + 𝐻!																																																																			(3.1) 

																																																											𝐺𝑂 + 𝐻! → 𝑟𝐺𝑂 + 𝐻!𝑂                                               (3.2) 

 

3.2.2  Methods and Characterization 

The GO and rGOs were analyzed using scanning electron microscope (SEM), Raman 

Spectroscopy, Thermo Gravimetric Analysis (TGA), and Fourier Transform Infrared 

spectroscopy (FTIR). SEM analysis was carried out on a LEO 1530 VP instrument 

equipped with an energy-dispersive X-Ray; TGA was performed on Pyris 1 system from 
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Perkin-Elmer Corp., and FTIR measurements were carried out in purified KBr pellets using 

a PerkinElmer (Spectrum One) instrument. TGA analysis was carryout by heating from 

30°C to 700 °C under a flow of air at 10 mL/min, at a heating rate of 2 °C per min.  

Stock solutions of GO and rGOs were prepared by sonication. Pre-weighed 

amounts of the GO and rGOs were added to MilliQ water to make a 40 mg/l stock solution. 

Different GO and rGO solutions were then prepared by diluting the stock solution. Stock 

solutions containing 400mM of sodium chloride and magnesium chloride were also 

prepared which were used for dispersibility studies. Dynamic Light Scattering (DLS) were 

carried out using 50 mg/1 dispersions of rGO were measured as a function of salt 

concentration at 25 ̊ C using dynamic light scattering (Malvern Instruments Zetasizer Nano 

ZS90). The dynamic light scattering measurements were conducted at 90 °C with the 

incident laser beam and the autocorrelation function having been allowed to accumulate 

for more than 10 s with salt concentration ranging between 0.5 mM and 200 mM. Zeta 

potential of the Graphene oxide was measured on 10 mg l-1 dispersions at 25 ˚C on the 

Malvern Instruments Zetasizer nano ZS90. Hydrophobicity of GO and rGOs were 

determined by measuring the UV absorbance at 252 nm before and after partitioning in 

water extraction of a 50 mg l:1 dispersion of the GO with 1-Octanol.  

 

3.3  Results and Discussion 

To avoid the inter sample variation of GO from different sources, the same sample was 

reduced step wise using a gentle reduction technique. The resulting rGOs are listed in Table 

3.1 and classified based on the oxygen content. Oxygen content were determined using 

EDAX. The SEM images of the different rGO are presented in Figure 3.1. In line with what 
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has been reported before, the GO sheets had smooth surface while the rGOs showed folded 

regimes and wrinkles. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.1  SEM images of a) GO, b) rGO-33 1, c) rGO-19.5, d) rGO-8. 
Source: [205]  

 

The chemical structure of GO before and after the reduction were studied by FTIR 

and the data is presented in Figure 3.2. The reduction of GO involves the elimination of 

oxygen containing groups and the restoration of conjugated π systems. Characteristic peaks 

including C–O (1060 cm-1), C–OH (1226 cm-1), O–H (1412 cm-1) and C=O (1733 cm-

1), were observed in the GO spectrum, and these were significantly reduced in the rGO 

spectra. This clearly indicated the loss of oxygen groups form GO suggesting the formation 

of rGO. 
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Figure 3.2  FTIR spectra of a) GO, b) rGO-33 1, c) rGO-19.5, d) rGO-8. 
Source: [205] 

 

Figure 3.3 shows the Raman spectra of the GO and rGO samples. Strong D-peak is 

suggestive of armchair conformation near the edges. After the reduction of GO, the G band 

shifted to 1580 cm-1 from 1600 cm-1 in line with what has been reported before [196]. The 

intensity of the D band increased with reduction and so did the ID/IG ratio. The crystallite 

sizes (La) of the sp2 lattice of all the samples were calculated from the following Equation 

(3.3), where λ is the laser wavelength, and IG and ID are the intensities of the G- band and 

the D- band, respectively. 

 

																																					𝐿𝑎 = 2.4 × 10#$% × λ × 𝐼&/𝐼'                                             (3.3) 
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The intensity of D band increased during reduction while the intensity of G band 

decreased. As result La decreased in rGO. The values of La are given in Table 3.1, which 

shows that La decreased from 22.6 in original GO to 13.4 in rGO-8. 

 

 

 
 

Figure 3.3  Raman spectra of a) GO, b) rGO-33, c) rGO-19.5, d) rGO-8 (The ID/IG 
ratio as abstract value for in-plane lattice defects). 
Source: [205] 
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Figure 3.4  TGA curves of a) GO, b) rGO-33, c) rGO-19.5, d) rGO-8. 
Source: [205] 

 

The results from TGA analysis are presented in Figure 3.4. The two weight loss 

steps for GO were from the pyrolysis of oxygen containing functional groups and the 

second was from the oxidation of carbon. The former was around 160 °C and GO lost 

nearly 40% of its weight at 162 °C. The second step which is around 460 °C was related to 

the oxidation of sp2 hybridzied carbon atoms. As the reduction progressed, the weight loss 

at 160 °C decreased with rGO-8 showing minimal decrease in weight at this temperature 

indicating that much of the oxygen containing groups had been removed. Deoxygnetioan 

also led to higher thermal stability of the carbon in rGO.   
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To measure solubility and dispersibility of GO and rGOs, pre-weighed amounts of 

GO and rGOs were added to DI water and let the solution settle for 2 hours. As shown in 

Table 3.1 solubility of graphene oxide reduces from 7.4 µg/ml to nearly zero for rGO-8. 

However, the rGO could be dispersed into a stable suspension via sonication. Dispersibility 

was measured by sonicating the suspension for 10 min and then the suspension was allowed 

to settle for 24 hours. As presented in in Table 3.1, here the dispersibility decreased from 

8 µg/ml for GO to 2.5 µg/ml for rGO-8. 

In the realm of aqueous behavior, the hydrophobicity of the different rGOs is an 

important consideration. Hydrophobicity index (HI) based on octanol water partitioning 

was used to determine dispersibility of GO in water [206]. The pictures of 1-Octanol/water 

partitioning are shown in Figure 3.5. HI was calculated based using a method published 

[34] before. It was computed using absorbance of GO and rGOs solutions at 252 nm in 

water prior to and following 1-Octanol extraction according the formula given below. 

 

																																							𝐻𝐼	(%) = 	 ()!#)")
)!

	× 100                                              (3.4)   

 

As presented in Table 3.1, rGO showed lower HI with higher oxygen content. 

Hydrophilicity was high in highly carboxylated GO sheets which made it partition in the 

aqueous phase. HI increased from -3.89% to 5.2 % as the oxygen content decreased 

implying that it went from a highly hydrophilic GO to highly hydrophobic rGO which 

represented a dramatic change in aqueous dispersibility. HI of GO (-3.89%) is very close 

to reported HI for reported carboxylated carbon nanotubes (-4.15%). 
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Figure 3.5  Photographs of 1-Octanol/water partitioning of a) GO, b) rGO-33, c) rGO- 
   19.5, (d) rGO-8 after standing for an hour. 

Source: [205] 

 

In general, colloidal stability is attributed to balance between van der Waals forces 

that promote aggregation and electrostatic repulsion which is dispersive [204]. Zeta 

potential, particle size distribution and aggregation kinetics were used to study 

dispersibility of the different rGO. Due to its anisotropic shape, the two fundamental 

interacting modes between GO sheets are edge to edge and face to face. GO is known to 

form a good dispersion in water because of the electrostatic repulsion between ionized 

functionalities such as carboxylic groups that are mainly located at the edges. With the 

addition of salt, typically the monovalent Na+ has no specific interactions with the 

functional groups on GO surfaces and the aggregation follows conventional DLVO theory. 

