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Abstract 

In this study, few-layer graphene nanosheets (FLGNSs) have been synthesized by 

electrochemical intercalation followed by exfoliation technique. Three different protic 

electrolytes such as aq. H2SO4, HClO4 and HNO3 have been used separately. The major 

intercalants are 2

4SO  , 
4ClO  and

3NO  anions of different sizes, where the rate of impact to 

the pyrolytic graphite sheet has been monitored by varying the concentration of the 

electrolytes to 0.5, 1.0, 1.5 and 2.0 M in each case. The effects of sizes of the intercalants 

and its rate of intercalations on the as-synthesized FLGNSs have been studied. From the 

in-situ analyses, the exfoliation rates have been significantly increased with the increase in 

size as well as the concentration of the intercalants. Various physicochemical analyses on 

the electrochemically exfoliated FLGNSs have been performed in the colloidal as well as 

solid state. From the colloidal state, the exfoliated FLGNSs dimensions as well as its 

conductivity have been measured. The thermal stability and yield of FLGNSs flakes have 

been measured by TGA. The structural properties like phase, lattice spacing, dis-orderness 

and crystallite sizes of the as-synthesized FLGNSs have been analyzed by XRD and 

Raman spectroscopy. The (002) and (001) lattice planes of graphene and graphene oxide 

has been observed at around 24.5° and 11° (2θ) from the XRD spectra respectively. Again, 

the characteristics peaks at around 1345, 1590 and 2700 cm
-1

 corresponds to D, G and 2D 

bands of the FLGNSs in the Raman spectra respectively. This shows the mixture of sp
2
 

and sp
3
 contents in the electrochemically exfoliated FLGNSs. The qualitative as well as 

quantitative analyses of the functional endowment on the FLGNSs have been performed 

by FTIR, XPS and UV-visible spectroscopy. The FTIR analysis depicts the presence of 

various hydroxylation, carboxylation and aromatic carbon structures in the FLGNSs. The 

quantification of the functional groups and sp
2
 content in the FLGNSs has been analyzed 

by XPS. The UV-visible spectra show the electronic transitions of π-π* and n-π* due to 

the presence of C=C bond in the aromatic structure and C=O, carbonyl functional groups 

respectively. The optical band gaps also have been measured from the Tauc plots. The 

morphological as well as topographical analyses have been performed by FESEM, TEM 

and AFM. From the FESEM, the domain sizes, agglomerations, curliness at the edges and 

stratified nature of FLGNSs have been shown. From the TEM analyses, the number of 

layers in the graphene sheets measured from the lattice fringe analysis. Again the number 



 

of layers has been analyzed by the topographic analysis performed by AFM and it varies 

in between 3-8 layers.  

The functional application as supercapacitive performance of the as-synthesized FLGNSs 

have been performed by Swagelok type configured two electrode potentiostat. From the 

cyclic voltammetry (CV) and charge-discharge (CD) measurements, the FLGNSs 

synthesized from 1.5 M H2SO4 (S3), 2.0 M HClO4 (C4) and 1.0 M HNO3 (N2) electrolytic 

conditioned shows maximum capacitance in the respective categories. The Ragone plot 

shows maximum energy density of 12.35 Wh kg
-1

 and maximum power density of 3.01 

kW kg
-1

 by S3 and N2 FLGNSs respectively. From the 5000 cycle CD test, it has been 

observed that the FLGNSs shows ~100 % stability in delivering the power performance. It 

attributes to the non-faradic EDLC reactions of the materials. 

The FLGNSs obtained from the extreme electrolytic conditions such as 2.0 M of H2SO4 

(S4), HClO4 (C4), and HNO3 (N4) are used as nano-filler in the epoxy (EF) and glass 

fiber/epoxy (GEF) matrixed polymer composite structures. The nano-fillers have been 

used 0.1 and 0.3 wt.% in the composite structures. The functional groups present in the 

FLGNSs act as anchoring agent to the epoxy polymer for enhancement in the mechanical 

properties. It has been observed that the N4 FLGNSs nano-filler show the maximum 

enhancement of 42.6 and 28.2 % of flexural strength in EF and GEF polymer composite 

structures. Similarly, the modulus has been increased to 33.5 and 57.7 % in the EF and 

GEF polymer composite structures. The fact is attributed to the high extent of the 

carboxyl-functional endowment in the N4 FLGNSs than S4 and C4 FLGNSs. Again at 

high concentration of nano-filler to 0.3 wt.%, the mechanical properties of the composites 

have been drastically reduced. The fact depicts the agglomeration of the FLGNSs in the 

epoxy matrix, which inhibits the homogeneous bonding in the polymer structures. 

 

Keywords: FLGNSs; Electrochemical; Intercalation; Exfoliation; Supercapacitor; 

polymer composite. 
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Chapter 1 

1 Prologue 

 

 

 

 

 

 

The beginning is always a source of a combination of immature as well as mature thinking 

about the existence of a process. Its content of motivation, guidance, and objectives drives 

to the excellence at par. 
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1.1 Background 

Earlier days of about 50-60 year back, micron-sized carbon-based materials such as carbon 

fiber, graphite granules, etc., have been used as a reinforced materials for their high 

strength, stiffness, and lightweight for various applications, ranging from tennis racquets 

to aircraft parts. Graphite, as a bulk three-dimensional (3D) materials, with unique 

thermal, mechanical and electrical conduction properties. Its high stable form of 

occurrence in nature as well as in synthetic process has sought it for many applications. 

The natural graphite has been widely used in refractories, batteries, steelmaking kish, etc., 

while the synthetic form of the materials has been used as a neutron moderator in nuclear 

reactors, as electrode materials and as a reinforced materials for various high strength 

structured materials like vehicle body parts, sports materials, etc. 

After the historical conceptualization of nanotechnology in a lecture, i.e., ‘there is a plenty 

of room at the bottom’ in 1959 by Nobel laureate Richard Feynman, scientists all over the 

world started exploring the possible opportunities in the nanoscale dimensions of the 

materials. The uniqueness and extraordinary properties of the atomic or molecular level of 

creation can be realized through today’s world of research advancement in the 

nanotechnology field. Various technological progress and its impact on our society will 

witness the importance of the field of research. The development is trending, whether in 

the case of synthesis of smart materials posing high strength, excellence thermal and 

electrical conductivity, and optical transparent entity, or the case in diagnostic 

improvisation in biology fields. In every field of invention, like miniaturizations of 

transistors in electronic devices to the development of highly efficient clean energy 

storage systems, the nanotechnology has taken its footprint. 

In similar fashion, nanotechnology is also revolutionizing the carbon field of research. 

With certain immediate discoveries, the carbon technology became the main streamline in 

the nano world. The revolutionary discoveries of buckminsterfullerene (C60) [1] in 1985 

and carbon nanotube (CNT) [2] in 1991 of carbon allotropes have undergone an immense 

amount of research. Again with the groundbreaking discovery of another form of carbon 

nanomaterial i.e., graphene [3] in 2004 by Nobel laureates Andre Giem and Konstantin 

Novoselov has huge out bursting impact in the field of materials science. Graphene is a 
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monolayer of carbon atoms, where the elements are sp
2
 hybridized and are arranged 

hexagonally in the form of honeycomb lattice structure in two dimensions (2D). Thus, the 

above discoveries and breakthrough research activities in Carbon field in nanotechnology 

gives an ultimate sole subject area called Carbon nanotechnology. Moreover, currently, 

apart from all allotrope form of Carbon, graphene is considered as a miracle material of 

21
st
 century due to its unusual quantum features.  

1.2  Motivation of the research work 

Since its discovery in 2004 [3] and subsequently Nobel Prize winning in 2010, graphene is 

most explored materials by the researcher. In the current scenario, graphene has been 

witnessing the wide range of technological applications in various fields like electronics, 

composite, optical, thermal and biotechnology. Its unusual properties like; high specific 

surface area, fractional quantum Hall effect behavior, ambipolar electric field effect, 

ballistic conduction of charge carriers, high thermal conductivity, tunable band gap, highly 

transparent and higher Young’s modulus enables for many potential applications. 

Therefore, for industrial pursuit and viability of graphene technologies, economical 

synthesis (of the material) strategies ought to follow. Out of many available techniques, 

electrochemical synthesis of graphene nanosheets (GNSs) shows immense advantages. 

The versatile technique can bring simple, one-pot, cost-effective and green (use of non-

toxic element) way for the production of high-quality GNSs.   

1.3  Objectives 

The research objectives of the current investigation are as follows: 

 Scalable production of few-layer graphene nanosheets (FLGNSs) in various protic 

aqueous electrolytes such as H2SO4, HClO4 and HNO3: effect of anion sizes and 

concentration 

 To investigate a functional application: Supercapacitor behavior of the as-prepared 

FLGNSs 

 To explore a structural application: Investigation on the mechanical performances 

by FLGNSs nano-filler in epoxy and epoxy-glass fiber composites 
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The detailed in the experimental analysis performed in order to meet the above objectives 

are shown in the Fig. 1.1 and 1.2. 

1.4 Structure of the dissertation 

The thesis is composed of seven chapters and is arranged as shown in Fig. 1.1. Again, the 

experiments and analysis carried out in the dissertation can be well depicted from Fig 1.2. 

 

Fig. 1.1: Flow chart of the structural arrangement in the dissertation. 

Chapter-1: The chapter presents the background, objectives and the structural as well as 

experimental arrangements of the dissertation’s research in details.  
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Chapter-2: It consists of literature reviews, starting from the fundamental properties of 

graphene and its sub-classes. Various methods of existing synthesis procedure, along with 

special mention to the advantages of electrochemical intercalation and exfoliation 

technique. 

Chapter-3: The chapter gives the information about the materials used, methodologies 

followed and various scientific instrumentations used for completion of the research work.  

Chapter-4: This chapter describes the electrochemical synthesis of FLGNSs by three 

protic electrolytes (i.e. H2SO4, HClO4 and HNO3) at various concentrations. The synthesis 

mechanisms, in-situ analysis, colloidal state measurement, stability, yield, structural, 

functional, morphological and topographical analyses have been performed for its 

physicochemical studies.  

Chapter-5: In this chapter, the as-synthesized FLGNSs have been used for 

electrochemical supercapacitor studies by cyclic voltammetry (CV) and charge-discharge 

(CD) analysis. The better performing FLGNSs have been scrutinized based on the resulted 

maximum capacitance value. 

Chapter-6: In this chapter, the as-synthesized FLGNSs have been used as nanofiller in the 

epoxy and glass fiber-epoxy composite structures at various concentrations. The 

mechanical behavior of the polymer nanocomposite structures has been studied. The roles 

of nanofiller in the composite structures have been elaborately discussed by fractography 

analysis. 

Chapter-7: This chapter summarizes the outcomes of the experiment performed in the 

Chapter- 4, 5 and 6 along with the possible future scope of the carried out research work. 
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Fig. 1.2: Flow chart of the experimental synchronization in the dissertation. 

1.5 Conclusion 

In summary, this chapter states the reason for the motivation of the research work in the 

field of ‘graphene’ 2D nanomaterials. The objective of the research carried out research 

includes scalable synthesis of FLGNSs by electrochemical exfoliation technique. Also, the 

research work includes the applications of as-synthesized FLGNSs in supercapacitor as 
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well as polymer nanocomposite as a functional and structural application respectively. The 

outline of the dissertations’ structural arrangements and the experimental synchronization 

has been depicted herewith.  

 

 

 



 

Chapter 2 

2 Literature survey 

 

 

 

 

Huge outburst happens to the materials scientific community after the groundbreaking 

experiment on isolation of single layer of carbon nanosheet, called graphene in 2004 

followed by the Nobel award winning in 2010. Owing to its unique physical and chemical 

properties, scientist around the world speeding in various synthesis procedures for 

enabling the materials for on-filed applications. Herewith, a brief introduction of the 

materials along with the electrochemical method of synthesis and its various applications, 

related to the carried out research work on structural and functional applications are 

presented. 

 

 

 

 

 

Research output of the section: 

 Sumanta Kumar Sahoo and Archana Mallik, A review on graphene and its 

advancement of electrochemical exfoliation for scalable approach. Crit. Rev. 

Solid State Mater. Sci. (Under revision, Manuscript No. BSMS-2016-0044).  
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2.1 Introduction 

Graphene is an atomic layer of sp
2
 hybridized carbon atoms. The constituent carbon atoms 

are tightly arranged hexagonally, giving a two-dimensional (2D) honeycomb lattice 

structure. It is the mother of all graphitic forms, as it can be modified to form 0D, 1D and 

3D carbon nanostructures as depicted in Fig. 2.1. Due to its robustness in the structure and 

unique features in various properties, it has been fascinated by the materials science 

community. The graphene nanosheets (GNSs) can be classified by the number of layers. 

The number of layers such as 1, 2 3, up to 10 and 20-30 layers of graphene sheets are 

categorized as a single layer (SL), bi-layer (BL), tri-layer (TL), few-layer (FL) and multi-

layer (ML) GNSs. Undoubtedly, graphene nanomaterials have been called ‘the rising star’ 

of the century due to the following intriguing extraordinary exhibiting properties as 

discussed elaborately in a subsequent section. 

 

Fig. 2.1: Graphene as the mother of all graphitic forms; scrunched to form 0D fullerenes, rolled to 

form 1D nanotube and stacked to form 3D graphite [4]. 
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2.2 Properties of graphene 

2.2.1 Structural and surface properties 

In earlier decades, many theoreticians [5–7] have shown questionable remark on the 

existence of true 2D material due thermal acoustic vibrations of the materials. The 

KTHNY (Kosterlitz, Thouless, Halperin, Nelson, and Young) theory [7], Mermin-Wanger 

theorem [8] and Lindemann criterion [6] had suggested the phase transition in a quasi-2D 

materials in different criterion like frequency of atomic vibration, particles interacting 

potentials and  atomic collisions as theory of melting for two-dimensional systems turns in 

results of non-existence of long range crystallinity in the system. However, the historical 

attempt of experimental [9] existence of such strictly 2D materials (like BN, MoS2, NbSe2, 

Bi2Sr2CaCu2Ox, and graphene) at room temperature of a typical size of several µm
2
 unfold 

a new era in material science. Graphene is a true 2D material, which is the mother of all 

graphitic form [4] of an important class of allotropes of carbon. It consists of an atomic 

layer of sp
2
 hybridized carbon atom arranged in the hexagonal crystal structure of 

triangular Bravais lattice biparticle system [10] with an average atomic in-plane and out-

plane distance of 0.142 and 0.335 nm respectively among carbon-carbon atoms. GNSs 

with a number of layers has been stacked either ABABA.. or Bernal stacking or ABCAB.. 

or rhombohedral stacking with four and six atoms per unit cell respectively in the z-

direction by Van der Waal’s force of attraction. The structural investigation of suspended 

[11] (Fig. 2.2 (a)) as well as supported [12,13] graphene sheets reveals many intriguing 

features. For example, edge buckling [11], grain boundary defects, corrugations [14] and 

topological defects [15]. These features hence result in plastic deformation, lowering 

carrier transport mechanism and reduction in conductance properties of the carbon sheet as 

scoped by many advanced crystallography, spectroscopic and morphological 

characterization techniques. Atomic scale computations [16–19] as well as experimental 

[11,20] observations showed highly strained and ripple on the surface of individual 

graphene sheets of out-of-plane deformation up to few nanometers. This wrinkles structure 

of GNSs  attributes for lattice mismatch [21,22] in between supported graphene sheet with 

respect to  substrates due to thermal fluctuation [17], finite intrinsic elastic modulus [14],  

local strain [14] and relaxation of edge stress [18,23] of the nanosheets. The Moiré 

patterns [12,22,24,25] of the GNSs on various substrates have been widely studied for 
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analyzing the changes in lattice parameter with respect to the substrate involved. Xue et al. 

[22] (Fig. 2.2 (b-c)) showed the smoother surface of monolayer GNSs on hexagonal boron 

nitride (hBN) as compared to SiO2 substrate. Single layer graphene (SLG) consists of the 

high theoretical specific surface area [26] of 2630 m
2
g

-1
. Mostly the surfaces of GNSs are 

imputed with the oxygen functional group observed in the wet-chemical synthesis process. 

The oxygenation induces sp
3
 hybridization, rather called defect sites in the sp

2
 network of 

GNSs. Due to this sp
2
 and sp

3
 combination, the wavy- surface has been generated on 

GNSs surfaces. In summary, graphene is a high surface area materials, where controlled 

surface and edge modification [27–29] like defects, grain boundaries,  adatoms doping and 

functionalization creates a new surface engineering strewing potentially by affecting the 

electrical, mechanical and optical properties for various applications [27–29]. 

 

Fig. 2.2: (a) TEM image of suspended monolayer graphene [11], STM topographic image of 

monolayer graphene on (b) hBN and (c) SiO2 substrate [22]. 

2.2.2 Electronic properties 

Graphene is a perfect two-dimensional semimetal of zero band gap which has been 

evolved as beguiler materials inherited with fascinating electronic properties due to its de-

localized low energy π electrons of unhybridized Pz orbitals. The biparticle lattice band 

structure where valence band and conduction band touches at two conical points, K and Kʹ 

of the Brillouin zone (BZ) (Fig. 2.3 (a)) described initially by tight binding model 

approach [30–32] and later on successfully by the experiment [3]. This is due to linear 

energy-wave vector dispersion relationship of charge carriers in SLG in contrast to 

massive Dirac fermions [33] of bi-layer graphene (BLG) showing gapless parabolic-
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shaped [34] band state. The charge carriers in SLG behave like relativistic particles of zero 

rest mass with speed up to 10
6
 m s

-1
 [35] and hence it’s electronic state described by Dirac 

equation rather than Schrödinger equation. Band gap in graphene structure can be tuned by 

applying external bias [3,36–38]. The ballistic transport of charge carrier in graphene is 

dependent on many factors like carrier densities [39], bias voltage [40], temperature 

[41,42] and nature of substrate [40]. It has been experimentally observed that on oxidized 

Si substrate, it exhibit charge carrier mobility, μ ~10 000 cm
2 

V
-1 

s
-1 

in with typical carrier 

densities (n) ~10
13

 cm
-2

 which is much more than silicon materials at room temperature 

[43]. Using atomically smooth surface of hBN substrate, at room temperature μ can be 

increased up to 100 000 cm
2 

V
-1 

s
-1

 with mean free path of ~1 μm at n ~2×10
11

 cm
-2 

[40]. 

Even μ can be reached up to 1 000 000 cm
2
V

-1
s

-1
 at n ~ 10

11
 cm

-2
  by excluding extrinsic 

scattering in annealed graphene sample at liquid-helium temperature. The existence of a 

minimal conductivity ~e
2
/h is an intriguing feature even at a carrier concentration of 

nearly to zero [35].  Investigation [44–46] shows the induction of Josephson junctions 

[47,48] superconductivity in graphene layer by top placing small island of 

superconducting materials at cooling down below the critical temperature (Tc ≈ 1.3K). The 

unusual response from massless fermions in a magnetic field is the anomalous (half-

integer) character of the quantum Hall effect (QHE) [35,49] near the Dirac point is the 

signature of SLG in contrast to BLG (Fig. 2.3 (b)) experimentally observed at room 

temperature [43].  Due to ambipolar [3] nature, the sequence of Landau  discrete energy 

level of filling in applied perpendicular  magnetic field remain unaltered but the filled 

carriers can be switched from electrons (Vg > VDirac) to holes (Vg < VDirac)  by changing 

applied gate voltage (Vg) positive to negative near the Dirac point respectively. Due to 

chiral properties of Dirac fermions in graphene, Klein tunneling [48,50] occurs in p-n-p 

junction [51] as holes to electrons and then to electrons with Berry phase of π in SLG [49] 

and 2π in BLG [52]. However, the gapless energy band structure of graphene inhibits 

various applications in graphene-based electronic devices due to above said Klein paradox 

[53]. With an external bias [36] or doping with other molecules [54,55], the band gap of 

the GNSs can be altered, which open a wide spectrum of electronic applications [56].  
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Fig. 2.3: (a) Tight-binding model of an electronic band of SLG, where valence band touches at K 

and K' of BZ [30] and (b) anomalous QHE of SLG in contrast to BLG [35]. 

2.2.3 Optical properties 

Interaction of electromagnetic wave with the Dirac fermions in graphene has been studied  

[57–61] and its consequences result in many advanced technologies. Optical contrast of 

graphene layers on a suitable substrate is the primary stage of confirmation in determining 

the number of layer of graphene [62–64] before opting for various advanced technologies 

like atomic force microscopy (AFM), Raman, X-ray photoelectron and infrared 

spectroscopies and by QHE measurements. The optical visualization of graphene sheets on 

top of SiO2/Si substrate from the interference patterns upon incidence of the visible to the 

infrared range of the spectrum is well studied [63–65] and debated on visibility depending 

on the thickness of SiO2, the wavelength of incidence light and number of graphene layers. 

The frequency independent optical absorbance of graphene monolayer is given by πα = ~ 

2.293 % [65], where α = e
2
/ℏc is the fine structure constant and increases linearly with the 

number of layers [62,66] (Fig. 2.4 (a-b)). Experimentally it was reported an universal 

optical conductance of Go = e
2
/ 4ℏ = 6.08 × 10

-5 
Ω

-1
 single graphene layer from infrared 

[65,67] to visible [62] spectrum range with an approximation of non-interacting massless 

Dirac fermions. However, multilayer graphene sheets optical conductivity [68] in infrared 

and ultraviolet frequency region can be understood by combined effect of van Hove 

singularities in the joint density of states and selective optical transitions. 
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Fig. 2.4: (a) Optical image of 1-4 layers of graphene sheets [66],  (b) transmittance spectrum with a 

variance in the number of layers of graphene sheets [62]. 

Photon absorption leading to various interband transition [59] with electron-hole 

interactions strongly depend on stacking sequence [69], the number of layers [70,71], 

doping level [72] and substrate interactions [73] in graphene layers.  Photoluminescence 

(Pl) is not expected phenomenon in relaxed charge carriers in materials like graphene 

having no band gap. However, it can be made photoluminescent by inducing a band gap in 

graphene sheets under excitation of ultrafast laser pulse [74–76] and physical/chemical 

modification [77–80] for restricting π-electrons network apart from many other techniques 

[81,82]. Depending on band gap manipulation, graphene can be made luminescent in a 

wide range from the infrared  to the ultraviolet [75,77,79] emission enabling them in 

various photonics and optoelectronics applications in the field of photovoltaic devices 

[83], bio-imaging and drug targeting [84–86], terahertz devices [87,88], light emitting 

devices [89–91] and sensing elements [92]. 

Graphene can be used as optical limiters [93] by absorbing photons (Ex., Pauli blocking 

[94]) incident on it and dissipated as heat and low intense radiations. Recently, it was 

reported that mono- [95,96], bi- [58], and oxidized graphene [97] layers  can be coupled to 

a photonic crystal cavity  as optical modulator featured with broad optical bandwidth, 

small footprint(~25 µm
2  

[98]), high operation speed (160-850 GHz [58]) with high 

modulation depth and very low power(~fj) [95] for its operation under ambient conditions. 
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2.2.4 Mechanical properties 

 

Fig. 2.5: (a) Schematic of AFM tip nanoindentation on suspended monolayer and (b) Young’s 

modulus of the graphene sheet [99]. 

Experimental evidence of high value of intrinsic breaking limit of 42±4 N/m with an 

intrinsic mechanical strain of ~25 % and Young’s modulus of ~1.0±0.1 TPa of 

mechanically exfoliated pristine monolayer graphene freely suspended (Fig. 2.5 (a)) over 

holes of Si/SiO2 substrate in 2008 [99] has conferred as the strongest ever measured 

material (Fig. 2.5 (b)). Similar experimental observation by Frank et al. [100] reported 

Young’s modulus of 0.5 TPa and spring constants of 1-5 N/m to the stacks of less than 5 

layers of graphene and showed a strong dependence on its thickness [101–103]. The 

experimental investigation of many mechanical features of this material have been 

strongly co-related by numerous theoretical/computational findings in different 

approaches like molecular dynamic simulation [104,105], ab initio [106,107] and tight 

binding approaches [108]. However, a decrease in mean elastic modulus value of 

monolayer of chemically reduced graphene oxide to 0.25 TPa with a standard deviation of 

0.15 TPa [109] is attributed to the defects [104,110] and content of oxygen functionalities 

[111,112] in the graphene layer. Also, the mechanical properties depending on numerous 

factors like synthesis techniques [102,109,112], edge type [105], temperature [105], a 

number of layers [113] and carbon isotopes [114] has been reported. Owing to its 

prominent mechanical features, graphene [115] and graphene oxide (GO) [111,116,117] 

paper like materials are developed for the use of mechanical resonator [103,118], pressure 

sensor [119] etc.  
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Graphene with its oxygen functionalities interconnect with various polymer (epoxy [120], 

poly-vinyl alcohol [120,121], PMMA [122]) via crosslinking, inclusion of metal ions 

[123] and ceramic materials [124,125] enhances the mechanical properties like tensile 

strength, Young’s modulus, fracture toughness, resistance to fatigue and coefficient of 

friction [122] which leads to fabrication of nano electrochemical systems [118,126] and 

flexible electrode materials [122]. 

2.2.5 Magnetic properties 

The physical properties of graphene nanostructures are highly dependent on their width 

and the topology of the edge structures. There are two canonical types of graphene edges, 

referred to as armchair and zigzag edge type. Experimental evidence of intrinsic 

magnetism of sp
2
 network of graphene has been a controversial subject. Wang et al. [127] 

have shown the existence of ferromagnetic interaction in graphene at room temperature. 

Chemically reduced graphene shows saturation of magnetization of about Ms = 0.004 and 

0.020 emu/g at 300 K and 025 and 0.90 emu/g at 2K. Matte et al. [128] showed that 

dominant ferromagnetic interaction along with antiferromagnetism in graphene prepared 

by all different techniques exhibits magnetic hysteresis at room temperature (Fig. 2.6 (a)). 

Hydrogenated graphene sample shows the comparatively higher value of magnetization 

due to chemisorption of molecular hydrogen at the edges likewise substantial induction of 

ferromagnetism upon proton irradiation on graphene [129]. Later on, a controversial report 

is given by Sepioni et al. [130]. They studied magnetization of ultrasonically cleaved 

graphene from pure highly oriented pyrolytic graphite (HOPG) by different solvent with 

extreme care of magnetic impurities <1 ppm level. Magnetization measurement shows a 

strong disagreement for the existence of ferromagnetism in graphene (Fig. 2.6 (b)) at any 

temperature whereas a noticeable paramagnetism was detected at low temperature [130]. 

From numerous theoretical studies, it is believed that ideal graphene shows non-magnetic 

behavior however it was suggested the magnetic properties can be induced in edges by 

external electric field [131]. Also, intrinsic magnetism in bulk graphene can be induced by 

the inclusion of several types of point defects [132], adatoms [128,133], substitutional 

dopants [134] and hydrogen chemisorption [135,136]. Furthermore, magnetic properties 

also depend on edges state [8,137], size [138] and nature of stacking  [139] of graphene 
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sheets. Due to room temperature ferromagnetic behavior, it is now emerging as strong 

material for applications in fields of spintronic [140]. 

 

Fig. 2.6: (a) Magnetic hysteresis in various types of graphene produced from thermally exfoliated 

graphene (EG), conversion from nanodiamond (DG), and arc evaporation of graphite in hydrogen 

atmosphere (HG) at room temperature [128] and (b) Magnetic moment (M) as a function of 

parallel magnetic strength (H) at different temperatures (T: 2, 3, 4, 5, 10, 20, 50, and 300 K) [130]. 

2.2.6 Thermal properties 

Mostly experimental thermal conductive measurement of graphene is done by Raman 

spectroscopy with a longer wavelength of laser light (488 nm; Argon laser light) due to 

efficient local heating than the shorter wavelength (Fig. 2.7 (a)). Graphene has shown a 

distinct pattern of G and 2D band [141,142] and the shift in G band position were 

calculated for determination of thermal conductivity of graphene sheets [143,144] (Fig. 

2.7 (b)). First experimental data on thermal conductivity (k) of mechanically exfoliated 

suspended SLG [145,146] in near room temperature is in the range of k ~3000–5300 

W/mK depending on dimension. Experimental [147–149] with theoretical[150] evidence 

shows that as the number of atomic planes increases, thermal conductive (k) decreases and 

approaching to graphite limit due to modification in phonon scattering. Thermal 

conductive (k) is more in the case of freely suspended graphene layer than in the case of 

supported graphene due to phonon leakage across the graphene-substrate interface [151]. 

The thermal conductivity of graphene flake on a SiO2 substrate is ~600 W/mK [152] 

which is very less than suspended graphene. In support it is reported by Cai et al. [151] 

that the k values of CVD-grown suspended and supported monolayer graphene is 2500 + 

1100/-1050 W/mK and 370 + 650/-320 W/mK respectively at room temperature. Due to 
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Umklapp phonon scattering in graphene layers, as the temperature increase, thermal 

conductivity decreases [151]. It was shown the thermal conductivity of suspended SLG 

decrease to 630 W/mK at T=600 K [153].The thermal conductivity of graphene also 

depends on flake size [147,148], the difference in strain distribution [154] and geometries.  

 

Fig. 2.7: (a) Schematic of the experimental set-up used for thermal conductivity of suspended 

graphene sheet [145] and (b) measured temperature coefficient from the shift in G peak of the 

graphene sheet at various temperatures [144]. 

Molecular dynamics calculation shows that smooth edge graphene is having a higher value 

of k than the rough edge of values 7000 W/mK to 500 W/mK [154]. However, the 

extrinsic factors (defects, impurities, grain size), reduces thermal conductivity for large 

graphene flakes. Upon theoretical and experimental studies, the thermal conductivity of 

graphene is higher than any other form of carbon nanomaterials and the properties can be 

tuned for suitable thermoelectric applications in nanoelectronic devices by controlled 

introduction of defects and on-top substrate fabrications. 