In the presence of divalent Mg2+, the mechanisms of GO aggregation kinetics could be 

a d c b 
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complicated because the divalent cations can also interact with surface functional groups 

of the GO sheets and even cross-link them, particularly at the edges [183,204,206]. Figures 

3.6 and 3.7 show zeta potential and particle size of GO and rGOs as a function of ionic 

strength. As expected, the GO and rGO particles began to aggregate with increase in ionic 

strength. The addition of a divalent cation Mg2+ led to stronger aggregation of the GO 

sheets which is in line with the DLVO theory.  As presented in Table 3.1, agglomerate size 

in the presence of 0.5 mmole of NaCl and MgCl2 increased as oxygen content increased. 

Particle size reduces from 642.3 to 327.9 nm in presence of 0.5 mmole/l NaCl and from 

1274 to 358.3 nm in presence of equivalent MgCl2 as oxygen containing groups are being 

removed. The zeta potential in NaCl was between 33.2 to 23.7 mV, which implied 

moderately stable dispersions, however the zeta potential in 0.5 mmole/l MgCl2 was in the 

range of 9.66 to 0.92 mV, implying very unstable suspension.  

The aggregation kinetics of the GO and rGO were studied using time resolved 

dynamic light scattering. The initial rate of agglomerate size is (rh) is proportional to kno 

where k is the initial aggregation rate constant and no is the initial concentration of the 

solute. The attachment efficiency α which is the reciprocal of stability ratio of a dispersion 

were computed NaCl and MgCl2 as [204]:  

 

																																																														𝛼 =
(𝑑𝑟+𝑑𝑡 ),→%

(𝑑𝑟+𝑑𝑡 ),→%
.

																																																													(3.5) 
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Where (/0#
/,
),→%  and (/0#

/,
),→%
.  represent the slow and fast aggregation regimes, 

respectively [204]. The attachment efficiency was measured as the ratio of the initial slope 

of the aggregation profile to that obtained under fast aggregation conditions. These are 

plotted as a function of salt concentration for the GO and rGO and are presented in Figure 

3.6 and 7. In line with previous studies, distinct unfavorable and favorable aggregation 

regimes demarcated by the critical coagulation concentration (CCC) (Figures 3.6 and 7) 

were observed. This indicated that the DLVO type interactions were the dominant 

mechanism for colloidal stability of GO and rGO. The CCC values are presented in Table1. 

Surface oxidation in rGO clearly played an important role and higher oxygen content led 

to higher CCC values. There was no significant change in CCC value for GO and rGO-33. 

Higher CCC for high oxygen containing groups was due to the fact that there was more 

interaction between oxygen containing group and electrolytes in solution. In general, the 

CCC value determined for GO and rGO is significantly lower than the reported CCC value 

for fullerene but is quiet similar to CNT [200]. 
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Figure 3.6  a) Zeta potential as a function of NaCl concentration, b) Attachment 
efficiency as a function of NaCl concentration. GO and rGOs concentration was 
maintained 4mg/l in DI water. 
Source: [205] 
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Figure 3.7  a) Zeta potential as a function of MgCl2 concentration; b) Attachment 
efficiency as a function of MgCl2 concentration. GO and rGOs concentration were 

      maintained 4mg/l in DI water. 
Source: [205] 
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Table 3.1  Properties of GO and rGOs Produced via Stepwise Reduction 

 
 

Analysis/Sample 
 

GO 
 

rGO-33 
 

rGO-19.5 
 

rGO-8 

 
Percent Carbon  

 
55% 

 
66.2% 

 
79.46% 

 
90% 

 
Percent Oxygen  

 
45% 

 
33% 

 
19.5% 

 
8% 

 
La  

 
22.6 

 
18.5 

 
16 

 
13.4 

 
Particle size in 0.5 mmole/l NaCl  

 
642.3 

 
385.5 

 
376.7 

 
327.9 

 
CCC in NaCl  

 
28 

 
27 

 
20 

 
15 

 
Particle size in 0.5 mmole/l MgCl2  

 
1274 

 
608.2 

 
551.1 

 
358.3 

 
CCC in MgCl2  

 
6 

 
6 

 
5 

 
2 

 
Zeta potential in 0.5 mmole/l NaCl 

 
-33.2 

 
-30.02 

 

 
-29.5 

 
-23.7 

 
Zeta potential in 0.5 mmole/l MgCl2 

 
-9.66 

 
-4.54 

 
-2.2 

 

 
-0.92 

 
Hydrophobicity Index  

 
-3.89% 

 
0.98% 

 
1.75% 

 
5.2% 

 
Solubility(µg/ml) 

 

 
7.4 

 
2.1 

 
~0 

 
~0 

 
Dispersibility(µg/ml) 

 

 
8 

 
6.3 

 
4.1 

 
2.5 

Source: [205] 
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3.4  Conclusions 

Controlled, step wise reduction of GO was carried out by nascent hydrogen generated from 

a reaction between metallic zinc and HCl. rGOs containing 33, 19.5 and 8% oxygen were 

synthesized and studied. FTIR confirmed the reduction of GO while Raman and SEM 

showed increase in defects and wrinkles in rGOs. Aqueous dispersibility and colloidal 

behavior as measured by size of agglomerates, zeta potential rGO were highly dependent 

on oxygen content. Higher oxygen content led to higher CCC values in both NaCl and 

MgCl2.  
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CHAPTER 4 

COLLOIDAL BEHAVIOR OF GRAPHENE OXIDE  
AND CARBON NANOTUBE HYBRIDS 

 
 
 

4.1  Introduction 
 

Oxidation of graphite powder to graphite oxide, and exfoliation of graphite oxide to 

graphene oxide (GO) is a well-established [207-210], commercially viable approach to 

generating graphene-based materials. Electrochemical exfoliation of graphite also reported 

as a low defect method to produce graphene [211]. The GO is characterized as a single 

graphitic aromatic monolayer (sp2 bonded) and oxygenated aliphatic regions (sp3 carbon 

atoms) containing hydroxyl, epoxy, carbonyl, and carboxyl functional groups [13,212,213]. 

The oxygen content in GO can be over 50%, which make it highly hydrophilic and water 

soluble[214,215], but it has low electrical conductivity. However, the GO can be reduced to 

rGO to increase its hydrophobicity and enhance electrical properties. The reduction can be 

tuned to alter properties so that it becomes a useful material for applications such as 

batteries, supercapacitors and other electronics.  Numerous methods of chemical reduction 

to rGO have been published where hydrazine hydrate, dimethylhydrazine, hydroquinone, 

NaBH4, HI, Fe, and Zn powder have been used to reduce GO [13,205]. The level of 

reduction in rGO is critical for tuning its various properties, and we have reported the  

controlled reduction of GO to rGO via in situ reduction by nascent hydrogen [205].  

Carbon nanotubes are rolled up graphene sheets that have high electrical 

conductivity but no water dispersibility [216].  Recently, the hybridization of CNTs with 

GO have been reported [123,133,217-220]. Graphene-CNT hybrids have been produced by a 

simple solution assembly where the CNTs have been suspended between the GO layers to 
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prevent graphene sheets from agglomerating. Also, there is synergistic effect between GO 

and CNTs which leads to better electrical conductivity, electro catalytic activity in the 

Graphene-CNT fibers of the Graphene-CNT hybrid. The combination of these two separate 

materials has the potential to open up a wide range of applications [123,133,217,221] 

including optoelectronic devices, supercapacitors and lithium batteries [222-224]. The 

hybrids have shown improvement in the dielectric constants compared to the pristine GO 

and CNT, and the CNT have worked as spacers between GO sheets resulted in better 

specific capacitance[123,208,212,219,225]. The incorporation of GO-CNT hybrids into the 

aerogel and polyamide composites have provided better mechanical properties and thermal 

stability and they have been used for heavy metal ion removal, detection of pollutants and 

filtration and membrane processes [119,226]. 