2.3 Trending applications of graphene 

Graphene is a truly rising star material of the century due to its extraordinary physical and 

chemical properties. The fascinating properties such as high specific surface area (2630 

m
2
g

-1
) [26], ballistic carrier (electrons or holes) mobility ( 200,000 cm

-1
 V

-1
 s

-1
) [155], high 

thermal conductivity (5000 W m
-1

K
-1

) [145], larger Young’s modulus (1,100 GPa) with 

fracture strength ~125 GPa [99] and high transparency (~2.3% absorbance of white light 

for single layer graphene) [62] have enable the material for many technological 
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advancement. Certain intrinsic phenomena such as massless Dirac fermions as charge 

carriers, anomalous quantum Hall effect and tunable band-gap bring a revolution in the 

field of electronic device applications [56,156–161]. Its superior thermal conductivity can 

be used as graphene-interconnect for heat deception management in the chips of 

nanoelectronic applications [149]. Its lower light absorbing capacity led to the formation 

of a highly transparent conductive electrode for various opto-electronic devices. Its high 

strength and stiffness enable the materials for flexible touch screen or electrodes in display 

technology or any transparent device formation [162,163]. Zitterbewegung phenomena, 

high charge transport properties and large surface area of the GNSs gave ideal situation for 

various clean energy applications [164,165]. Accessibility of both the surface to the 

analyst and its sensitivity in conductance properties brings together for a wide range of bio 

and gas sensors [119,166,167]. The microwave plasma chemical vapor deposition 

technique has been successfully used for the synthesis of high-quality, crystalline and 

vertically aligned FLGNSs for impressive field emission and graphene-based field emitter 

electrodes [168]. Graphene along with its fascinating properties purged with metals, 

polymer or ceramic materials for various graphene-based composite applications have 

been explored [169]. Lightweight vehicle body parts, high strength polymer, 

supercapacitors, fuel cell, battery electrode materials are few enlighten applications in 

such categories.  

2.4 Synthesis of graphene nanosheets 

Unique fundamental research findings on graphene nanomaterials since its discovery has 

expanded outstandingly rapid manner for a wide range of novel technological applications. 

To cope with the technological demands, graphene nanomaterials are now set to move 

from the laboratory to the industry. To meet the current challenges, graphene industrial 

revolution is worth welcoming. Below outlined graphene synthesis techniques are 

available, to take leap giant steps for the fabrication of the materials for many potential 

applications. 

Likewise the synthesis of various nanostructured materials, GNSs can also be categorized 

in two ways; namely (1) top-down approach and (2) bottom-up approach. The top-down 

approaches for the synthesis of GNSs include the breaking down any specialized (e.g., 
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Natural graphite, synthetic graphite, carbon nanotube (CNT) etc.) form of carbon 

allotropes by the various physicochemical process. Where in case of bottom-up 

approaches, the elemental carbon atom plays the basic building block for forming GNSs. 

2.4.1 Top-down approaches 

Mechanical exfoliation of natural graphite by scotch tape method of peeling, induces high 

quality pristine GNSs [3]. Due to the non-uniform thickness and smaller sizes (<10 μm), 

the synthesis process is limited only for fundamental studies. Tip-less atomic force 

microscopy (AFM) cantilever has been used for isolation of thin graphite flakes of ~10 nm 

thick with lateral sizes ~2 μm [170]. The top layers HOPG has been shear off by the 

optimal external force exerted by the cantilever with resulting thin graphitic films (Fig. 2.8 

(a-b)). 

Liquid phase exfoliation process of synthesis of GNSs involves either intercalation of 

large size compounds or functionalization of the individual layers of the expandable 

graphite base materials. Hernandez et. al. [171] were at first successfully able to produce 

high-quality, un-oxidized and defect free graphene colloidal suspension in organic 

solvents (N-methylpyrrolidone (NMP), γ-butyrolactone (GBL) and 1,3-dimethyl-2-

imidazolodinone (DMEU)) from powdered graphite. The process is limited by the residual 

adsorption of the organic solvents onto the exfoliated graphene sheets. Several similar 

approaches have been reported with a better dispersion of functionalized FLGNSs in 

various organic solvents [172–174]. Surfactant-assisted via sonication for the formation of 

dispersed GNSs can able to give a high quality unoxidized form of single to few layers of 

GNSs. In these types of approaches, the sonication leads to separation of graphitic layers 

and stabilized by charged tailor polymeric group by wrapping around the graphene layers. 

The stability of surfactant mediated graphene dispersion can be understood by Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory [175]. The solvent’s surface energy and 

sonication time are the important factors in the process for an efficient yield of GNSs. 

Loyta et al. [176] were at first able to exfoliate out the oxide and defect free single to < 5 

layers of GNSs by mild sonication in Sodium dodecylbenzene sulfonate (SDBS) 

surfactant. A wide variety of cationic [177,178] (cetyl-trimethylammonium bromide 

(CTAB), dodecyltrimethylammonium bromide (DTAB), octayltrimethylammonium 
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bromide (OTAB), tetrabutylammonium bromide (TBAB) etc.), anionic [179–182] (sodium 

dodecyl sulphate (SDS), sodium cholate (SC), sodium deoxycholate (SDOC) etc. ) and 

non-ionic [182,183] (Pluronic P-123, Tween 80, Triton X-100 etc. ) surfactants have been 

used for similar approach for the synthesis of stable graphene colloidal dispersion (Fig. 2.8 

(c-d)) . Again various ionic liquids [184–188], and aqueous alkali metal salts [189] have 

been used for the synthesis of GNSs by the liquid phase exfoliation process. 

 

Fig. 2.8: Illustration of (a) micro-cleaving process of HOPG, (b) SEM image of resulting thin 

graphitic films [170], (C) liquid-phase exfoliation process (inset: stable graphene dispersion). (d) 

resulting transparent graphene film on a glass substrate [180], (e) unzipping of CNT process,(f) 

resulting TEM image of graphene sheets [190], (g) arc-discharge process and (h) resulting TEM 

image of graphene flakes [191]. 

Chemical method of exfoliation for the synthesis of GNSs is a widely adapted technique 

followed by researchers for bulk quantity synthesis. The basic principle behind the 

technique is to oxidize the graphite powder in acidic medium for the synthesis of GO 

sheets followed by various reduction processes. In an oxidizing environment, the stratified 

graphite sheets are endowed with various oxygen functional groups, which lead to 

expanding the interlayer spacing significantly. Subsequently, the raw graphite materials 

turn out as exfoliated GO sheets, due to hindrance in Van der Waal’s forces at their 

interfaces by the surface functionalization. There is remarkably improvisation on the 

synthesis of GO [192], which was earlier started by the Brodie [193] and Staudenmaier 

[194] followed by Hummers et al. [195] techniques. Now, the carbon network from the 

GO sheets have been restored to form reduced GO (rGO) sheets by various ways such as 

by chemical reducing agents, thermal annealing, microwave and photo irradiations, 
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catalysis reactions, solvothermal reduction and electrochemical reduction techniques 

[196]. The major drawbacks of the process are difficulties in complete reduction of GO 

sheets and defect-free GNSs in the carbon hexagonal structure.  

Further, GNSs and its sub-categories graphene nanoribbons (GNRs) can be synthesized by 

longitudinal cleaving of single or multi-walled carbon nanotubes (Fig. 2.8 (e-f)) [190,197]. 

The unzipping process of CNTs can be carried out by various techniques such as 

lithographic patterning [198], plasma etching [198], hydrothermal technique [199],  

catalytic and chemical [190,200,201] process. These methods of fabrication of GNSs and 

GNRs were limited for certain transparent and flexible electronic device applications.  

Another technique called arc discharge method can be used for the synthesis of graphene 

flakes up to few-layers (Fig. 2.8(g-h)). In this approach, two graphite electrodes were 

connected to a DC power sources at a certain arc current in an enveloped chamber. One of 

motor controlled electrode moves towards the fixed electrode and touches mechanically 

which generated the arc plasma. The carbon electrode exfoliated out and splattered inside 

the chamber. The arc plasma is controlled by various compositional gaseous [191,202–

204] or liquid medium [205] for the functionalized or doped GNSs [206].  This process is 

an uncontrolled process and affinity to produce the mixed allotrope of carbon 

nanostructured materials. Therefore, this method is plausible for bulk preparation of 

FLGNSs with controlled environment, electrode temperature, suitable catalyst medium 

and applied arc current. 

Electrochemical exfoliation is another authoritative approach of fabrication GNSs, which 

will be elaborately explained in Section 2.5. 

2.4.2 Bottom-up approaches 

In these approaches either the elemental carbon atoms or aromatic molecules plays as 

building blocks for the synthesis of hexagonal structure of GNSs. Either self-assembly or 

assisted self-assembly mechanism were followed for the process. Diffusion of carbon 

atoms and polymerizations enable the techniques for the development of high quality SL 

to FL graphene layers. 
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Fig. 2.9: Illustration of (a) various CVD process for the graphene sheets formation on the copper 

substrate [207] and (b) various steps of epitaxial growth of graphene layer on SiC substrate [208]. 

Chemical vapor deposition (CVD) techniques are mostly used for the development of high 

quality single layer to few layers of continuous GNSs on a metal substrate [209]. Mostly 

transition metals like nickel (Ni), cobalt (Co), iridium (Ir), rubidium (Rb) and copper (Cu) 

metallic substrate have been used.  These metal surfaces at high temperature act as a 

catalyst for decomposing hydrocarbon gasses (e.g. methane [210], ethene [211]  and 

ethyne [212]) and expedite the nucleation of graphene on its surface. Li et al. [210,213] 

have shown the Cu metal substrate are able to produce high quality long range and a 

uniform single layer of GNS than Ni due to its low carbon solubility. However, by 

controlling the thickness of Ni-thin film and cooling rate, carbon precipitation on the Ni-

substrate can be controlled and able to synthesize SL to FL graphene sheets [214]. Due to 

high temperature (~1000 
°
C) operation in CVD process, the surface metal atoms of the 

catalyst may have chances for its sublimation. So, the efforts have been taken for lowering 

the temperature in the CVD process. In this technique, basically aromatic molecules used 

as carbon sources [207,215–217] (e.g. benzene, p-terphenyl, quinone etc.) in the CVD 

system for thermal polymerization to form GNSs on Cu substrate (Fig. 2.9 (a)). 

Epitaxial growth of graphene layer on silicon carbide (SiC) is a high temperature and 

ultra-high vacuum (UHV) conditioned synthesis process[208] (Fig. 2.9(b)). Emtsev et al. 

[218] had able to synthesize large area and high quality single layer of graphene by 

thermal decomposition of SiC. Graphitization will occur at high temperature (~1300 °C) 

annealing of the SiC (0001) crystal under UHV condition. The SiC will decompose and 

sublimate the Si atom as well at the elevated temperature. In this process of graphitization, 
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single to few layer of graphene layer can be obtained by optimizing the growth mechanism 

[219–222]. 

In summary, though both the approaches for the synthesis of GNSs are quite convincing 

for fundamental as well as the industrial level of application, but fails for its scalable 

production. In top-down approaches, as the bulk graphite exfoliated to form single to few-

layer of GNSs, the level of disorder or defect in the carbon sheet is the primary concerns. 

With optimizing the process parameter, the sources of defect generation, i.e. the affixation 

of the unfavorable oxygen functionalized groups in the carbon sheets can be minimized. 

Again in bottom-up approaches, many reports are available for highest quality production 

of graphene sheets onto a substrate. However, the usage of high temperature sources, 

sophisticated instrumentation, difficulties in substrate transformations and complexity in 

controlling process parameters limits the techniques for an industrial level of production. 

For enabling the graphene technology, the industrial level of graphene production is 

required and in the near future it will happen so. Herewith, below explained an 

electrochemical approach for the GNSs production seems quite convincing for the 

fulfillment of industrial level of productions. 

2.5 Electrochemical exfoliation technique 

Aforementioned certain well-established routes had been proposed for the synthesis of 

high quality GNSs. Though the techniques have immense potential in various application, 

but limited in the making to the industrial level of productions. Many of them like CVD, 

epitaxial growth on SiC etc., lacks in scalable production due to various limitations. 

Specific substrate requirement, high temperatures requirement, costly instrumental setup 

and long processing time involvement in these techniques are the limiting factors. Again 

the solution-assisted process for the synthesis of GNSs is quite competitive for the 

industrial scale production. However, the usage of toxic chemicals, high thermal energy 

for the reduction of GO, long time consumption and release of hazardous gases are the 

primary concerns. Also, usage of extreme environmental conditions (e.g., high inert 

atmosphere temperatures and strong reducing agent) for the restoration of the sp
2
 network 

in the reduced GNSs creates various defects in the nanosheets [196]. Whereas, considering 

the above limits and constraints, the electrochemical exfoliation approach should be the 
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standalone technique for the synthesis of high-quality GNSs [223]. It is scalable, cost-

effectiveness, green and above all rapid way of a synthesis approach makes the technique 

more versatile and robust [224,225]. Effective intercalation of ionic species into the host 

graphite lattice with suitable bias and consequent exfoliation has been carried out for the 

synthesis of functionalized as well as high-quality GNSs [223,226,227]. 

2.5.1 Definition 

Electrochemical exfoliation is a phenomenon of peeling off the electrode materials in ionic 

electrolyte medium by applying suitable potential or current to the electrode. In the case of 

graphene synthesis, the stratified graphite electrode exfoliates layer by layer in the certain 

ionic electrolyte. With the applied potential to the electrode, the ions in the electrolyte 

intercalate/diffuse into the graphitic lattices. The interaction of the intercalant with the 

graphite lattice resulted in many fold electrochemical reactions with the vigorous release 

of gasses from the graphite interstices. So the Van der Waal’s forces exerted in between 

the graphene layers is significantly reduced. With controlling the nature of the interaction 

of ions with the lamella structured graphite electrode, high quality of GNSs can be scaled 

up. 

2.5.2 History of electrochemical exfoliation of graphite 

Exploring on synthesis of GNSs by the exfoliation technique is originated from the idea of 

decade back study of intercalation/de-intercalation study in specialized graphite or blended 

graphite electrodes in a rechargeable battery at low voltage (<1 V) [228–234]. The 

graphite electrode is an excellent choice for the electrode in batteries due to its stratified 

lattice structure, high charge density and good cycling behavior. Again, lithiation [235–

239] into graphite electrode is one of the most explored and vantage corporeal subjects in 

the history of the lithium-ion battery. In this electrochemical process, repeatedly 

intercalation/de-intercalation of Li
+
 ions to the graphite or any carbon based electrode 

played a major role in understanding the energy storage mechanism in battery application. 

Due to the redox reaction of graphite with the ions, the solid-electrolyte-interphase (SEI) 

[234] at the surface of graphite electrode has been formed, which act as a shuttle for only 

ionic conductor rather electronic conduction. The stable configuration of the graphitic 

structure of the electrode is highly essential for the efficient batteries application. So, it 
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gave immense interest to study the mechanism of changing the behavior of graphite 

structure, during the intercalation/de-intercalation electrochemical reactions. Apart from 

Li
+
 ions, the effect of another ionic form from the various electrolytes [229,230,240–244] 

on the graphite/graphite modified electrodes have been studied and well documented in 

earlier days. Due to the ionic movement inside the lattice of the graphitic plane, the 

accumulation of stress has been generated and consequently blistered with the evolution of 

gasses as depicted by Hathcock et al. [245]  and as shown in Fig. 2.10(a). The AFM image 

of the formation of surface blistering is shown in Fig. 2.10(b). Due to a large number of 

delocalized surface electron in graphite electrode, it is prone to get oxidize or reduced to 

give 
X

C  and 
X

C  
lattices arrested with anionic or cationic analysts during electrochemical 

intercalation forming graphite intercalated compounds (GICs). Ideally, in GIC system, it is 

presumed that a continuous phase of the guest species intercalates in the graphite lattice 

without distortion of its structure. The guest species bonded with the π-electrons of the 

graphite sheets and in a later stage it dissolute the lattice structure. The foreign species 

(intercalate) bonded with π electrons of graphite layer in two ways, namely (i) covalent 

bonding and (ii) ionic bonding for the formations of GICs. The covalent bonding includes 

graphite oxide, carbon monofluoride, tetracarbon monofluoride etc. In this types of GICs, 

the hybridization of carbon bonding changes from sp
2
 to sp

3
 form. The ionic bonding 

includes graphite with halogens, alkali metals and halide compounds. Former types of 

GICs are non-conducting and exhibit amorphous structure whereas later type GICs are 

conducting with crystalline nature [246]. 

 

Fig. 2.10: (a) Schematic flow of intercalation and de-intercalation and (b) AFM-EC image of 

blistering process in HOPG electrode [245]. 
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Electrochemically the GICs can be divided into two types i.e. acceptor and donor-type 

GICs depending upon the intercalate species forming bonding with the π-electronic 

network in the graphite [246]. When an electronegative species accepts an electron and 

forms an ionic bond with the π-electronic network of graphite structure, it produces 

acceptor-type GIC. However, if a metal atom (intercalate) can donate an electron to the 

network, the GIC formed is called donor-type GIC.  

Acceptor-type GIC: Cx (graphite host) + A (foreign intercalant) ⇋ 
X

C . A
ˉ 
 

Donor-type GIC: Cx (graphite host) + M (foreign intercalant) ⇋ 
X

C . M
+ 

 

The equilibrium in electrochemical reaction i.e., intercalation and de-intercalation of guest 

species into graphite host lattices is an essential requirement in myriad electrochemical 

applications such as charging/discharging in secondary battery, hydrogen storage device, 

fuel-cell and electrocatalysts. However measured kinetic [237,247] and thermodynamic 

[248] parameters due to insertion of guest ions/molecules into graphite lattice generates 

high stress in between graphite layers by side reaction like CO2 gas evolution and water 

electrolysis minimize or limits the reversibility of electro-oxidation reactions and leads for 

the exfoliation of the electrode. The intercalation mechanism of ionic species into graphite 

electrode and analytical studies of changes in host lattice (lattice features, step height 

change, topology etc.) formed GICs  has been lively observed by many of in-situ AFM 

[242,243,249], Lateral force microscopy (LFM) [250], XRD [235,251], Raman [252] and 

STM [239,253]techniques. The GICs formation was studied critically to describe the 

stability of the electrodes, that undergoes diffusion and dissolution of intercalating 

compounds in the equilibrium state of electrochemistry. In this limited brief report, we 

would like to direct the subject from GICs to electrochemical top-down approaches for 

synthesizing GNSs. In non-equilibrium and irreversible electrochemical state of reaction, 

the concept of intercalation can be utilized for controlled synthesis of high quality GNSs, 

which can be scaled up for industrial use. 
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2.5.3 Electrochemical exfoliation for synthesis of GNSs 

 

Fig. 2.11: Schematics of electrochemical exfoliation of graphite electrode for synthesis of GNSs 

[185]. 

Unlike the low voltage and current cyclic voltammogram electrochemical phenomenon of 

GICs formation,  the formation of the SL to FL of GNSs requires irreversible high applied 

bias at the graphite electrodes [254–258]. The intercalate diffuse into the stratified 

structure of graphite electrode with applied bias. The intercalate ions undergo redox 

reaction with the π-electron rich graphite crystals with the evolution of gaseous molecules 

from the electrode. The significant reduction in Van der Waal's forces in between the 

graphene layers enable the technique to exfoliate as single to few-layer of GNSs 

[223,254,259]. In 2008 Liu et al. [185] have been able to produce functionalized graphene 

sheets by electrochemical exfoliation for the first time as shown in Fig. 2.11. Due to plenty 

of voids/defects in natural occurring graphite materials, isostatic pressurized highly 

oriented pyrolytic graphite (HOPG) or highly pure graphite rod has been used for the 

process. It is quite easy to drive ionic species from electrolytes into the interlayer of 

graphitic planes by suitable applied electric potentials and expand the basal plane of 

graphite electrodes. For obtaining single to few-layers of graphene sheets, low stage 

electrochemical exfoliated GICs should be formed with a suitable size of intercalates 

[260], applied potential [186,260] and solvent to solute ratio [186]. 

The electrochemical exfoliation process can be broadly classified as anodic and cathodic 

exfoliation depending on the charge of intercalate ions diffuse into the graphite electrode. 



Chapter 2                                                                                                     Literature survey 

29 

Table. 2.1 list the anodic, and cathodic electrochemical exfoliation of graphite electrode 

for the synthesis of high-pure or functionalized GNSs for various applications.  

2.5.4 Anodic exfoliation for synthesis of GNSs 

 

Fig. 2.12: Schematic of electrochemical intercalation followed by exfoliation process for the 

synthesis of FLGNSs by protic analyte [261]. 

In anodic exfoliation process, water is used as the most commonly solvent in the 

exfoliation process. With the anodic oxidation reaction, water molecule dissociates to form 

oxygen and hydroxyl radicals. At the initial level of oxidation, these radicals reacted to 

form various hydroxylation and oxygenation functional groups at the edges of the carbon 

sheets. So, apart from the defect sites, the inner regular graphite lattice structure of the 

graphite electrode will be widened due to the edge functionalisations. This could facilitate 

the intercalate anions of bigger size than the lattice spacing of the graphite crystal (d = 

0.335 nm) for the intercalation. The intercalated anion acts as a depolarizing agent which 

is physically adsorbed on the surface of interstice of the graphite electrode. Consequently, 

the oxidation of graphite electrode due to solvent and the intercalation of depolarizer 

enable the formation of ‘blister’ at the surface of the graphite electrode. Various gasses 

like oxygen (O2), carbon monoxide (CO) and carbon dioxide (CO2) have been evolved as 

a byproduct through the interstices of the graphite electrode due to the oxidation reaction. 

These gaseous releases help to explode the ‘blister’ zone of the electrode with resulting 

thin layer of the graphitic flake. The physically adsorbed reduced intercalate compounds 

can be rinsed-off through the thorough washing in a solvent. The technique is quite fast 

and cost-effective approach for producing GNSs at a large scale, however optimization in 

the applied bias, the solvent to solute ratio and the size of intercalate plays a prominent 
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role. Su et al. [223] in 2011 were first able to produce high quality as well as large-area 

(up to 30 μm) thin graphene sheets from a simple protic solvent by electrochemical 

exfoliation technique. Aftermath, Xia et al. [262] and Liu et al. [263]  were also 

successfully synthesized GNSs from anodic graphite electrode exfoliation in a simple 

protonic acid electrolytes at various concentration by applying either DC bias or constant 

current supply. Other protonic acids such as perchloric, phosphoric, and oxalic acids also 

shows promising electrochemical anionic intercalation and exfoliation leading single to 

few-layer GNSs formations [259,263]. Sahoo et al. [261,264,265] have been succeeded in 

the scalable synthesis of FLGNSs in cost-effective manner from various protic solvents 

(Fig. 2.12). During the process, the pyrolytic graphite sheet has been expanded 

cathodically in water solvent before anodic exfoliation in the electrolytes. The proposed 

mechanism like wetting of electrodes in electrolytes and ramping in applied bias may 

expedite the exfoliation process in an effective manner. Moreover higher concentration of 

intercalate causes more damage to the sp
2
 structure of graphene sheets due to vigorous 

side reactions and can be controlled by maintaining the pH by adding alkali salt (KOH 

[223], NaOH [266], etc.) to the electrolyte. However, it has been observed that exfoliation 

process carried out with various surfactant aided solvents like (sodium dodecyl 

sulfate(SDS) [181], ploy(sodium-4-styrenesulfonate) (PSS) [267,268] adsorbed in GNSs 

and prohibit from agglomeration due to mutual repulsion of adsorbed anionic species to 

form a stable graphene colloidal solutions. 

2.5.5 Cathodic exfoliation for synthesis of GNSs 

Unlike anodic exfoliation, in cationic intercalation, i.e., in cathodic exfoliation hydrogen 

gas evolves from the solvent-cathodic reaction. Due to very small size and light weight of 

molecular hydrogen, it does not have any severe reaction as like in anodic exfoliation,  

however it plays an important role in expanding [259] the cathode graphite electrode. With 

higher cathodic potential, the vigorous evolution of hydrogen gas opens the pores and  

defect sites for intercalation of intercalating moieties. So, the cathodic pretreatment is 

primarily used to clean the graphite electrode by “hydrogen wash” before starting of 

electrochemical exfoliation. In this case, positive ions are intercalated to the cathodic (-ve 

polar) graphite electrode and make them expand and exfoliate out at a suitable electrolytic 

conditions as well as applied potential/current. Li
+
 ion intercalation into graphite electrode 
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by electrolysis of its molten form such as LiCl [269], LiOH [270],  LiClO4 [271,272], 

LiPF6 [233] are the most common process for cathodic intercalation which gives high 

conductive and functionalized GICs. It can be further processed for high quality GNSs 

(Fig. 2.13) with bigger domain and more conductive due to adsorbance of Li-metal ions 

into the GNSs structures. However, the smaller size of Li
+
 ion (diameter of 0.146 nm) as 

compared to distance (0.354 nm) between graphite layers in graphite could not able to 

exfoliates effectively. Hence for more efficient expansion and exfoliation of graphite, 

along with Li
+
 ions other cationic complexes (propylene carbonate (PC) [274,49], 

dimethyl carbonate(DMC),  tetra-n-butylammonium (TBA) [274] cations) have been used 

for fast exfoliation of the graphite. The resulted GNSs endowed with cationic adsorbates is 

suitable for many functional applications [272–274]. 

 

Fig. 2.13: (a) Schematic of Li
+
 ions electrochemical intercalation, expansion and micro explosion 

process and (b) resulted TEM and SAED image of FLGNSs [270]. 
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Table 2.1: Anodic and cathodic electrochemical intercalation and exfoliation for the synthesis of GNSs. 

Exfoliation 

Type 

Intercalants/ 

Electrolytes 

Applied bias 

(V)/ 

Current(A) 

Electrolytic cell 

configuration 
Graphene specification Applications Ref. 

Anodic 
2

4SO


 
aq. (H2SO4 + KOH) 

+10 V 

A: HOPG 

C: Pt wire 

d : 5 cm 

Lat. size up to 40 μm. 

Thickness= ~1.5 nm. 

Transparent conductive 

sheets 

Graphene ink 

[223] 

Anodic 4HSO


 
0.5 M H2SO4 

3.5 V 

A: HOPG 

C: Au wire 

d : 1 cm 

Lat. size:0.3–1.0 μm. 

Thickness:10-100 nm. 
NA [262] 

Anodic 

2

4 4HSO SO OH, ,  

 
aq. H2SO4 

0.1 A 

 ~6-8 V 

A: Graphite rod 

C: Pt wire 

Lat. size:1 to few micron. 

Thickness:4.84 nm. 
Electrocatalytic activity [263] 

Anodic 

Ionic liquid 

(triethyl sulfonium 

bis(trifluoromethyl sulfonyl) 

imide medium.) 

± 8 V 

WE: pencil rod 

CE: Pt spiral 

RE: Pt quasi elect. 

 

Thickness:0.8-1.3 nm Biological sensor [275] 

Anodic 4ClO


 
1M HClO4 

2 V 

WE: Graphite foil 

CE: Metal piece 

RE: Hydrogen elect. 

Lat. size: few microns. 

Thickness: up to 10 layers. 
NA [259] 

Anodic 
Polystyrenesulfonate anions. 

0.001M PSS 
5 V 

A: High purity 

graphite rod 

C: High purity 

graphite rod 

Thickness: 0.8 nm 

D/G > 1 
Scalable production [268] 

Anodic 3NO


 
5.0 M KNO3 

0.2 A 

A: High purity 

graphite rod 

C: High purity 

graphite rod 

d: 4.0 cm 

Thin layer sheets Sensor  [276] 

Anodic 4BF


 
[BMIm][BF4] and Water 

1.5-15 V 

A: HOPG 

C: Pt wire 

d: 2.0 cm 

Ultrathin graphene sheet 
Biological labeling and 

imaging 
[186] 

Anodic 

Dodecyl sulfate (DS
-
) 

anions 

0.1M SDS aqueous solution 

1.4-2.0 V 

WE: Graphite rod 

CE: Pt foil 

RE: Pt quasi-elect. 

 

Lat. Size: 500 nm 

Thickness: 1 nm 

D/G: 0.124 

NA [181] 
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Anodic 

9-anthracene carboxylate 

ion (ACA) 

0.1g of 9-anthracene 

carboxylic acid (9-ACA) in 

100ml water with few drop 

of NaOH solution 

20 V 

A: Graphite rod 

C: Graphite rod 

d : 2.0 cm 

Thickness: 0.79 nm 

D/G: 1.41 

SLG 

Supercapacitor [266] 

Anodic 

Phthalocyanine 

tetrasulfonate anoins. 

 

10 mg/ml Copper 

phthalocyanine-3,4',4'',4'''-

tetrasulfonic acid 

tetrasodium salt(TSCuPc) in 

DI water. 

12 V 

A: Graphite rod 

C: Graphite rod 

 

Thickness: 1-6 layer Gas sensor [277] 

Anodic 
3NO


 
Ethylammonium nitrate 

(EAN) with 10% (v/v) water 

2.2 v 
WE: HOPG 

RE: Ag/AgCl 

3-4 layers 

G/D: 3.5 

Nitrogen doped graphene. 

Electro-catalyst  [260] 

Anodic 

Hexafluorophosphate 

 ([PF6]
-
) anions 

 

10 mL 1-octyl-3-methyl-

imidazolium 

hexafluorophosphate 

([C8mim]
+
[PF6]

-
) and 10 mL 

water 

10-20 V 

A: High pure graphite 

rod 

C: High pure graphite 

rod 

d: 6.0 cm 

Thickness: 1.1 nm 

Length: width::700 nm:500 

nm. 

Conductive composite [185] 

Anodic 
Polystyrenesulfonate anions. 