An important aspect of the GO-CNT hybrids is the aqueous dispersibility. While 

the GO is highly dispersible, the CNTs are insoluble. It has been reported that the GO serve 

as medium to suspend the CNTs [207,227,228]. The aqueous behavior of the GO-CNT 

hybrids is an important concept that is yet to be studied. Such understanding of GO-CNT 

and rGO-CNT hybrids is very important for processing of these materials and also as water 

pollutants when they may be released to the environment. Moreover, if the GO is reduced 

to rGO in the presence of CNTs during the chemical reduction, the CNTs will be entrapped 

among the GO layers and generate a layered structure with spacers rather than collapsing 

the layers on each other.  The objective of this paper is to develop an understanding of the 

rGO-CNTs generated by controlled in situ reduction of GO and their aqueous behavior.   
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4.2  Experiments 

4.2.1  Materials 

Graphene Oxide was purchased from Graphena Inc., Carbon nanotubes were purchased 

from Cheaptubes, Zinc was purchased from Fluka and all other chemicals were purchased 

from Sigma Aldrich with purity higher than 95%. Pre-weighed amount of GO and CNT 

with 1:1 ratio was added together in aqueous solution and sonicated for 15 minutes. 

Stepwise reduction of GO to rGO in the presence of CNTs was carried out using a method 

published before[205]. 0.1 M Hydrochloric acid was added to GO-CNT aqueous solution 

to adjust the pH to 2. The Zn power was then added and sonicated for 1 min to generate 

enough hydrogen that would lead to formation of rGO. Any remaining Zn was dissolved 

by adding additional HCl before filtration. Chemical reaction of the experiment represented 

in formulas 4.1 and 2. 

 

																																																					𝑍𝑛 + 2𝐻𝐶𝑙 → 𝑍𝑛𝐶𝑙! + 𝐻!																																																		 (4.1) 

																																																					𝐺𝑂 + 𝐻! → 𝑟𝐺𝑂 + 𝐻!𝑂                                                 (4.2) 

 

Oxygen content of each sample was controlled by the reduction process. Amount 

of Zinc that was added to the solution was the limiting reagent to control the production of 

nascent hydrogen which removed oxygen containing groups in the hybrids. The various 

rGO-CNT hybrids thus formed are denominated as rGO-CNT-X where X represents the 

percentage of oxygen. Oxygen content of the hybrid was used to designate a sample. For 

example, while the GO contained nearly 52% oxygen, the CNT-GO hybrid contained half 
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that, and was named GO-CNT-26. Here we prepared three additional hybrids namely rGO-

CNT-18, rGO-CNT-7, and rGO-CNT-2.  

 

4.2.2  Methods 

Figure 4.1 shows the incorporation CNTs between GO layers to form hybrid structures 

followed by subsequent formation of rGO-CNT-X when some of the oxygen groups were 

removed. The latter were formed during the in situ reduction of the GO in presence of 

CNTs, where the CNT were automatically incorporated between the rGO layers. As 

mentioned, the oxygen content of the rGO-CNT-X was controlled by limiting the 

generation of nascent hydrogen. Therefore, these hybrids were structurally different from 

ones formed by mixing rGO and CNTs.  

 

 
Figure 4.1  Graphical representation of prepared a) GO-CNT and b) rGO-CNT hybrids. 
Source: [118] 

 

4.2.3  Characterization 

Characterization of the GO-CNT and rGO-CNTs was carried out using Elemental Analysis 

(EA), Raman Spectroscopy, attenuated total reflection Fourier Transform Infrared 

spectroscopy (ATR-FTIR), scanning electron microscope (SEM), energy-dispersive X-

Ray (EDAX), Thermo Gravimetric Analysis (TGA). Raman spectra achieved by DXR 

Raman microscope from Thermo Scientific and FTIR measurements were carried out using 
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an Agilent Cary 610/620 FTIR instrument. SEM analysis was carried out on a JSM-7900F 

instrument equipped with an energy-dispersive X-Ray. TGA was performed on Pyris 1 

system from Perkin-Elmer Corp., and TGA analysis was carryout by heating from 30 to 

800 °C under a flow of air at 10 mL/min, at a heating rate of 10 °C per min. 

Stock solutions of hybrids were prepared by sonication. Pre-weighed amounts of 

the GO and CNT were added to MilliQ water to make a 40 mg/l stock solution. Different 

hybrids solutions were then prepared by diluting the stock solution. Stock solutions 

containing 400 mM of sodium chloride and magnesium chloride were also prepared which 

were used for dispersibility studies. Dynamic Light Scattering (DLS) were carried out 

using 50 mg/1 dispersions of rGO were measured as a function of salt concentration at 25 

˚C using dynamic light scattering (Malvern Instruments Zetasizer Nano ZS90). The 

dynamic light scattering measurements were conducted at 90 °C with the incident laser 

beam and the autocorrelation function having been allowed to accumulate for more than 

10 s with salt concentration ranging between 0.5 mM and 200 mM. Zeta Potential was 

studied using 0.5 mM of NaCl and MgCl2. Sonicated stock solutions were settled for 2 

hours and 24 hours to measure solubility and dispersibility, respectively. At last, 

hydrophobicity of hybrids was determined by measuring the UV absorbance at 252 nm 

before and after partitioning in water extraction of a 50 mg l-1 dispersion of the hybrids 

with 1-Octanol.  
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4.3  Results and Discussion 

Pure GO, CNT along with four different mixtures of GO-CNT were studied in this 

research. Summary of findings are listed in Table 4.1. In order to determine composition 

of the samples, elemental analysis (Carbon, Hydrogen, Nitrogen, Oxygen, Sulfur) was 

carried out. Carbon and Oxygen content of each hybrid and pristine GO and CNT is 

reported in Table 4.1. The concentrations of Hydrogen, Sulfur and Nitrogen in each sample 

was negligible. Figure 4.2 presents the Raman spectra for the samples. There are two main 

overlapping peaks in the Raman spectra for GO and CNT. G band at 1580 cm-1 and D band 

at 1350 cm-1 [229]. The crystallite sizes (La) of the sp2 lattice of all the samples were 

calculated from the Equation (4.3), where λ is the laser wavelength, and IG and ID are the 

intensities of the G- band and the D- band, respectively. 

 

																																			𝐿1 = 2.4 × 10#$% × λ × 𝐼& 𝐼'G                                         (4.3) 

 

La of the samples were presented in Table 4.1. The La of raw GO was 22.5 nm 

which was very close to the GO-CNT-26 hybrid which was 21.96 nm. It showed that GO 

characteristics were more affected by GO than CNT. Lattice spacing decreased after 

reduction of oxygen containing groups. After reduction, the intensity of the D band 

increased, and the intensity of the G band decreased. La of rGO-CNT-18 which was 18.31 

showed that folding of GO sheets after reduction in presence of CNT did not happened 

much. Clearly, defects did not increase much in presence of CNT.  
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(b) (c)

  (d) (e)

(f)  

Figure 4.2  Raman spectra of a) GO, b) CNT, c) GO-CNT-26, d) rGO-CNT-18, e) rGO- 
 CNT-7, f) rGO-CNT-2. 
 Source: [118] 
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Structure of samples was studied by FTIR and results are presented in Figure 3.  