0.001M PSS 
300 mA 

A: Flexible graphite 

foil 

C: Copper foli 

d: 2.0 cm 

Multilayer Li ion battery electrodes [267] 

Anodic 

2

4 4HPO SOor   

 
aq. H2SO4 or H3PO4 

7 V 
A: Pencil core 

C: Pencil core 

Thickness: 3-6 nm 

Lat. Size: 2 μm 

D/G: 0.71 

Electrocatalyst [256] 

Anodic 

2

4SO


 
0.1M (NH4)2SO4 

10V 
A: Graphite flake 

C: Graphite flake 
Single to Few-layer GNSs 

 Flexible printed 

devices 

 Flexible energy 

storage device 

[278] 

Anodic H2SO4+HNO3+H2O 10V C/A: Pencil rod Grain size = ~86.89 nm NA [279] 
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d = 4 cm  

 

Roughness = 0.336 nm 

Anodic 
2

4SO


 

(melamine additives) 
± 20 V 

Cathode/Anode:  

Graphite electrode 

D = 8 cm 

  

•   < 3 layers (~80%) 

•   C/O ratio = 26.17 

•    Sheet resistance = 13.5 kΩ 

□
-1 

•    D/G < 0.45 

•   Transparent conductive 

films 

•   Nanocomposite 
[280] 

Anodic 

CTA
-

(cetyltrimethylammonium 

cation) 

8/16/100 mM CTAB 

18/12/3 V 

Anode: graphite rod 

Counter: Pt wire 

d: 1 cm  

 AFM thickness: 2.5 – 4.5 

nm 
NA [281] 

Anodic 
OH

- 
and 

2

2O
  

(3.0 M NaOH +130 mM 

H2O2) 

1-3 V 

Anode: Graphite 

Cathode: Platinum 

d: 5 cm 

 FLG ~95% yield 

 3-6 layers 

 C/O = 17.18 

NA [282] 

Anodic 
2

4SO


  

(Na2S2O3 + H2SO4+ H2O) 
5 V 

Anode/Cathode: 

Graphite rod 

d = ~ 2cm 

 Sulfur doped GNss 

 2-3 layers (4-6 nm) 

 D/G: 0.35 (for GNSs), 

0.92 (for S-GNSs) 

Supercapacitor [283] 

Anodic 

2

4SO


, Cl
-
, OH

-
 

(1M Na2S2O3 + 0.5 M 

NaClO4 + 0.5 M NaOH) 

10V 

Anode: Graphite 

sheet 

Cathode: Platinum 

wire 

d = ~ 2cm 

 Lateral size: ~4 μm 

 4-5 layers; ~1.34 – 1.9 nm 

 D/G : 0.35 

Supercapacitor  [255] 

Anodic 
2

4 3SO NO, 

H2SO4:HNO3::3:1 
2-10 V 

Anode : Graphite 

Cathode: Platinum 

wire 

 D/G: ~ 0.81 

 ~95% -bilayers 

 Crystallite size: 9 nm 

NA [224] 

Anodic 

4BF


& [N(CN)2]
-
 

Li
+
 

[BMIM][BF4] 

[BMIM][N(CN)2] 

LiClO4 

-2 to 3 V 

WE: Flexible 

graphite  

CE: Pt rod 

RE: Ag/AgCl 

Fluorescent graphene flakes Energy storage device [284] 

Anodic 
4BF


& BTA anion  

EMIM BF4, EMIM BTA, 

N1114 BTA, BMPyrr BTA 

7 V 

100 mA 

Anode: Graphite 

Cathode: Pt rod 

~86 % yield 

Ultrathin sheets 

Lateral size ~500 nm 

NA [285] 

Anodic O
•
, OH

•
 and H2NCH2COO

-
 10 V Anode: N-doped FLGNSs Supercapacitor [286] 
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(Glycine anions) 

3M glycine ammonia 

aqueous solution 

HOPG/Graphite rod 

Cathode: Pt Sheet 

D/G:1.5 

Anodic 

Pyrophospahate anion 

(0.03 M Tetrasodium 

pyrophosphate)  

3-7 V  

Cathode: Graphite 

rod 

Anode: graphite rod 

Quasi reversible 

reference electrode: 

Pt-foil 

Thickness: ~5-7 nm 

D/G : ~ 1.0 
NA [287] 

Anodic 
Saccharin anion 

0.1 M Sodium saccharin 

2, 4, 6, 8  

and 10 V 

Cathode: Graphite 

rod 

Anode: graphite rod 

Quasi reversible 

reference electrode: 

Pt-foil 

D/G: ~1.1 

Thickness: ~4-5 nm 
NA [288] 

Cathodic TEA
+
, TBA

+
, TMA

+
, TAA

+
 -1.5 to -2.2 V  

WE: Au disk depited 

with graphite 

CE: SCE 

RE: Ag/AgCl 

Mono and Tri layer graphene 

on Au electrode 

D/G : 2.1 

NA [289] 

Cathodic H2 gas plasma  60 V 
Cathode/Anode: 

High-purity graphite 

Lat. Dim: 2-5 μm 

Thickness: ~2.5 nm 
 [257] 

Cathodic 

TBA
+
 (tetra-n-

butylammonium cation) 

0.5 M TBAPF6 

(Tetrabutylammonium 

hexafluorophosphate) 

solution 

-10 V 

Cathode: HOPG or 

graphite rod 

Counter : Pt-sheet 

FLG (~3-6 layer) Li-ion batteries [290] 

Cathodic 4SO


 

H2SO4 + KOH 
15 V  

Cathode/Anode: 

Graphite plate 

D/G: 0.06 

Lat. Sie: 2.8 μm 

Thickness:  2-3 nm (~6 layers) 

NA [225] 

Cathodic 
4SO


, OH
-
 

(0.1 M (NH4)2SO4) 

 

10 V 

Cathode: Graphite 

flake 

Couter: Pt rod 

~ 80 % : Lat. size: 5 μm 

~ 85 %: 1-3 layer 

D/G: 0.42 

Flexible supercapacitor [291] 

Cathodic 

Li
+ 

1M LiPF6 in ethylene 

carbonate(EC)/dimethyl 

carbonate(DMC) 1:1 w/w) 

0.3 V 

WE: Graphite on a 

copper foil wit PVDF 

binder 

RE/CE: Li metal 

sheet 

Avg. crystal size: 48 nm 

D/G: 0.035 
NA [233] 
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Cathodic 

TMA, TEA and TBA 

cations 

Tetramethylammonium 

perchlorate(TMA ClO4), 

tetraethylammonium 

tetrafluoroborate(TEA BF4) 

and tetrabutylammonium 

tetrafluoroborate (TBA BF4) 

dissolved in 10mL of 1-

methyl-2-pyrrolidone 

(NMP) 

-5 V 

WE:HOPG and 

graphite rod 

CE:Pt wire 

RE: Ag/AgCl 

Thickness: 1.8 nm 

Diameter: 100-200 nm 
NA [258] 

Cathodic 

Li
+
/PC complexes 

 

100 mg/mL LiClO4 in PC 

(propylene carbonate) 

 

-15±5 V 

C: HOPG 

A: Carbon rod/ 

Lithium flake 

Lat. Size: 1-2 μm 

Thickness: 2-3 layer 
Conductive ink [274] 

Cathodic 

[BMP]
+
 

 

15mL of N-butyl, 

methylpyrrolidium 

bis(trifluoromethylsulfonyl)

-imide (BMPT-F2N) 

-20 V 
C: HOPG 

A: Pt sheet 

Thickness: 2-5 layer 

D/G: < 0.05 

Lithium ion battery anode 

materials 
[292] 

Cathodic 

Na
+
/DMSO complexes 

 

NaCl, Dimethyl sulfoxide 

(DMSO), Thionin acetate 

and Water 

-5 V 
C: Graphite rod 

A: Graphite rod 
Thickness: 3.1 nm Conductive paper [254] 

Cathodic 

Li
+
 

 

Molten LiOH 

Constant 

15Amp(or 3.5-

4.5V) 

A: Cylindrical 

graphite crucible, 

C: High purity 

graphite rod 

Thickness: 2-4 nm (2-3 layers) 

D/G: 0.29 
NA [270] 

Cathodic 

Li
+
, PC

+
 and TBA

+
 

 

0.1 Lithium perchlorate 

(LiClO
4
) in 60 mL 

propylene carbonate (PC) 

and tetra-n-

butylammoniumperchlorate(

TBPA) of 0.615 gm. 

-5.0V 
C:Graphite foil. 

A:Pt mesh 

D/G: > 1.1 

Functionalized graphene 
Circuit patterning [272] 
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Anodic & 

Cathodic 

H
+
 and BMIM

+
 (for 

cathodic exfoliation). 

4SO


 (for anodic 

exfoliation) 

 

1-butyl-3-methyl 

imidazolium bisulfate 

(BMIMHSO4) 

 

3.0V 
A/C: Expanded 

graphite 

Thickness: 1-3 layer FLGNSs 

D/G: 0.04, 0.19, 0.11 
NA [293] 

Anodic & 

Cathodic 

4BF


 (anodic) and Li
+
 

(cathodic) 

 

[BMIM][BF4] {1-butyl-3-

methyllimidazolium 

tetrafluoroborate} and 0.5M 

LiClO4 

-0.8V (Li
+
 int.) 

and 0.5V(
4BF
  

int.) 

 

WE: Flexible 

graphite 

CE: Pt rod 

RE: Ag/AgCl 

Few-layer graphene flakes Battery electrode [271] 

A: anode, C: cathode, HOPG: highly oriented pyrolytic graphite, WE: working electrode, CE: counter electrode, RE: reference electrode, D/G: defect density 

measured by Raman spectroscopy. NA: not available.  
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In a comparative study, anodic exfoliation is more efficient than the cathodic exfoliation due 

to the release of heavy weighed gasses and more voluminous of anions intercalation. 

However, oxidation of graphene sheets results in more defects, edge functionalization by –

COOH, -OH, etc., groups and in-plane attachment of –C=O, -C-O-C-, etc., groups destroys 

the surface sp
2
 conjugative of graphene sheets makes less conductive than cathodic exfoliated 

graphene sheets [293]. Anodic intercalation as well as exfoliation is more efficient in terms of 

time, but cathodic intercalation avoids formation of oxidized products [258,294]. 

Electrochemical exfoliation also has been carried out by intercalating two [271,274] or three 

[258,272] types of different intercalates which co-intercalate to the same graphite electrode in 

an electrolyte for the synthesis of few-layer graphene at minimal energy requirement and ease 

operation. For scalable synthesis approaches, simultaneous exfoliation from both the 

electrodes in cationic as well as anionic intercalate [293] or switching polarity [256] in 

between electrodes in a uni-intercalate electrolyte also has been performed. Again, advanced 

electrolytic cell configuration system [257,258,263,275,295] has been used for the synthesis 

of high quality graphene sheets in large quantity in (less time and processing) economical 

way.  

 
Fig. 2.14: Schematic of the several time electrochemical exfoliation of graphite anode electrode (inset: 

electrochemical reactions, graphene dispersion in DMF and TEM image of the exfoliated GNSs) 

[263]. 

Liu et al. [263] have placed graphite rod as anode electrode at the bottom of a vertical 

electrochemical cell with protonic aqueous acid electrolytes for electrochemical exfoliation. 
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The graphite flakes peel off from the anodized graphite electrode undergoes several times of 

disintegration by repeated intercalation by the intercalates as shown in Fig. 2.14. This unique 

type of electrolytic cell configuration can be able to produce the high quality thin GNSs 

nanomaterials efficiently. Ionic liquids (ILs) are mostly composed of only ions at room 

temperature, plays a major role in functionalization of exfoliated GNSs from graphite 

[184,188,275] materials and have been preferred as an alternative to conventional electrolytes. 

It has been considered as green media for electrochemical reactions, due to their uniqueness in 

properties, such as low toxicity, high boiling point, negligible vapor pressure, high ionic 

conductivity, very wide electrochemical windows, good thermal stabilities and good solvation 

properties [296,297]. Exfoliation of graphite is faster in hydrophilic ILs than hydrophobic ILs 

due to oxidation of graphite at the edges and grain boundaries by oxygen radicals from 

hydrolysis of water molecules. Though the degree of exfoliation depends on the size of the 

ions in ILs [298], Sing et al. [298] showed that upon intercalation of HSO4
− anions, there is an 

increase in step height of HOPG form 4.0-7.9 A° at 0.8 V where in the case of [N(Tf)2] anions 

of same cationic ILs exhibit no change in step due to non-intercalation of the anions though it 

has larger size.  At higher applied potential, however [N(Tf)2] ions intercalate into HOPG and 

removal of carbon layer taking place. So for exfoliation of graphite in ILs requires control 

over ionic size, applied potential, and the ratio of water content [186,260]. Cooper et al. [258] 

have been successfully been able to produce few layered GNSs from electrochemically 

exfoliated HOPG in tetraalkylammonium cationic ILs. Tetrabutylammonium (TBA) cations 

expand HOPG faster than tetraethylammonium (TEA) and tetramethylammonium (TMA) 

cations due to larger size among all compared to the interlayer spacing of HOPG. Lu et al. 

[260] synthesized few-layer N-doped GNSs by electrochemical exfoliation in a protic ionic 

electrolyte of aqueous EAN at 2.2 V applied potential. The ILs generated nitrogen containing 

cations which react on defect sites or oxidized part (edges and boundary grains) graphite via 

condensation or amidation reactions to produce in-situ N-doping in exfoliated GNSs. Cationic 

exfoliated GNSs are more structure (less defect) and more conductive unlike oxidized GNSs 

in the case of anionic exfoliation in ILs. Synthesis of GNSs in IL solution can modify the 

surface of graphene sheets interacting with π-electrons and produce functional GNSs-hybrid 
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materials [185,275,292] useful for the various biosensor to energy storage electrochemical 

devices applications. 

2.6 Conclusion 

Uniqueness in electronic behavior, flattened high surface area, higher Young’s modulus, 

highly transparent, high thermal conductivity and ferromagnetic behavior at room temperature 

are some notable features of the GNSs. The properties can also be tuned by a certain external 

factor like chemical modification, doping impurities, applying gate voltage, etc. for noble 

device fabrication. Since its discovery by a scotch tape peeling from natural graphite, many 

advanced technologies are explored for the synthesis of high-quality and functionalized 

GNSs. Limitations of the techniques are also discussed. We find that the electrochemical 

synthesis approaches are quite cost-effective, non-toxic, scalable and standalone technique for 

the synthesis of high-quality and functionalized GNSs as well. 

 

 



 

  

Chapter 3 

 

3 FLGNSs synthesis and characterization 

techniques 

 

 

 

 

 

 

 

Elaborative description of the chemicals, raw materials and various scientific equipment were 

used for the experimentation for the syntheses of FLGNSs were reported in this chapter.  
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3.1 Introduction 

Graphene is a 2D nanomaterial field of research which is now taking a giant leap from 

laboratory to industry. However, the conditioned requirement of a low-cost technology for the 

large scale production of the high quality graphene nanosheets (GNSs) is highly essential. The 

electrochemical exfoliation is one of such robust technique which is used here for the 

synthesis of few-layer graphene nanosheets (FLGNSs). The technique follows the 

intercalation of cations or anions from the electrolyte to the graphite electrode with a suitably 

applied bias. As a result of ionic impacts as well as the electrochemical reactions at the 

electrode surface, exfoliation occurs. The materials and methodology used in the experiment 

are discussed followed by the characterization techniques used.   

3.2 Materials 

The acids such as H2SO4, HClO4 and HNO3 were of analytical grade and had been used 

without further processing. The water solvent used for all the experiment was collected from a 

freshly installed double distillation unit by Borosil, Model 3362. High quality, isostatic 

processed super fine grain pyrolytic graphite (PGr) sheet of thickness 0.3 cm (Asbury 

Graphite Mills, IPG15) was employed as both the working as well as counter electrodes in a 

voltage regulated DC bias system. All experiments were conducted at room temperature and 

pressure.  

3.3 Methodology 

The electrochemical synthesis of FLGNSs has been performed separately in various 

electrolytic conditions such as 0.5, 1.0, 1.5 and 2.0 M of either of H2SO4, HClO4 or HNO3 

protic solution. For each experiment, a freshly cleaved PGr sheet (1.0 cm × 1.5 cm × 0.3 cm) 

was used as working electrode (WE) by blanketing the remaining portion by an adhesive tape. 

The counter electrode was taken the same one in none blanketed conditions. The separation 

between the two electrodes was maintained 1 cm gap facing vertically to each other. The 



Chapter 3                                                     FLGNSs synthesis and characterization techniques 

43 

electrolytic cell was completely submerged in an ice-cooled water bath during the 

experimentation. 

Initially, a high negative DC bias of 10 V for 30 seconds followed by 3 V for 15 minutes was 

applied to the WE to this cathodic treatment to serve a dual purpose, i.e., to make the 

availability of surface as well as internal lattice pores of graphite electrode for efficient 

intercalation. Then the cathodically treated WE is swapped to the anodic terminal for the 

anionic intercalation and subsequent exfoliation with ramping applied bias from 0-8 V. 

Aftermath, the intercalation and exfoliation at a constant voltage of 8 V was carried out till the 

synthesis of the desired amount of exfoliated thin graphite flakes have been obtained. The 

repetitions of the experiments were carried out in the above stated manner for the scalable 

synthesis of the FLGNSs. After that, the exfoliated graphite flakes were collected from the 

electrolytic bath and rinsed off in double distilled water to remove any un-dissociated and 

ionic form of acid contents. The obtained mixture of multilayer GNSs has been further 

disintegrated by probe sonication at 30 KHz for about 3 hours. The obtained colloidal was 

centrifuged at 6000 rpm for 45 minutes, and supernatant portions were hence collected are the 

FLGNSs in colloidal form. The obtained colloidal has been oven dried to collect the flakes of 

FLGNSs for further characterizations as well as application purposes.  

 

Fig. 3.1: Schematic of electrochemical synthesis of GNSs. 
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3.4 Nomenclature of the as-synthesized FLGNSs 

The as-synthesized FLGNSs obtained from the electrochemical intercalation followed by 

exfoliation in various conditions mentioned below: 

 S1, S2, S3 and S4: The FLGNSs flakes/colloidal obtained from 

electrochemical exfoliation in 0.5, 1.0, 1.5 and 2.0 M H2SO4 electrolytic 

conditions respectively. 

 C1, C2, C3 and C4: The FLGNSs flakes/colloidal obtained from 

electrochemical exfoliation in 0.5, 1.0, 1.5 and 2.0 M HClO4 electrolytic 

conditions respectively. 

 N1, N2, N3 and N4: The FLGNSs flakes/colloidal obtained from 

electrochemical exfoliation in 0.5, 1.0, 1.5 and 2.0 M HNO3 electrolytic 

conditions respectively. 

3.5 Instrumentation 

Wide ranges of the scientific instrumental facilities were used in the experimentation, as the 

research work involves fully experimental approaches from the nanomaterials synthesis, 

characterization to applications. The as-synthesized FLGNSs both in colloidal or flakes form 

were subjected to various structural, morphological, topographical, chemical bonding and 

functional group analysis by high precision and calibrated scientific instruments. The brief 

details of the instrumentation are given in subsequent sections: 

3.5.1 Two electrode DC bias system (for electrochemical synthesis) 

A voltage regulated, ammeter conjugated DC bias system of Aplab make, Model No. 7103 

has been used for the electrochemical synthesis of the nanomaterials. The device has 

maximum regulated bias up to 20 V with dependent ammeter output up to 12 A to the two 

electrode terminal. The cathodic and anodic DC power supply was given to the PGr WE, by 

changing the polarity of the connected electrode terminal manually. 
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In the experimental work, nine times repeated electrochemical synthesis of FLGNSs has been 

performed in order to achieve sufficient quantity (in grams) for other characterization 

purpose.     

3.5.2 Particle size analyzer 

The particles size distribution and its average size from the colloidal solution has been 

measured by dynamic light scattering technique. A monochromatic light source is incident on 

the colloidal solution, and the scattered light is collected by photomultiplier for getting 

speckle pattern. Since the particle undergoes Brownian motion, the distance between the 

scatters in the solution is changing on time. From this dynamic study of speckle patterns, the 

size distribution of the particles is measured. The sample preparation was done by ~10 μl of 

exfoliated FLGNSs dispersed in 15 ml double distilled (DD) water. The dispersed sample was 

taken in a quartz cuvet for the particle size. In this analysis, Malvern of Nano ZS model has 

been used. 

For greater accuracy, the particle size analysis of the as-synthesized FLGNSs has been 

performed three times and the average values were taken into consideration.  

3.5.3 Conductivity meter 

The conductivity of FLGNSs colloidal has been measured by a digital conductivity meter 

from Environmental & Scientific Instrument Co., Model 601. Specific weighed FLGNSs 

flake was dispersed and bath sonicated for 30 minutes in DD water. Then the conductivity 

probe containing two platinum coated electrode of cell constant 1.0 has been dipped into the 

as-prepared FLGNSs colloidal solution. All the measurement has been performed at room 

temperature. For the accuracy in the measurement, each sample measured six times prior to a 

stable reading has been noted. 
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3.5.4 Thermogravimetric analysis (TGA) 

TGA is an analytical tool used here for the studies of the thermal stability of the samples with 

the increase in heat in a regulated manner. The samples were well grinded by motar pestle 

before uploading the sample in the sample holder of the TGA instrument. The weight loss has 

been measured with the rise in temperature with respect to a standard thermally stable 

reference alumina powder material. The analysis was performed on the basis of the release of 

various physically and chemically adsorbed analyte in the gaseous form the carbon 

nanomaterials. TGA analysis were performed by DTG-60H, Simazdu instrument in air at a 

heating rate of 10 °C/min up to 800 °C.  

Again the yield of the FLGNSs was calculated on the basis of the thermal stability at 500°C. 

The standard procedure followed here for calculation [272] of the yield is as follows; 

Yield = (M/Y) × 100    (3.1) 

Where, M (in gm.) is X % of Z (in gm.). X (in %) is the weight at 500 °C, Z is the weight of 

the FLGNSs obtained and Y (in gm.) is the weight of the exposed graphite material. 

TGA analysis of the FLGNSs has been performed three times for each batch sample in order 

to check the reproducibility. 

3.5.5 X-ray diffraction (XRD) 

XRD technique has been used here for characterization of types of the crystal structure and 

lattice spacing in the nanomaterials. The highly energetic X-ray beams, normally Cu Kα line 

of wavelength 1.54 Å is incident into the nanomaterials. Depending upon the lattice 

arrangement in the crystal of the nanomaterials, the x-rays are reflected with different path 

length. The reflected x-rays form a diffraction pattern, which is the unique for a specific 

material. The interplanar spacing of crystal structure can be analyzed from the Bragg’s law 

(2dSinθ = nλ; where d = interplanar spacing, θ = Bragg angle, n = order of reflection and λ = 

wavelength of the x-rays). Again from the international center for diffraction data, formerly 
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known as the joint committee on powder diffraction standards data base, the crystal structure 

and Miller indices can be obtained. Here the XRD patterns of the FLGNSs powder were 

measured by Ultima IV system using a monochromatic Cu Kα radiation (λ = 0.154 nm) in the 

range of 2θ from 5-60°. 

XRD measurement of the FLGNSs has been performed six times for each batch sample in 

order to check the reproducibility. 

3.5.6 Raman spectroscopy 

Raman spectroscopy is an essential spectroscopic technique to study the fundamental physical 

properties of various carbon nanomaterials. It can provide the information about crystallite 

size, disorders in the sp
2
 hybridized carbon systems, defects, doping, the optical band gap, 

elastic constants, edge structure, strain, the number of graphene layers etc. The spectroscopic 

technique works on analysis of inelastic scattering of a monochromatic incident laser beam, 

which interacts with the sample molecules. Here the presence of severeness of disorders as 

well as defects in the electrochemically synthesized FLGNSs can be estimated from the 

Raman spectra analysis. These spectra of the FLGNSs were recorded by the Renishaw inVia 

micro-Raman spectrometer with an excitation using a Nd:YAG laser source at a wavelength 

of 532 nm at a scan range from 1100-3100 cm
-1

. In the experiment, colloidal FLGNSs have 

been drop cast into a silicon substrate and oven dried prior to the Raman analysis. 

Again, the crystallite size of the graphite WE as well as the as-synthesized FLGNSs has been 

calculated as per following equation [299]; 

Where, La, is the crystallite size in nanometer unit, ID/IG is the ratio of D and G band 

integrated intensities, and λl is the laser source wavelength in nanometer (532 nm, in the 

reported case) unit. 

10 4 1
( ) ( )2.4 10 D
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   (3.2) 
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Raman measurement of the FLGNSs has been performed three times for each batch sample in 

order to check the reproducibility in the spectrum analysis. 

3.5.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique which is 

used for elemental composition and electronic state of the materials within ~10 nm depth 

from the surface. In ultra-high vacuum condition, X-rays (Al Kα or Mg Kα) are incident on 

the sample surface and the emitted photoelectrons are analyzed to characterize the samples. 

Here in this study, XPS of AMICUS 3400, Kratos Analytical Shimadzu Corporation has been 

used for qualitative and quantitative analyses of the surface functional groups present in the  

FLGNSs powder sample. In these studies, a monochromated Mg Kα (1253.6 eV) X-ray 

source has been used. The survey scan of the sample has been used for measuring the O/C 

ratio present in the FLGNSs surface. While the high-resolution C 1s spectrum has been used 

for the quantification of the functional groups present on the sample surface. For the 

quantitative analysis, CasaXPS software has been used for the purpose. 

XPS measurement of the FLGNSs has been performed two times for each batch sample in 

order to check the reproducibility in the spectrum analysis. 

3.5.8 Fourier transform infrared (FTIR) spectroscopy  

FTIR is a vibrational spectroscopic technique used for detecting asymmetric molecular 

stretching, vibration, and rotation of chemical bonds of the sample. The infrared (IR) radiation 

is incident on the sample with the help of Michelson interferometer geometry. The IR has 

been absorbed by the sample partially, and remaining has been transmitted to the detector. 

The resulting spectrum gives a unique molecular fingerprint of the sample. In this work, 

various functional groups attached to the FLGNSs have been analyzed by this technique. The 

specimens have been prepared by mixing of FLGNS to KBr powder in a ratio of 30:70 wt.% 

in very thin pallet form of 10 mm diameter. The spectra were collected in the range of 3500-

800 cm
-1

 by Shimadzu IR Prestige-21 instrument. 
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FTIR measurement of the FLGNSs has been performed three times for each batch sample in 

order to check the reproducibility in the spectrum analysis. 

3.5.9  UV-Visible spectroscopy 

In UV-Visible spectroscopy, the electromagnetic radiation ranging from 200 to 900 nm 

wavelengths have been incident on the sample. When these high monochromatic energies are 

incident onto the solid/liquid sample, it will absorb certain radiation, and the rest will be 

transmitted. The absorption of incident radiation by the sample has been recorded and 

reproduced in the form of the absorption spectrum. From this spectrum, the nature of the 

sample, functional groups, electronic transitions, and optical band gap can be known. The 

Tauc plot has been generated from the UV-Visible absorption spectrum. It is plotted “E”  Vs. 

“αE
2
”, where E and α, are the energy of the radiation and absorption co-efficient respectively. 

The square values on “E” because of direct allowed electronic transition exhibited by 

graphene colloidal sample. The “E” and “α” has been calculated as per following equations 

given below. 

E
hc


  (3.3) 

2.303 OD

t



  (3.4) 

 

Where h, c, OD and t are Planck's constant, speed of light, optical density (absorption 

intensity) and thickness of the sample respectively. 

For obtaining UV-Visible spectrum of the FLGNSs colloidal sample, a few microliters of 

FLGNSs colloidal has been well dispersed in DD water and was taken in a glass cuvette for 

the analysis. The nature of functional groups and electronic transitions w.r.t. electromagnetic 

radiation has been noted from UV-Visible absorption spectra. And the optical band gap has 

been obtained for the sample by linear extrapolation technique from the Tauc plot. A highly 

calibrated scientific instrument from Perkin Elmer, model-Lambda 35 was used for these 
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analytical studies. For each batch of FLGNSs sample, the UV-Visible spectroscopic 

measurement has been measured three times in order to validate the spectrum.  

3.5.10  Field emission scanning electron microscope (FESEM) 

FESEM is an electron microscopy imaging technique used for analytical study as well as 

high-resolution  imaging of materials. High electric field (>10
9
 V/m) is applied to the electron 

gun material (LaB6) for e-beam generation and is directed towards the specimen by a set of 

electro-magnetic lens column placed in the high vacuum chamber. The primary high energetic 

e-beam will interact with the specimen material and can produce low energetic secondary and 

backscattered electrons. These electrons are captured by various solid state detector which is 

placed just above the specimen surface. The detector signal is amplified and hence used for 

obtaining the high-resolution morphological images and diffraction patterns of the sample. 

Here in this study, FESEM of model Nova NanoSEM 450 by FEI has been used for studying 

the high-resolution morphological analysis of FLGNSs materials. The FESEM analysis has 

been performed five to six times for each batch sample after individual electrochemical 

exfoliation synthesis process.   

3.5.11 Transmission electron microscope (TEM) 

TEM is an electron microscopy technique, where the transmitted e-beam from the thin 

specimen has been utilized for a high-resolution image of the sample. The transmitted e-beam 

are scattered due to the interaction of the atoms in the specimen. These e-beam are collated by 

electromagnetic lenses system and focused on a phosphor screen or charge coupled device 

camera. Since TEM uses high energetic e-beam with accelerating voltage up to 300 kV, it can 

reach deBroglie wavelength of 0.05 Å and hence capable of imaging the resolution up to 10 

Å. It is used for topographical, morphological, compositional and crystalline information of 

the sample. Here in this study TEM and high-resolution TEM for morphological and selected 

area electron diffraction (SAED) pattern for crystallinity analysis of the FLGNSs sample has 

been used. The number of layers and structure has been observed. For TEM sample 

preparation, the FLGNSs flake is bath sonicated in DMF solvent and drop cast on to carbon 
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coated Cu grid. The drop cast sample is dried overnight under halogen lamp before the 

analysis. In this research work, FEI of model Tecnai G2 F30 operating at 300 kV TEM 

instrument has been used. TEM analysis has been performed once for each sample in the 

present study. 

3.5.12  Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a versatile and powerful microscopy technique used for 

high-resolution topographical imaging of the surface of nanostructured materials. It uses a 

micro cantilever probe made up of silicon based material with the radius of the tip apex in 

nanometers for scanning on the surface of the sample for data acquisition. Along with 

imaging the sample surface, atomic force measurement in between the tip and atomic surface 

of the sample as well as manipulation of surface atoms can be done by this technique. The 

deflection of a laser beam from the cantilever’s top mirror surface was recorded by the 

position-sensitive photo diode and processed for the topographic image of the sample surface.   

In this study, the surface topography and thickness of the FLGNSs has been analyzed by 

Veeco, di Innova model. Well dispersed FLGNSs in N, N-Dimethyl formamide (DMF) 

solution has been drop cast onto a mica sheet so that uniformly distributed FLGNSs has been 

obtained and dried under an infrared light source. Then the sample is taken for AFM study. 

The study has been conducted by tapping mode of operation by data acquisition in 

“NanoDrive” v8.02 and image processing in “NanoScope Analysis” version 1.20 software. 

AFM measurement was carried out once, only for three different sample in order to see the 

apparent thickness of the FLGNSs. 

3.6 Conclusion 

 In summary, the pyrolytic graphite sheets are used for the synthesis of FLGNSs 

nanomaterials by electrochemical routes. The details of the electrode material, chemical used 

as an electrolyte and the DC bias system used for the electrochemical exfoliation process are 

described. The precisely calibrated scientific instruments were used, for various 
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physicochemical characterizations such as physical, chemical and morphological properties of 

the as-synthesized FLGNSs. However, the materials, methodology and instrumental 

techniques used in the experiment relating to the applications of FLGNSs, i.e., Chapter 4 and 

5 are described in the concerned chapter for reader’s convenience. 