Characteristic peaks for GO for C–O (1060 cm−1), C–OH (1226 cm−1), O–H (1412 cm−1) 

and C=O (1733 cm−1) were observed in the GO spectrum and GO-CNT-26 hybrid spectra 

[205,230]. These peaks were reduced after the formation of rGO in hybrid and are attributed 

to the removal of oxygen containing groups. The oxygen containing peaks were very low 

in rGO-CNT-18, rGO-CNT-7, and rGO-CNT-2. 

 

 

Figure 4.3  FTIR Spectra of a) GO, b) CNT, c) GO-CNT-26, d) rGO-CNT-18, e) rGO- 
  CNT-7, f) rGO-CNT-2. 
 Source: [118] 

 

Figure 4.4 shows SEM images of the samples. Figure 4.4 a) shows GO sheets while 

Figure 4.4 b) shows the pure CNTs. Figures 4.4 c) and f) display presence of the CNT and 

GO in the hybrids. Figure 4.4 c) represents the GO-CNT-26 hybrid formed by simple 

mixing which shows relatively uniform distribution of CNTs over the GO layers. In GO-

CNT-26, the GO sheets were not as flat as they were before mixing. Figure 4.4 c) shows 
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overlapping of GO and CNT and interaction between the layers. In line with previous 

reports [205], the GO wrinkled and folded after being reduced to rGO. However, after 

reduction in the presence of CNTs, there were fewer wrinkles compared to the previous 

reports [205,231,232]. Existence of CNTs and their interaction with the GO layers prevented 

the latter’s folding. Preparation method was designed to overcome problems with 

coagulation of GO sheets during chemical reduction.  
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(a) 

 

(b)

 

(c)

 
 

(d)

 

(e)

 

(f)

 
 

Figure 4.4  SEM images of a) GO, b) CNT, c) GO-CNT-26, d) rGO-CNT-18, e) rGO- 
  CNT-7, f) rGO-CNT-2 
Source: [118] 
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TGA analysis is shown in Figure 4.5. There were two main weight loss steps in the 

TGA analysis. The first weight loss was around 200 ºC for the removal of oxygen 

containing groups. This step was not noticeable in rGO-CNT-7 and rGO-CNT-2 which had 

very small amount of oxygen containing groups. The second weight loss was due to the 

oxidation of the carbon around 500 °C for pure GO and 600 °C for pure CNTs and the 

rGO-CNT hybrids were somewhere in between. The weight reduction temperature for the 

rGO-CNT-2 was nearly 700 °C which was higher than the raw CNT. After reduction, 

carbon showed higher thermal stability [230]. This data was in the same order as the Raman 

spectra that showed rGO-CNT-26 hybrid characteristics were closer to GO and rGO-CNT-

2 characteristics were closer to the CNT.  

 

 
 

Figure 4.5  TGA of a) GO, b) CNT, c) GO-CNT-26, d) rGO-CNT-18, e) rGO-CNT-7,  
   f) rGO-CNT-2. 

Source: [118] 
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Pre-weighed amounts of the GO, CNT and rGO-CNTs were added to DI water and 

the solution was allowed to settle for 2 hours to measure the solubility and while 

dispersibility was measured by sonicating the suspension for 10 min and then the 

suspension was allowed to settle for 24 hours. Solubility and dispersibility of the samples 

are presented in Table1. The CNTs were insoluble, and the solubility of GO was 7.4 μg/ml, 

which reduced to 6.2 μg/ml after making the GO-CNT hybrid. This showed that GO was 

effective in dispersing the insoluble CNTs in the aqueous solution. Solubility decreased to 

near zero after reduction of GO in rGO-CNT-2. Dispersibility was in line with the 

solubility. Dispersibility decreased from 7.1 μg/ml for GO-CNT-26 to 0.5 μg/ml for rGO-

CNT-2.  

Hydrophobicity index (HI) was used to study the aqueous behavior of the hybrids 

using a method published before [205] [204,206]. 1-Octanol/Water partitioning followed by 

UV absorbance at 252 nm for quantification was used to calculate HI according to Equation 

(4.4) [204,206]. 

 

																																								𝐻𝐼(%) = 	 ()2#)3)
)2

	× 100                                                (4.4) 

 

The 1-Octanol/water partitioning is shown in Figure 4.6 and the HI are presented 

in Table 1. The top part of the solution in Figure 4.6 is 1-Octanol and the bottom part is the 

water. From left to right in Figure 6, the samples became more hydrophobic after the 

reduction of oxygen containing groups. According to Table 4.1, HI of pure GO which was 

-3.89 % which was closer to GO-CNT-26 which showed an HI of -3.2 %. Removal of 

oxygen containing groups in the GO sheets led to higher hydrophobicity. rGO-CNT-2 was 
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highly hydrophobic with HI of 7.4 %. All the GO and GO-CNT-26 were dispersed in the 

water part. However, rGO-CNT-18 and rGO-CNT-7 were dispersed in both phases while 

rGO-CNT-2 and pure CNT were dispersed into the 1-Octanol. 

 

 
 

Figure 4.6  1-Octanol/water partitioning of a) GO, b) GO-CNT-26, c) rGO-CNT-18,  
    d) rGO-CNT-7, e) rGO-CNT-2, f) CNT. 

 Source: [118] 

 

The difference between the hybrids generated here and physical mixtures of CNT 

and GO is demonstrated as follows. rGO-CNT-23 was prepared by in situ reduction and an 

equivalent CNT-GO mixture was by physical mixing of the two components; both had 

same oxygen content. Figure 4.7 shows the 1-Octanol/water partitioning of rGO-CNT-23 

and the CNT-rGO mixture. In case of the mixture, the CNTs partitioned in the 1-Ocatonl 

phase and the rGO in the aqueous phase. However, the in case of the rGO-CNT-23, the 

CNTs were embedded between the GO layers and the hybrid partitioned completely into 

the aqueous phase. This demonstrates the uniqueness of the rGO-CNT-23 generated via 

the in situ reduction technique.  
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Figure 4.7  1-Octanol/water Partitioning for a) rGO-CNT mixture, b) in situ reduced 

    rGO-CNT-23 hybrid. 
Source: [118] 

 

Aggregation kinetics of the samples was studied using dynamic light scattering. 

Colloidal stability is a balance between van der Waals forces which promotes aggregation 

and electrostatic repulsion. After addition of salts to the aqueous solution, Na+ and Mg2+ 

had no specific interactions with the oxygen containing groups of the GO and the 

aggregation followed conventional DLVO theory. GO sheets and CNT have anisotropic 

shapes and interaction between sheets and tubes can be from edge to edge or face to face. 

For the hybrids, these interactions are different than raw materials and they changed after 

the reduction to rGO.  DLS measurement were made after sonication for an hour. As shown 

in Table 4.1, particle size increased with the addition of salts due to the coagulation of 

particles. From 642.3 nm for GO and 884 nm of CNT, it went up to 3025 nm for rGO-

CNT-7 hybrid in presence of 0.5 mmole/l NaCl, and from 1274 nm of GO and 1423 nm of 

CNT, it goes up to 4558 nm for GO-CNT-7 hybrids in presence of 0.5 mmole/l MgCl2. It 
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shows that particle size of the hybrids was much higher than raw GO and CNT and it 

increased after reduction of the GO. rGO-CNT-2 hybrids tended to fold, precipitate and 

settled down.   

Attachment efficiency (α) which represents stability ratio of a dispersion, has been 

calculated by Equation (4.4). In the Equation (4.5), rh is the radius of radius of an equivalent 

hard sphere diffusing at the same rate as the molecule under observation. Where 

(𝑑𝑟ℎ/𝑑𝑡)𝑡 → 0  and (𝑑𝑟ℎ/𝑑𝑡)𝑡 → 0(𝑓)  represent the slow and fast aggregation regimes, 

respectively.  