 



 

 

Chapter 4 

4 Electrochemical synthesis of FLGNSs and 

analysis of their physicochemical 

properties 

 

The chapter embraces the electrochemical exfoliation techniques in detail over other 

techniques for the synthesis of commercial grade FLGNSs at industrial scale. Limitations in 

substrate transformation, environmental concerned, a complicated and un-economical route 

to synthesize high quality graphene nano-sheets of other available methods have encouraged 

many researchers to explore the versatile science of electrochemistry for the synthesis as well 

as analysis of GNSs. And electrochemical technique has emerged as a simple tool for 

producing graphene nano-sheets at a comparatively fast, cost-effective and scalable approach 

unlike the contemporary practiced synthesis techniques such as, liquid phase exfoliation, ball 

milling, arc discharge, epitaxial, CVD etc. The tuning of surface functionalization and defect 

generation in the graphene sheets by this technique can provide numerous applications to the 

graphene based material system. 

 

Research output of the section: 

 Sumanta Kumar Sahoo and Archana Mallik, Simple, Fast and cost-effective 

electrochemical synthesis of few layer graphene nanosheets. Nano, 2015, 10, 1550019. 

 Sumanta Kumar Sahoo and Archana Mallik, Synthesis and characterization of conductive 

few layered graphene nanosheets using an anionic electrochemical intercalation and 

exfoliation technique. J. Mater. Chem. C, 2015, 3, 10870-10878. 

 Sumanta Kumar Sahoo, Satyajit Ratha, Chandra Sekhar Rout and Archana Mallik, 

Physicochemical properties and supercapacitor behavior of electrochemically synthesized 

few layer graphene nanosheets. J Solid State Electrochem. 2016, 20, 3415-3428. 
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4.1 Introduction 

Summarizing the literature survey and the references to date there in Chapter-2, various 

electrolytes (complex ionic liquids [187,290], cationic [258,300] and anionic 

[181,263,268,301] intercalate types) has been used for the electrochemical exfoliation of a 

graphite sheet for the synthesis of GNSs. The applied bias or current, nature of the electrolyte, 

concentrations and size of the intercalate, and the nature of graphite electrode were plays a 

vital role in the synthesis of pure or functionalised GNSs. This top-down technique has 

several advantages, including simple instrumentation, cost-effectiveness, being green (no use 

of toxic chemicals), single step process and low temperature operation. This approach may 

use either a simple or specialized graphite substrate in simple ionic electrolytes at a suitably 

applied bias [246]. This synergistic phenomenon could also produce surface blistering at the 

graphite substrate due to certain electrochemical reactions. Consequently, single to few layer 

thin sheets of high quality graphene flake are dispersed in the electrolytic bath. Cations such 

as lithium ions, tetra-alkyl-ammonium ions, lithium-propylene carbonate ionic complexes and 

N-butyl-methylpyrrolidium ions [187,258,270,274] and anions such as sulfate ions, 

perchlorate ions, nitrate ions, polystyrene sulfonate ions [223,244,259,268] been explored 

generously. Anodic intercalation followed by exfoliation has been reported to be more 

efficient (than the cathodic ones) in producing graphene flakes due to the nature and volume 

of the evolution of gas at the graphite. The gasses evolved at the electrode are mainly oxygen 

and carbon dioxide, and hydrogen during anodic and cathodic intercalation respectively. It is 

believed that a vigorous amount of voluminous gas evolution might lead to better intercalation 

during anodic processes. Though the exfoliation is expected to be better, there are also equal 

chances that newly formed graphene sheets will have attached oxygen atoms/molecules as a 

functional group. However, oxygen functional group such as hydroxyl, epoxy and carboxylic 

groups in anodic exfoliated graphene nanosheets can be minimized by suitable selection of 

concentration of electrolytes and potentials. Conversely according to a recent study 

graphene/graphene oxide thus produced are usually defective than those produced via other 

contemporary methods. The relatively higher amount of defects thus introduced in the 
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electrochemically synthesized FLGNs may find interesting properties and hence after effects 

[295]. 

As mentioned in Section 3.2 and 3.3 of Chapter-3, FLGNSs have been synthesized by the 

electrochemical route from the pyrolytic graphite (PGr) sheets as electrodes. The experiment 

has been performed in the three different protic solvents as electrolytes. Each electrolyte 

contains the different size of anions intercalates with respect to the C-C basal plane in the 

graphite electrode. Also from each electrolyte, four different concentrations were taken in the 

electrolytic bath for the synthesis of FLGNSs. It reveals the effect of the size of intercalates 

and rate of intercalation followed by exfoliation in the synthesis of the FLGNSs. The as-

synthesized FLGNSs from each category of electrochemical conditions have been expressed 

with certain nomenclature as described in Section 3.4 of Chapter-3. 

Since the electrochemical technique is a simple, fast and cost-effective approach for the 

commercial scale of synthesis of the FLGNSs, its physicochemical analysis are highly 

essential to investigate their intriguing properties. Herewith in the proceeding section, the 

mechanism of the electrochemical intercalation of intercalate and followed by exfoliation of 

PGr sheets in aqueous H2SO4, HClO4 and HNO3 electrolyte has been discussed. Also, the role 

of intercalate sizes and its concentrations in the synthesis of the FLGNSs has been evaluated 

by various characterization techniques in in-situ, ex-situ as well as the colloidal state of 

FLGNSs. 

4.2 Electrochemical exfoliation mechanism 

The FLGNs have been electrochemically synthesized from PGr sheet as working electrode 

(WE) through a sequence of cathodic pretreatment trailed by anodic exfoliation through the 

potential range of 0 to 8 V. The PGr sheets are used here are of synthetic grade, made by 

thermal graphitization of superfine graphite grains in isostatic process. These pyrolytic 

graphite materials consist of long range order of lamellar graphitic crystals oriented 

horizontally and stacked to make three-dimensional network structure. Again this PGr lattice 

lamella is a layered sp
2
 hybridized hexagonal carbon network weakly bonded by Van der 
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Waals forces with the separation of 0.338 nm. Therefore, the intercalate size should be 

optimum enough in order to enter in between the carbon hexagonal layers. The diameter of 

the cations, anions and other gasses which might get generated during the sequential cathodic 

and anodic process followed in the present study are mentioned Table.4.1. 

Cathodic treatment:  

Initially, the WE is subjected to cathodic treatment by applying a high bias of 10 V for a short 

period (30 seconds) and then 3 V for 15 minutes in DD water. At high applied potential (10 

V), there is a vigorous evolution of hydrogen gas at WE, resulting in removing any 

physisorbed contaminants. At a later stage and during the low potential regime, slow 

electrolysis phenomenon occurs.  As a consequence of this electrolysis, hydrogen ions and gas 

are evolved at the electrode as shown in the sequence step of Fig. 4.1. The H
+
 ions are 

physically adsorbed onto graphite lattice surfaces (Equation 4.1) and subsequently released in 

the form of molecular hydrogen gas (Equation 4.2).  

C CH HAdsorbedLattice Lattice



   (4.1) 

2 2(expanded)C O C OHH H HAdsorbedLattice Latticee


       (4.2) 

The intensity of the intercalation mechanism either by the released ions (H
+
 or H3O

+
) or 

cathodic gas (H2) may not be sufficient enough to generate impact between the graphite layer 

for exfoliation or to break down the Van der Waals force due to their small size as compared 

to the carbon layer off plane bonding distance. However, the vigorous evolution of hydrogen 

gasses at such high negative potential could be well enough to expand the inter-lamellar 

carbon bonding of the electrode. So this reaction step is essential to expand the graphite 

electrode by reducing the interlamellar forces of attraction [259] and make the passage 

available for the voluminous anionic intercalates during the anionic treatment. Furthermore, it 

may also help to cleanse various organic and inorganic adsorbed impurities from the defect 

site inside the graphite crystal lattices if any. 
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Anodic reactions: 

The cathode treated expanded WE is then connected to anodic treatment from 0 - 8 V in a 

protic electrolyte. As results, the anionic species (as listed in Table 4.1) from the electrolyte 

are intercalated through the graphite lattice (as shown in Fig. 4.1) and as a consequence of 

complicated electrochemical reactions, (as shown in Equations (4.3) to (4.7)) gasses (O2 and 

CO2) are evolved at the working electrode. At low applied bias (0 to 5 V), initially less and 

finally the vigorous amount of gaseous bubbles are observed at the anode (O2 and CO2 gas 

molecules) due to Faradic electrochemical reactions [263]. It has been observed that the 

graphite electrodes were swelled during the ramping of potential at low range. This may be 

due to the loosening of Van der Waal’s like forces in between the graphene basal planes. This 

fact is due to the release of O2 and CO2 gaseous species which are relatively bigger and is 

equal to the inter-lamellar spacing of graphite planes. Upon increasing the applied biases to 8 

V, the anionic species have intercalated through the PGr WE sheet on the surface as well as 

in-depth of lattice zone. As a result of this anionic intercalation, oxidation occurs at the anode 

electrode lattice sites and enriches the surface boundary of the lattice with various oxygen 

functional groups such as hydroxyl (-OH), epoxy (-C-O-C-), carboxylic (-COOH) groups, etc. 

These intercalates reacted with graphite lattice to form graphene oxide (GO) [245,253] along 

with other by-product with the release of CO2 and O2 gaseous molecules as shown in below 

reactions[259,263]. Upon release of these gaseous materials from the interstitial laminar 

graphite planes, it further undergoes surface blistering of the graphite sheet which leads to 

exfoliation as a few layers of graphitic flakes. Equation (4.7) accompanied with other 

electrochemical reactions (as shown in Equations (4.3) to (4.6)), takes the major role in the 

synthesis of few layers of graphite flakes [263]. 

The exfoliated multilayered graphite flakes were collected at the bottom of the 

electrochemical reactor. However, light weighed graphite flakes consisting of few layers of 

graphene nanosheets (GNSs) were found to be dispersed in the bulk electrolyte.  
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(4.3) 

(4.4) 

(4.5) 

(4.6) 

 

(4.7) 

Where A stands for anionic intercalants such as 2

4SO  ,
4ClO , 

3NO and OH .  

 

Fig. 4.1: Schematic flow of electrochemical exfoliation process for the synthesis of FLGNSs. 

Figure 4.1, shows the schematic flow of cathodic treatment for expansion of WE followed to 

the electrochemical anionic intercalation by anodic treatment for the final exfoliation process 

of graphite electrodes. The exfoliation of WE is a result of the electrochemical reactions as 

shown in Equations (4.3) to (4.7). As the exfoliation process exhibit abruptly depending upon 

the size of the anions, concentration of the electrolytes as well as the rate of bombardment of 

ions into the WE, the exfoliated products consist of a mixed phase of SL to ML of graphite 

sheets (GpSs) as shown in schematic Fig.1. The exfoliated out GpSs are collected and washed 

thoroughly prior to further ultra-sonication for the additional disintegration of these stratified 
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materials. The sonicated GpSs colloidal shows high dispersion in its aqueous state with no 

remarkable settlement even after three months of storage. In order to get single to few-layer of 

graphene sheets, the colloidal is further centrifuged and decanted. The decanted colloidal 

consisted of light weight FLGNSs particulates and was oven dried for various physiochemical 

analyses. 

Table 4.1: Sizes of different intercalate and gaseous species corresponding to C-C off plane distance of 

PGr sheet. 

Element C-C 

off plane 

distance 

H+ H3O
+ -

OH

 

2-

4
SO

 



4
ClO

 

3

-
NO  H2 CO2 CO O2 

Size 

(nm) 

0.338 1.74 × 

10-6 

0.2 0.266 0.516 0.48 0.358 0.297 0.39 0.371 0.354 

 

In the present case, the FLGNSs have been prepared from three individual protic electrolytes 

of different intercalant sizes. Due to different sizes of the anion intercalants (as given in Table 

1), the features of the FLGNSs produced differ significantly.  In the current research, the 

quality and quantity of the as-prepared FLGNSs have been discussed based on the size of 

anionic intercalate. From the Table 4.1, the size of sulfate ion (~0.516 nm) is more as 

compared to perchlorate (~0.48 nm) and nitrate (~0.358 nm) anions. From the cathodic pre-

treatment [265], the spacing of interlamellar carbon sheets as well as numerous stacking 

defects sites in the PGr sheets enable the anionic intercalates for the ease entry. The 

exfoliation process is thus expedited by the electrochemical reactions of intercalates with the 

graphite lattices along with the release of gaseous species. Due to anodization reactions, the 

stress has been generated by the formation of sp
3
 network of graphite oxide in sp

2
 hybridized 

carbon lattices and hence followed by the blistering formation due to the generous gaseous 

evolution which renders the decay of multi to few layers of graphite nanostructures [245]. 

4.3 In-situ process analysis 

As per nomenclature mentioned in Section 3.3 of Chapter-3, the S series (i.e. S1, S2, S3 and 

S4), the C series (i.e. C1, C2, C3 and C4) and the N series (i.e. N1, N2, N3 and N4) 
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electrolytic bath conditioned electrochemical exfoliation process have been recorded by 

voltage-current-time (V-i-t) studies. These analyses have been performed while the 

electrochemical reactions process was undergoing in the electrolytic reactor chamber along 

with the PGr electrodes. The V-i-t studies will give the in-situ behavior of the intercalation 

and exfoliation process at different electrolytic conditions. The role of the size of intercalates 

and the speed of the electrochemical process at various electrolytic concentrations in the 

synthesis of FLGNSs can be estimated. 

In the V-i-t studies, each time the “V” and “t” variation has been kept constant throughout 

experimental process. However, the change in “i” values in each case for a particular batch of 

electrochemical synthesis process has been averaged out and is reported against the variation 

of the “V” and “t”.  

Voltage-current-time (V-i-t) studies: 

The in-situ behavior of electrochemical interaction of ions into the host PGr electrodes in S-

series is recorded by the V-i-t plot as shown in Fig. 4.2(a). The electrochemical reactor 

process is carried out by four different electrolytic conditions such as S1, S2, S3 and S4. The 

rate of exfoliation and nature of the graphite flakes can be estimated from the current 

evolution with respect to the applied potential and time of reaction. In this case of the anodic 

electrochemical reaction, the intercalate ions are mostly sulfate ( 2

4SO  ) ions along with 

hydroxyl ( OH ) anions. A linear bias of 0.5 V ramping up to 8.0 V at 3 min interval has been 

applied to the reactor and consequent current evolution is noted. Initially for a period of about 

20 min. i.e., up to 3.5 V, the evolved current is from 0.2-0.3 Amp for each case of electrolytic 

conditions is mainly due to the wetting behavior of electrolyte to the electrodes. With low 

applied bias, slow rate of the intercalation of anionic intercalants ( 2

4SO  , OH etc.) to the WE 

causes uniform distribution of the intercalants into the graphite crystal matrix. With the 

increase in the applied bias, the higher rate of intercalation leads to linear rise in current 

[259,302]. The fact may be attributed to the diffusion of intercalate anions inside the graphite 
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host lattice and forming oxidative nuclei on its basal plane [245] as per complex 

electrochemical reaction mentioned in Equations (4.3) to (4.7).  

  

 
Fig. 4.2: Relationships of voltage-current-time (V-i-t) during electrochemical synthesis of 

FLGNSs from (a) S, (b) C and (c) N series. 