 

                                                ∝=	 (/0+//,),→%
		(/0+//,),→%(.)

                                                        (4.5) 

  

The attachment efficiency was measured as the ratio of the initial slope of the 

aggregation profile to that obtained under fast aggregation conditions. Figures 4.8 and 4.9 

plotted the attachment efficiency as a function of salt concentration. Critical Coagulation 

Concentration (CCC) was reached by the plotted Figures which is the border of the fast 

regime and the slow regime. CCC value is the transition point between fast and sloe regime 

which has been pointed in Figures 4.8 and 4.9. CCC values of the rGO-CNT-26,18 and 7 

hybrids have been decreased and the coagulation occurred at lower concentrations since 

the particle size was much higher than the pristine materials.  In contrast, the CCC value 

of rGO-CNT-2 could not be measured in presence of NaCl and MgCl2 which is due to the 

sedimentation of rGO-CNT-2 samples during the experiment.  Decreasing of CCC value 

after removing the oxygen containing groups in hybrids was due to the more interaction 
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between oxygen containing groups and electrolytes in solution. In general, the CCC value 

was significantly lower for hybrids than raw CNT and GO. 

The Zeta potential measurements are presented in Table 4.1. Zeta potential for 

hybrids in presence of 0.5 mmole/l NaCl ranged from 26.3 to 10.4 mV, which implied 

decreasing stability of dispersions on removal of the oxygen containing groups. Addition 

of CNT to GO affected the zeta potential of pristine GO slightly. However, the zeta 

potential of the reduced hybrids in presence of 0.5 mmole/1 MgCl2 was in the range of 8.2 

to 0.8 mV, implying decrease in stability.   
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Figure 4.8  Attachment efficiency as a function of salt concentration of a) GO, b) CNT,  
  c) GO-CNT-26, d) rGO-CNT-18, e) rGO-CNT-7 in presence of NaCl. 
 Source: [118] 

 

 
 

Figure 4.9 Attachment efficiency as a function of salt concentration of a) GO, b) CNT,  
  c) GO-CNT-26, d) rGO-CNT-18, e) rGO-CNT-7 in presence of MgCl2. 
Source: [118] 
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Table 4.1  Summary of Data for Pristine GO, CNT and GO-CNT Hybrid and rGO-CNT 
 Hybrids 

 

 
Analysis/Sample 

 
Pure 
GO 

 
Pure 
CNT 

 
GO- 

CNT-26 

 
rGO-

CNT-18 

 
rGO-
CNT-

7 

 
rGO-
CNT-

2 

Carbon percentage 
 

46.5% 
 

99.2% 
 
74.25% 

 
81.1% 

 
93.2% 

 
98.1% 

Oxygen percentage 
 

52.5% 
 

0.3% 
 
25.15% 

 
17.9% 

 
6.2% 

 
1.8% 

(nm)aL 
 

22.5 
 

13.02 
 

21.96 
 

18.31 
 

14.67 
 

12.23 

Particle size in 0.5 
mmole/1 NaCl (nm) 

 
642.3 

 
884 

 
1774 

 
2315 

 
3025 

 
NA 

CCC in NaCl 
 

28 
 

25 
 

16 
 

15 
 

6 
 

NA 

Zeta Potential in 
Presence of 0.5 mmole/l 
NaCl (mV) 

 
28 

 
10.1 

 
26.3 

 
19.5 

 
15.2 

 
10.4 

 
Particle size in 0.5 

(nm) 2mmole/1 MgCl 

 
1274 

 
1423 

 
2166 

 
2366 

 
4558 

 
NA 

2CCC in MgCl 
 

6 
 

4 
 

3 
 

2.5 
 

1 
 

NA 

Hydrophobicity Index 
 

-3.9% 
 

8.7% 
 

-3.2% 
 

1.2% 
 

4.5% 
 

7.4% 

Zeta Potential in 
Presence of 0.5 mmole/l 

(mV)2 MgCl 

 
-9.6 

 
-0.7 

 
-8.2 

 
-5.2 

 
-2.7 

 
-0.8 

Solubility(μg/ml) 7.4 ~0 6.2 2.7 ~0 ~0 

Dispersibility(μg/ml) 8 0.9 7.1 5.5 3.1 0.5 

Source: [118] 
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4.4  Conclusions 

Nascent hydrogen was used to reduce the GO in GO-CNT hybrids and the process could 

be controlled to form hybrids with oxygen content ranging from 26 to 2 percent. The GO-

CNT-26 hybrid was highly soluble, and solubility dropped to near zero at high degree of 

reduction. In addition, highly hydrophilic GO-CNT-26 hybrid increased in hydrophobicity 

as it was further reduced. Dispersibility also decreased from 7.1 µg/ml in GO-CNT-26 to 

0.5 µg/ml in rGO-CNT-2. CCC value of the rGO-CNT-18 and rGO-CNT-7 hybrids in 

presence of NaCl and MgCl2 decreased as well. CCC value for rGO-CNT-2 was not 

measurable, since it was highly hydrophobic and particle size was too high to be dispersed 

during the analysis. In general, GO at low level of reduction the hybrid behaved more like 

GO and as the reduction was increased it began to behave more like the CNTs.   
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CHAPTER 5 

CARBON NANOMATERIALS DOPED POLYACRYLAMIDE GEL 
ELECTORLYTES FOR HIGH PERFORMANCE SUPERCAPACITORS 

 
 
 

5.1  Introduction 

Development of new generation portable and flexible electronics has increases the demand 

for lightweight, flexible, long cycle life, high performance, and safe energy storage devices 

[233-236]. Supercapacitors (SC) are essential energy storage devices [237,238] that play a 

crucial role in increasing battery life and energy efficiency [141,239-241]. Additionally, 

SCs are candidates to replace rechargeable batteries due to their high-speed charge-

discharge capabilities,  high power densities, low costs, and long cycle life [242]. Along 

with enhancing electrode capacitance, there has been much interest in improving the 

electrochemical potential of electrolytes [243,244].  

SC electrolytes can be liquid, gel, and solid [245]. Liquid electrolytes have low 

dynamic viscosity and high conductivity compared to gel and solid electrolytes [246]. 

However, their shortcomings are safety, high costs of packaging, narrower operating 

temperature windows, and lower decomposition voltages [168,247-250]. It is also difficult 

to package in flexible and conformal devices. Flexible electrodes along with solid-state 

electrolytes have been used in flexible devices [251]. While they have good mechanical 

properties and are very suited for flexible devices, the solid electrolytes typically show low 

ionic conductivity and overall performance. Gel polymer electrolytes (GE) are great 

compromise between the liquid and solid, have relatively good mechanical properties, 

lightweight, can be packaged easily, and can have higher ionic conductivity than the solids 

[252-256].  
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Designing composites with optimal thermal, mechanical, and electrochemical 

properties is an important consideration in the new generation GE development [257]. 

Variety of aqueous, non-aqueous, redox and ionic liquid GEs have been reported. 

[168,258]. Polymers such as poly(acrylonitrile) (PAN) [259], poly(vinyl alcohol) (PVA) 

[260], polyaniline (PANI) [261], poly(ethylene oxide) (PEO) [262], poly(methyl 

methacrylate) (PMMA) [263], and poly(vinylidene fluoride) (PVDF) [264] have been 

studied for gel polymer electrolyte applications. Another important parameter in GE 

synthesis is the electrolyte selection such as acidic, alkali and neutral. PVA is the most 

commonly used GEs with KOH electrolyte but has several limitations such as low ionic 

conductivity and mechanical strength, and limited work has been reported for neutral 

electrolytes such as lithium chloride (LiCl) [258,265]. At this point, there is a need to 

explore other gel electrolytes especially for neutral electrolytes such as Li+ which have 

lower corrosion and lowering the water content. Polyacrylamide (PAM) is a promising 

candidate for gel electrolytes with higher ionic conductivity due to its porous nature and 

improved mechanical properties [266]. PAM along with lithium sulphate (LiSO4) is 

potentially a good combination for fabricating neutral PGE with as Li with its small radius 

can show faster diffusion.  

Typical GEs suffer from low ionic migration compared to liquid electrolytes and it 

is crucial to design new generation of GEs with proper ionic conductivity , mechanical 

strength and thermal stability for better performance SCs. Carbon-based nanomaterials 

have excellent thermal, electrical, and mechanical properties and are among the most 

commonly used additives to improve electrolytes as well as electrodes [244,260,267]. The 

incorporation of carboxyl functionalized carbon nanotubes (fCNTs) and graphene oxide 
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(GO) into PGEs have shown to alter ionic conductivity and mechanical properties in PVA 

aqueous alkali, PAM non-aqueous and PVDF ionic liquid gel electrolytes [170,265,268]. 

Moreover, using carbon-nanomaterials in electrolytes also can increase 

electrode/electrolyte compatibility. Objective of this study was to develop a novel neutral 

PAM-based GEs incorporated with nanocarbons in order to improve thermal, mechanical 

and electrochemical properties.  

 

5.2  Materials and Methods 

Acrylamide (AA), N, N';-methylene bisacrylamide (MBA), potassium persulfate, lithium 

sulfate, potassium permanganate, polyethylene oxide (PEO), carbon black, poly(3,4-

ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT: PSS, 1.3 wt%), hydrochloric 

acid and sulfuric acid with the purity of 99+% were purchased from Sigma Aldrich. Carbon 

nanotubes (CNTs), graphene oxide (GO), and carbon clothe purchased from Cheaptubes, 

Graphenea, and the Fuel Cell Store, respectively.  

 

5.2.1  Preparation of fCNT, fCNT/GO Composite 

fCNT and fCNT/GO composite were prepared by a method designed before [110,270]. 

Pristine CNTs were added to a 1:1 volume ratio concentrated HCl and H2SO4 and reacted 

under 100°C for 40 minutes. Products were dried in a vacuum oven overnight after being 

filtered and triple washed. Oxygen content in fCNTs was measured to be 18%. fCNT/GO 

composite was synthesized by mixing two components and sonicating at room temperature 

for 3 hours.  
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5.2.2  Synthesis of Polyacrylamide Gel Polymer Electrolytes 

The plain gel was synthesized by mixing a weighted amount of AA, MBA, and LiSO4 in 

MilliQ water and stirred at 80°C for 1 hour. This was followed by adding K2S2O8 aqueous 

solution and stirring for 1 minute. The gel was then generated within a few minutes. 

Concentration of each component was fixed at 5.5% AA, 0.5% MBA, 18.5% LiSO4, 0.5% 

K2S2O8 and 75% water. To incorporate carbon nanomaterials in the gel, one step was added 

to the procedure. 1 mL of 0.1 mg/ml aqueous solutions of fCNTs, GO, fCNT/GO (0.6%) 

were sonicated with AA for 3 hours prior to the first step of the synthesis. The rest of the 

process was kept the same as described before.  

 

 

Figure 5.1  Image of a) PPGE, b) fCNT-PGE, c) GO-PGE, d) fCNT/GO-PGE. 

 

5.2.3  Electrode Preparation and Device Assembly 

Manganese dioxide (MnO2) was synthesized as a base material for the electrodes. 25 mmol 

of 2.5 molar potassium permanganate solution and 9 mL concentrated hydrochloric acid 

was mixed and stirred overnight at room temperature. The procedure was followed by 

filtration and washing insoluble MnO2 using MiliQ water.  The reaction for the experiment 

is presented below: 

a d c b 
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2KMnO4(aq) + 8HCl(aq) à 2KCl(aq)+ 2MnO2(s) + 4H2O+ 3Cl2(g)                                       (5.1) 

 

Electrode paste composition was 85 % MnO2, 5 % PEO, and 10 % carbon black. 

Total amount of 1 g dry powder was added into the 2.4 g PEDOT: PSS solution, mixed and 

applied on a conductive carbon cloth. Total electrode materials were set to 6 mg for further 

experiments.  

Prepared electrodes were placed in the three-dimensional printed cases for 

measurements and tests. 3D printed casing design and the assembled product are presented 

in supplementary materials.  

 

 

Figure 5.2  Image of PGEs casted in 3D printed casing. 

 

 



   84 

5.2.4  Characterization and Electrochemical Measurements 

The morphology of gel electrolytes was studied by JSM-7900F scanning electron 

microscope (SEM) from JEOL and Thermo Scientific DXRxi Raman imaging microscope. 

Thermal stability was investigated by Thermo Gravimetric Analyzer (TGA) and 

Differential Scanning Calorimeter (DSC) from Perkin Elmer. The rheological behaviors 

and mechanical properties of samples were studied by an oscillatory rheometer (Kinexus, 

Malvern Instruments, U.K.). Electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV) were carried out on the Gamry instrument. Galvanostatic charge-

discharge measurements were performed on an MTI Battery Analyzer.  

 

5.3  Results and Discussion  

5.3.1  Morphology of PGEs 

Morphology of the dried PGEs and electrode material was observed under a Scanning 

Electron Microscope (SEM). Figure 5.3 a shows a flat structure of the dried PGE without 

any additive. Figures 5.3 b, c and d show the structure of the doped PGE by carbon 

nanomaterials, presenting submerging of fCNTs, GO, fCNT/GO in the gel structures. 

fCNTs tend to tangle and get clustered, same as GO layers that stack and agglomerate 

causing the uneven diffusion of nanomaterials through the PGE. On the other hand, in the 

fCNT/GO hybrid, there are π-π stacking interactions between fCNTs and graphene layers 

which increases synergistic effects in the hybrids and improve overall properties [271] as 

well as suspension distribution in gel scaffold [118]. Figures 5.3 e) and f) show fabricated 

MnO2 as active material in SCs. Roughness and wrinkles on the synthesized MnO2  

increases the surface area and improves the overall performance of SCs. To clarify the 
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distribution of carbon nanomaterials in the PGE structure, Raman chemical imaging has 

been performed. Multivariate Curve Resolution (MCR) is an advanced method to 

investigate the composition of the chemicals [272] and the observed images of PGEs are 

presented in Figure 5.4. Each color on the MCR image represents a component in the PGE, 

and each component's identification is based on the Raman spectrum. Figure 5.4 a) shows 

the uniform structure of the PGE matrix, and the black color shows saturation of the 

individual Raman spectrum. Figures 5.4 b) and c) show an accumulation of fCNTs (blue) 

and GO (green) in the gel structure, respectively. From chemical composition images, it is 

observed that the distribution of the doped materials is uniform, and all the components are 

diffused evenly throughout the fCNT/GO-PGE in Figure 5.4 d).  

 



   86 

 

Figure 5.3  SEM images of a) PGE, b) fCNT-PGE, c) GO-PGE, d) fCNT/GO-PGE,  
    e) and f) Generated MnO2 for electrode materials. 

 
 

a b 

d c 

e f 
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Figure 5.4  MCR images of a) PGE, b) fCNT-PGE (Blue color corresponds fCNTs), 
        c) GO-PGE (Green color corresponds GO), d) fCNT/GO-PGE. 
 

5.3.2 Thermal Stability Analysis 

The thermal stability of GE plays an important in SCs stability and cycle life. Produced 

heat and temperature rise happens during the charge-discharge process, followed by 

electrolyte decomposition and device failure, or even safety issues. Also, the performance 

of SCs should remain stable in high-temperature environments  [247,273].  

b 

c d 
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The thermal stability of PGEs evaluated by a Thermo Gravimetric Analyzer (TGA) 

is presented in Figure 5.5. According to Figure 5.5, thermal degradation occurs in 3 steps. 

The first weight loss is happening by moisture removal in the gels. In the next stage, the 

co-polymer vaporizes from 150 °C to 430 °C. It is shown that the addition of GOs and 

fCNTs enhances the thermal stability of the PGE slightly. Since GO sheets have higher 

oxygen content (~45%), the weight loss at 100 °C is higher than other PGEs. fCNT/GO-

PGE shows the most increased thermal stability among tested samples which will cause 

the lowest capacitance degradation.  

 

 

Figure 5.5  TGA graphs of a) PGE, b) fCNT-PGE, c) GO-PGE,  
                    d) fCNT/GO-PGE. 
 

 
Differential Scanning Calorimeter (DSC) measurements were performed from 30 

°C to 300 °C in the presence of N2 gas. DSC is a useful measurement in terms of 

a) PGE 

b) fCNT-PGE 

c) GO-PGE 

d) fCNT/GO-PGE 
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thermodynamic properties of the gel electrolytes. Glass transition temperature (Tg) and the 

melting enthalpy (∆Hm)	based on DSC curves are presented in Table 5.1. According to 

Table 5.1, Tg of the electrolytes increased by adding carbon nanomaterials due to the 

hydrogen bonds intermolecular attraction in oxygen-containing groups of carbon 

derivatives and polymer chains followed by reducing chain mobility. Since GO contains 

more oxygen-containing functional groups than fCNTs, the hydrogen bonds of the gel 

composition and the oxygen-containing groups are higher in GO-PGE than the fCNT 

composite. More effective hydrogen bonds in the electrolyte structures bring a higher Tg 

for fCNT/GO-PGE compared to other electrolytes. Reduction of ∆Hm from 177 to 91.39 

J/g indicates decreasing crystallinity of PGEs after doping with carbon nanomaterials. 

Lower alignments in polymer chains form canals for better ion diffusion.  

 

Table 5.1  Thermal and Mechanical Properties of Gels Incorporated by  
                Carbon Nanomaterials 
 

Gel Electrolytes 𝑻𝒈(°𝑪) ∆𝑯	𝒎(
𝑱
𝒈) 

Elastic 
Modulus 

(kPa) 

Loss Factor 
(𝒕𝒂𝒏𝜹) 

PGE 93.7 177.44 2.3 0.06 

fCNT-PGE 118.5 169.44 1.5 0.05 

GO-PGE 121.2 138.38 4.9 0.40 

fCNT/GO-
PGE 130.8 91.39 4.3 0.43 

 

5.3.3  Viscoelastic Properties of PGEs 

The rheological behaviors of samples were studied by a rotational viscometer. Dynamic 

strain sweep test was performed under the constant strain amplitude of 1 Hz at room 



   90 

temperature to investigate the effect of shear stress on the viscoelastic behavior of the 

PGEs. Storage (elastic) modulus (G') and the loss (viscous) modulus (G") were collected 

and presented as a function of strain percentage in Figure 5.6. Increment of G' in GO-PGE 

and fCNT/GO-PGE shows the transformation of viscous gel to a more rigid and elastic 

composite. This alteration is also because oxygen-containing groups in GO and fCNT/GO 

form hydrogen bonds with polymer chains and improve the mechanical strength of the gel 

[265]. 

On the contrary, fCNTs that contain fewer carboxyl groups than GO agglomerates 

more in the PGE complex, forming defect areas. Nanomaterial agglomeration causes a lack 

of connection between the fCNTs and polymer matrix. The ratio of G″ to G′ introduced as 

loss factor (tan δ) is presented in Table 5.1. Tan δ describes the solid and liquid 

characteristics of the PGEs, and at the point that it becomes equal to 1, G″ crosses the G′ 

curve. According to Figure 5.6, in fCNT-PGE, the externally applied force is more than 

intermolecular forces, and irreversible collapse occurs [274]. A lower loss factor for PGE 

and fCNT-PGE represents a more solid-like structure, and a higher loss factor for GO-PGE 

and fCNT-PGE presents a more gel-like sticky structure. Adhesive properties are 

appropriate properties in SCs applications in order to increase the contact of PGE and 

electrode materials.  
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Figure 5.6  Strain sweep and strain stress curves of a) PGE, b) fCNT-PGE,  
            c) GO-PGE,  d) fCNT/GO-PGE. 
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5.3.4  EIS  and CV Analysis for Gel Electrolytes  

Electrochemical impedance spectroscopy (EIS), which is an alternating current (AC) based 

measurement, has been performed to reach detailed information about PGEs [275]. The 

efficiency of SCs strongly depends on ion redox and ionic conductivity of the electrolytes. 

Two probe analysis was carried out by connecting working/sense electrode (anode) and 

counter/reference electrode (cathode) to graphite sheets placed in a three dimensional 

printed case filled with gel electrolytes.  Measurements were performed under 10 mHz to 

100 kHz with 0.1 mV amplitude and 0 DC voltage, and oscillating current response through 

the sample was collected. Nyquist and bode plots are presented in Figures 5.7 a) and b) to 

compare prepared PGE, and the summary of the data is presented in Table 5.2. Interception 

in the high-frequency region and x-axis in Nyquist plot (Real Z versus Imaginary Z) shows 

bulk resistance (𝑅7)	of the PGE. In general, Nyquist plots are separated into three regions, 

including semicircle at high frequencies, which is the interfacial charge transfer region, 

diffusion, and capacitive region. According to Figure 5.6 a), the semicircle of Nyquist plots 

for the gel electrolytes are not noticeable. The particular reason for this matter is the very 

small charge transfer resistance at the graphite electrode interface and gel electrolytes 

[276,277].  

The ionic conductivity, which can be extracted from the Nyquist plot, is a critical 

parameter in electrolyte properties. As bulk resistance increases, the conducting nature will 

decrease. Ionic conductivity	(𝜎) of gels is calculated by using Equation (5.2), and the 

resulted values listed in Table 5.2: 

 

																																																															𝜎 =
𝐿
𝑅7𝐴

																																																																(5.2) 
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Where 𝐿 is the thickness of electrolyte and  𝐴 is the surface area that graphite sheets 

and gels contact. Ionic conductivity of the gel electrolytes is listed as 41.2, 58.8, 60, and 

132  m S cm-1 respectively for pure gel, fCNT-PGE, GO-PGE, and fCNT/GO-PGE.   

The reason for conductivity increment is that the Li+ with a small ionic radius 

diffuses between GO layers and increases the final ionic conductivity. The charge transfer 

of fCNT/GO-PGE is three times higher than pure PAM gel electrolyte, and also higher than 

fCNT-PGE and GO-PGE since the distribution of carbon nanomaterials is uniform in this 

gel electrolyte. In addition, the presence of uniformly distributed carbon nanomaterial 

expands catalytic areas in gel scaffold, and diffusion of ions occurs faster.  
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Figure 5.7  a) Nyquist plots, b) Bode plots, and c) Cyclic voltammetry at 100 mV s-1 of  
  PGE, fCNT-PGE, GO-PGE and fCNT/GO-PGE. 
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   95 

Table 5.2  Electrochemical Properties of Gels Incorporated by Carbon Nanomaterials 
 

Gel Electrolytes 

Bulk 
Resistanc

e𝑹𝒃 
(𝜴) 

Ionic 
conductivit

y 𝝈 
(mS cm-1) 

Phase 
 

(°) 

Average 
electrons 
lifetime τ 

(mS) 

Specific 
Capacitance 

(Fg-1) 
 

PGE 16 41 45 0.016 39.5 

fCNT-PGE 11 59 56 0.005 65.5 

GO-PGE 10 64 70 0.004 77.6 

fCNT/GO
-PGE 5 132 83 0.001 83.3 

  

Bode plot is a frequency-based plot of EIS measurements, and the phase vs. 

frequency diagram includes three different areas: capacitive behavior at lower frequency 

followed by diffusion and interfacial charge transfer [277]. The collected angle difference 

between the charging voltage and the current is presented as phase degree and presented in 

Table 5.2. The negative angle degree is related to the leading current from voltage by 90 

degrees [278]. Another parameter that is calculated from the bode plot is the average 

electrons lifetime (τ) by adding peak frequency (fp) in Equation (5.3) [279]. 

 

																																																																		Τ =
1

2	π𝑓9
																																																																		(5.3) 

 

Since τ is as low as 0.001 mS for fCNT/GO-PGE, ions transfer faster, and it is in 

line with the higher ionic conductivity for fCNT/GO-PGE compared to other PGEs. 

Electrochemical properties of gel electrolytes were determined by running cyclic 

voltammetry (CV) at 5, 10, 50, and 100 mV s-1 at room temperature. Symmetrical carbon 
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cloth electrodes have been used as anode and cathode to establish cyclic voltammograms 

for a scan rate of 100 mV s-1 presented in Figure 5.7. The gel electrolytes incorporated by 

carbon nanomaterials show better performance than PGE in all scan rates, which is due to 

the enhancement of ion transfer in the presence of fCNTs, GO and fCNT/GO in PGEs. 

Moreover, the semi-rectangular shape of CV rises from the reversibility of the reaction.   

 

5.3.5  Galvanostatic Charge-Discharge Studies 

Prepared electrodes and PGEs were examined by galvanostatic discharge measurements 

performed on an MTI Battery Analyzer and cycled between 0 and 1.5 V. Galvanostatic 

charge/discharge curves are presented in Figure 6. Capacitance was calculated from 

Equation (5.4) and listed in Table 5.2: 

 

																											𝐶:9 ∶ 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒	(𝐹. 𝑔#$) =
𝐼

𝑑𝑉
𝑑𝑡 × 𝑚

																																				(5.4) 

 

Where I is discharge current (A cm2), dv/dt is the slope of the discharge curve, and 

m is the mass of electrode material (g).  
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Figure 5.8  Electrochemical performance of PGE based SCs. a) Galvanostatic 
          Charge-Discharge curves under the current density of 0.1 A g-1, b) Galvanostatic 
          Charge-Discharge curves of fCNT/GO-PGE SC under the current density of 
          0.1, 0.5 and 1 A g-1, c) Cycling performance of fCNT/GO-PGE SC 
          a current density of 0.1 A g-1. 
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• GO-PGE 
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Calculated capacitance values are 39.5, 65.5, 77.6, and 83.3 F g-1 for PGE, fCNT-

PGE, GO-PGE, and fCNT/GO-PGE, respectively. The specific capacitance of SCs 

improved by adding carbon nanomaterials due to the increment of ionic conductivity in 

PGEs. The addition of carbon nanomaterials in the PGE framework facilitates ion 

migration between the electrodes by generating pores. fCNT/GO benefits from multiple 

parameters and shows the best electrolyte properties. fCNT/GO hybrid with a homogenous 

structure has uniform distribution and less aggregation of additives in composites. On the 

other hand, more gel-like properties of fCNT/GO-PGE provide better adhesion and fewer 

voids at the electrode-electrolyte interface. Charge-discharge measurements for 1 A g-1 and 

0.5A g-1, as well as the capacity of SC at 0.1 A g-1 current for 1000 cycles for fCNT/GO-

PGE, are reported in Figures 5.8 b) and c). 
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5.4   Conclusions 

In conclusion, advanced gel electrolytes doped by carbon nanomaterials were prepared, 

and their thermal, mechanical, and electrochemical properties were studied. PGE, fCNT-

PGE, GO-PGE, and fCNT/GO-PGE electrolytes were compared in different aspects. It was 

found that the incorporation of 0.6% carbon nanomaterials altered the thermal and 

mechanical properties of PGE. Tg of the samples increased from 93.7 to 130.8 °C for PGE 

to fCNT/GO-PGE. Using fCNTs along with GO in composite structure increased the 

synergetic effect and uniform distribution of integrated materials. Rheological properties 

of PGEs were studied, and elastic modulus was doubled in fCNT/GO-PGE compared to 

PGE owing to the hydrogen bonds formed between carboxyl groups in nanomaterials and 

gel structure. 

Additionally, from EIS measurements, ionic conductivity doubled by using 

fCNT/GO in the PGE structure. This was due to the formation of ionic channels in the gel 

composition. The presence of fCNTs prevented aggregation of GO sheets and increased 

overall performance compared to fCNT-PGE or GO-PGE. Moreover, the performance of 

SCs with generated PGEs was studied, and it showed that the specific capacitance of SCs 

risen from 39.5 to 83.3 Fg-1. In general, doping of nano carbons, especially the combination 

of carboxylated nanotubes and graphene oxides, brought improvement to thermal, 

mechanical, and electrochemical properties of PAM-based gel electrolytes. These gel 

electrolytes also have great potential for flexible electrochemical devices.  
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CHAPTER 6 

SUMMARY OF FINDINGS AND RECOMMENDATIONS 

 

This dissertation is a detailed study on effect of oxygen containing functional groups of 

graphene oxide and graphene oxide carbon nanotube hybrids on their solubility, 

dispersibility, hydrophobicity and colloidal behavior.  

Graphene oxide was successfully reduced in a step-wise pattern by addition of 

calculated amount of zinc powder in an acidic environment. It was concluded that 

removing oxygen containing groups increases the hydrophobicity and decreases the 

solubility and dispersibility of rGOs.  

Additionally, carbon nanotubes and graphene oxide hybrids was fabricated and 

reduced accordingly. Presence of CNTs during the reduction process decreases the 

coagulation and of rGO sheets. It was concluded that as reduction level of rGO increases, 

solubility and dispersibility of the hybrids decreases and they become more hydrophobic.  

Finally, carboxylated CNT, GO and fCNT-GO hybrids was incorporated into 

polyacrylamide gel electrolytes for supercapacitor applications.  It was demonstrated that 

carbon-nanomaterials specifically fCNT-GO hybrid are effective additives in gel 

electrolyte applications to improve ionic conductivity, as well as mechanical strength and 

thermal stability.  

This dissertation demonstrated the importance of oxygen containing functional 

groups on final properties of graphene oxide. In future, studies should be focused on other 

properties of rGOs such as electrical properties which are important in electronic devices 

application. Moreover, effectiveness of CNT presence in rGO procedure opens a new 
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variety of structural for other variation of the CNT-GO hybrids, such as fCNT-GO, CNT-

rGO and fCNT and rGO. Different variation of hybrids should be compared in order to 

increase applications as well as detailed environmental fate studies. Additionally, rGO-

CNT with the lowest oxygen content and high electrical conductivity is a great candidate 

for electrode materials in battery design. Synergetic effect of rGO-CNT will increase the 

conductivity of the final electrode materials in lithium ion or zinc air batteries. Finally, 

molecular dynamic (MD) is an effective method to determine properties of graphene 

derivatives computationally. Using an MD simulation to understand the aqueous behavior 

of rGOs and effect of oxygen content in rGOs will give a better visualization of the 

reduction effects.  
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