During the transit period of 3.5 V to 8.0 V, the intercalation is however prominent but in the 

meantime, it also accompanied with the exfoliation of graphite flakes from the WE. The 

maximum current for the different reactor condition at S1, S2, S3 and S4 are 3.775, 4.975, 

6.325 and 6.7 Amp obtained while at a stable applied bias of 8.0 V respectively. It can be 

observed that at S3 and S4 electrolyte condition, the peak current evolution is maximum and 

which may be due to the high concentration of intercalates in the reactor bath. Hence, the 

electrochemical reaction is vigorous in these cases as compared to S1 and S2. The severe 
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action of intercalation in S3 and S4 leads to a quick outburst of the lamellar graphite crystal 

structure by the gas formation from the electrochemical reactions. The spontaneous 

exfoliation generates new graphitic surfaces in the WE electrode in a faster way. This 

phenomenon could be observed by the sharp falling of current evolution, unlike S1 and S2. 

For completion of exfoliation process, the S4 took 1.23 hr, much faster than the S1 case which 

is 2.23 hr. This shows the proportional relationship of rate of exfoliation to the intercalate 

concentration in the bath reactor. 

The C series in-process behaviors of electrochemical interactions of intercalate with the PGr 

WE has been shown in the V-i-t plot and is shown in Fig. 4.2 (b). The electrochemical reactor 

process is carried out by four different electrolytic conditions such as C1, C2, C3 and C4. The 

rate of exfoliation and quality of the graphite flakes can be estimated from the current 

evolution with respect to the applied potential and time of reaction. From the anodic 

electrochemical reaction, the intercalate ions are mostly perchlorate (
4ClO ) ions along with 

hydroxyl ( OH ) anions. A linear bias of 0.5 V ramping up to 8.0 V at 3 min interval has been 

applied to the reactor and consequent current evolution is noted. Initially for a period of about 

20 min. i.e, up to 3.5 V, there is very weak current evolution has been observed as shown in 

Fig. 4.2 (b). This attributes the slower kinetics of intercalation at low applied bias. During the 

process, the anions are diffused into the pore and defects sites of the graphite lattice 

[245,252]. At lower applied bias, the accommodation of anions inside the graphite lattice can 

be called the ‘wetting’ state of the electrode. During the state, the anions from the electrolyte 

are assumed to intercalate the stratified electrode surface nearly even. Aftermath, there is 

linear rise in current evolution with the increase in the applied bias of 3.5 to 8.0 V. During this 

period of transit, the severe intercalation leads to simultaneous exfoliation of outer surfaces of 

the graphite electrode. Due to the repeated fresh graphitic surface generation, the interaction 

between the electrolyte and electrode is more prominent and hence, the current reaches at 

3.075, 4.925, 4.825 and 5.863 Amp of its maximum value at 8.0 V in the respective, i.e., C1, 

C2, C3 and C4 electrochemical reactors. The relationship between the exfoliation of graphite 

with respect to the intercalate concentration that can be ciphered from the downfall of a 

portion of current evolution graph. In S1 case the slow rate of exfoliation of graphite flake is 
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confirmed from the ‘plateau’ of the curve after reaching the maximum current evolution. 

Whereas in S2, S3 and S4 case there is sharp fall in current, attributed to rapid exfoliation of 

the electrode, which gives rise in increase in resistance due to thinning of graphite electrodes. 

Hence more is the intercalate concentrations, rapid will be the exfoliation of graphite sheets. 

The V-i-t relationships were plotted for N1, N2, N3 and N4 cases during the electrochemical 

intercalation as well as exfoliation process as shown in Fig. 4.2(c). Initially for a period of 20 

min, the low evolution of current i.e., 0.2-0.5 Amp reveals the wetting behavior of electrode 

as mentioned in the earlier cases. During this period, the intercalation of anions, i.e., 
3NO  

and OH  to the WE is dominant. With increase in applied potential, there is linear rise in 

current and attains a maximum of 2.13, 4.73, 5.86 and 6.46 Amp in N1, N2, N3 and N4 case 

respectively at 8.0 V. The sharp rise in current evolution in N2, N3 and N4 case should be due 

to high concentration of intercalates i.e., 
3NO  (d = 0.358 nm) and easy accessibility to the C-

C cathodic pre-expanded graphite plane (d > 0.338 nm) upon increase in applied potential 

unlike to N1 case. The slow and steady fall in current in N1 case as shown in Fig. 4.2(c) 

shows the non-effective or minor exfoliation from the WE due to less impact of intercalate as 

compared to other cases. The steep fall in current in N4 case is attributed to the quick thinning 

of WE and hence increases in its resistance to the electrolytes due to a decrease in surface 

area. Hence, higher the concentration of intercalates, rapid will be the exfoliation rate. 

As per observation in the V-i-t studies from the 12 different electrolytic conditions, the 

interaction of anionic intercalate with the graphite electrode can be hence generalized. At 

lower concentration of the electrolyte i.e., 0.5 and 1.0 M concentration, the anions are driven 

towards the graphite anode initially by lower applied DC bias. Due to low ionic concentration, 

the kinetics of rate of intercalation is slower. With the increase in the applied bias, the rise in 

current has been observed. It indicates the nucleation of oxidation environment in the graphite 

lattice interstices [229,230,251]. Further electrochemical reaction at high applied potential 

will generate strong evolution of various gaseous products (O2, CO, and CO2) at the anodized 

graphite electrode [259,303]. These gaseous product evolutions from the interface of the 

oxidized graphite lattice sites leads to surface blistering phenomenon [245,304] to the graphite 
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working electrode and followed to exfoliation in the form of thin graphitic flakes. The 

exfoliation of the electrode materials is complimented by the decreasing trend of the current 

in the graph. It has been observed that more voluminous intercalate resulted in steep 

decreasing in current due to the high rate of exfoliation. The similar synergetic phenomenon 

has been observed in more vigorous manner at high electrolytic concentration due to higher 

rate of intercalation followed by exfoliation process. 

In summary from the above V-i-t studies, the S-series electrochemical reaction shows a rapid 

rate of exfoliation than C and N series. It shows that, with an increase in anionic size and 

concentrations of the intercalates, the exfoliation of WE will be more prominent and fast. 

However, with decreasing size of the intercalate, the exfoliation process is smooth due to the 

depth intercalation to the WE lattice. This in-turn shall produce enriched endowment of 

functional groups in the exfoliated FLGNSs, which may be continued and complimented 

further from other physicochemical studies. 

4.4 FLGNSs colloidal analysis 

4.4.1 Particle size of FLGNSs colloid 

The average particle sizes of the collected FLGNSs colloidal have been measured by dynamic 

light scattering (DLS) technique and are shown in Fig. 4.3. The colloid FLGNSs synthesized 

from S-series of electrolytic exfoliation process has been depicted in Fig. 4.3(a). Due to low 

concentration of anionic intercalate 2

4SO   ions in the S1 electrolytic bath, the exfoliation is 

feebly occurred. The exfoliation process hence occurs at the surface of the graphite sheet. The 

corresponding measured average FLGNSs particle size was found to be around 160 nm. With 

increasing the concentration of intercalate in S2 case, the size of the FLGNSs exfoliated 

product increases to 221.8 nm. Again, with the rise in intercalate concentration at S3 and S4 

electrolytic condition, the increase in the FLGNSs size to 283.4 and 285.5 nm has been 

observed respectively. This may be attributed to the formation of the high extent of intestinal 

exfoliation as well as severe impact of intercalate ions to the PGr WE electrode with 

increasing in the concentration of the electrolytes. 
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Fig. 4.3: Averaged particle size of (a) S, (b) C and (c) N series as-synthesized FLGNSs measured by 

DLS technique. 

The average FLGNSs colloid size resulted from the C-series electrochemical exfoliation has 

been shown in Fig. 4.3(b). It shows the increasing trend in the size of the exfoliated FLGNSs 

to 247.9, 285.8 and 355.4 nm corresponding to the electrolytic condition of C1, C2 and C3 

respectively. As the anionic size of 
4ClO  interclate is less than 2

4SO  , the interstice 

intercalation is more effective. Therefore, with an increase in force of intercalation to the PGr 

WE from C1 to C3, the exfoliation reaction resulted in the increase in average exfoliated-out 

FLGNSs products. In C4 case, the average FLGNSs size decreased to 329.7 nm. The fact can 

be due to the ease of interclation and formation of effective exfoliated GNSs. The exfoliation 

at C4 may be resulted in less layered and smaller mosaic GNSs particle. 
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The average sizes of the FLGNSs measured from the N-series electrochemical exfoliations 

are shown in Fig. 4.3(c). Since the 
3NO  anions are smaller in size as compared to other 

intercalates (i.e. 2

4SO  ,
4ClO ) and are comparable to the C-C off-plane distances, the 

intercalation will happen throughout the surface of PGr WE. Hence, the exfoliations in the N- 

series case are happened in layer form of peeling out from the stratified graphite material (i.e. 

PGr WE). Also with increasing the electrolytic concentration from N1 to N4, the steady rise 

in the average size of the FLGNSs has been observed. The measured average sizes of the 

exfoliated FLGNSs are 213.6, 257.6, 296.7 and 376 nm, and are obtained with an increase in 

intercalate concentrations in N1, N2, N3 and N4 case respectively.  

Since in S- and C-series, the size of the anionic intercalates (mostly 2

4SO  , 
4ClO  anions) were 

larger to the C-C off-plane distance in PGr WE, the exfoliation process is majorly initiated on 

the defect sites of the graphite surface. Whereas in N-series, the expanded WE can able to 

accommodate the 
3NO  intercalate in its entire interstitial lattice throughout the surfaces. 

Therefore, in S and C series of electrochemical exfoliations, the exfoliated FLGNSs shows a 

non-linear trend of average particle size unlike in N-series exfoliated FLGNSs. 

4.4.2 Colloidal conductivity studies 

After collection of FLGNSs colloid from the various electrolytic conditioned electrolytic bath, 

these were subjected for the study of conductivity test by the conductive meter as shown in 

Fig. 4.4(a). The feature description of the instrument and the experiment performed was 

described in Section 3.5.3 of Chapter-3. In the experiment, the FLGNSs samples were well 

dispersed at six different wt./vol.% in double distilled (DD) water and the conductivity 

readings were taken. The measured conductivity of the DD water was ~2.7 µS/cm and the 

FLGNSs were taken in 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 wt./vol.%. The resulted 

conductivities from the S, C and N series electrochemical exfoliated FLGNSs were given in 

Fig. 4.4(b), (c) and (d) respectively. 
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Fig. 4.4: Photo image of (a) conductive meter and measured conductivity of the FLGNSs colloid 

obtained from (b) S, (c) C and (d) N series. 

In Fig. 4.4(b), the colloidal conductivities of the S-series resulted FLGNSs have been 

depicted. It was shown that the FLGNSs obtained from S3 electrolytic condition are shown a 

maximum conductivity than S1, S2 and S3 FLGNSs. The measured conductivities for S3 

FLGNSs were around 19.1, 36.1, 44.2, 53.6, 66.5 and 89.8 µS/cm by the addition of 0.01, 

0.02, 0.03, 0.04, 0.05 and 0.06 wt./vol.% respectively. These may be due to the optimum 

quality (in terms of oxygenation endowment, crystallinity, as well as average sizes of the 

exfoliated FLGNSs) of exfoliation product obtained from the S3 electrolytic bath condition. 

The above assumption on the effect of quality on the conductivity behavior has been 

established by other microscopic and spectroscopic studies in the later sections. In similar 

way, the Fig. 4.4(c) shows the conductivities of the C series FLGNSs colloids. In this case C4 
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bath conditioned FLGNSs sample were shown maximum conductivities among C1, C2 and 

C3 FLGNSs cases. The measured conductivities for C4 FLGNSs were around 7.4, 11.7, 17.3, 

23.1, 30.8 and 41.3 µS/cm by the addition of 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 wt./vol.% 

respectively. The unconventional rise in conductivities in C4 i.e. higher intercalate 

concentration case, may have answered for the effective exfoliation of PGr WE with higher 

extent of crystallinity. The conductivities of the FLGNSs resulted from the N-series are 

shown in Fig. 4.4(d). In this series, the N2 conditioned FLGNSs colloids show maximum 

conductivity as compared to other N series electrochemical exfoliated FLGNSs colloids. The 

measured conductivities for N2 FLGNSs were around 5.1, 16.4, 15.9, 16, 20.6 and 25.9 

µS/cm by the addition of 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 wt./vol.% respectively. 

In a comparative summary, the electrical conductivities of the FLGNSs colloids have been 

decreased with decrease in the intercalate anionic size and it can be noted from Fig. 4.4 (b), 

(c) and (d). Accumulating these studies, the maximum conductivity revealed by the FLGNSs 

colloids are 89.8, 41.3 and 25.9 µS/cm at 0.06 wt./vol.% in DD water. This indicates that, 

with decreasing the intercalate sizes (e.g. 
3NO <

4ClO < 2

4SO  ), the intercalation to the deeper 

PGr lattice interstices are effective. This further results in more oxidation to the exfoliated 

FLGNSs product due to longer inercalation and electrochemical reactions at the very internal 

zone of PGr WE. These effects is regulated or minimized by an increase in the size of the 

intercalates as in case of S- and C-series. The result of maximum conductivities from the 

exfoliated product as shown in Fig. 4.4(b, c and d) predict the possible generation of a high 

order of crystallinity in the FLGNSs colloids with decreasing trend of S-series> C-series > N-

series. 

4.5 Thermal stability and yield in FLGNSs synthesis 

The thermal stability and yield of the electrochemical exfoliated FLGNSs were analyzed by 

thermogravimetric analysis (TGA) curves as shown in Fig. 4.5. The TGA of S-series FLGNSs 

are given in Fig. 4.5(a). The pyrolytic graphite powder shows high resistance to air 

combustion with only ~3 % weight loss up to 650 °C.  The FLGNSs attained a drastically 25-
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36 % weight loss of the total mass which has been observed up to 300 °C. This is mostly due 

to the vaporization of moisture content and likely removal of carbon oxide gases, such as CO, 

CO2 as well as steam release up to 100-150 °C and 150-300 °C respectively [302,192]. The 

oxide gases released from the carbon nanomaterials is due to the combustion in air-oxygen 

atmosphere. After ~450 °C, there will constantly decreasing in weight loss have been 

observed and combusted completely at ~800 °C. All of the S-series FLGNSs show same trail 

of weight loss in the TGA plot as shown in Fig. 4.5 (a). The lower thermal stabilities of the 

FLGNSs can be explained by increase in surface area, oxygenation endowment, decrease in 

van deer Waal’s interaction and generation of defects in the carbon sheets [303] as compared 

to the PGr sheet. From the TGA plot of Fig. 4.5(a), S3 FLGNSs shows comparatively high 

thermal stability after the pyrolytic graphite powder. This could be due to optimal 

intercalation and exfoliation of graphite WE during the electrochemical reaction. As a result, 

it may produce high quality of FLGNSs contacting less defect, optimum functionalization, 

high crystallinity and Van der Waal’s interaction in between carbon lattices. 

Yields of standard quality of the as-synthesized FLGNSs were calculated on the basis of 

weight loss at 500 °C [272] and the weight of the sample collected as shown in Table. 4.2. 

From the chart, the S3 conditioned FLGNSs shows a maximum yield of ~34 %, whereas S1 

FLGNSs show the lowest yield of ~27 %. This could be attributed to the low weight loss of 

~34 % as compared to ~44-48 % at 500 °C for S3 and other remaining FLGNSs samples 

respectively. 
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Fig. 4.5: TGA analysis as-synthesized FLGNSs obtained from (a) S, (b) C and (c) N series. 

Table 4.2: Yield of FLGNSs produced at the electrolytic condition of S1, S2, S3 and S4. 

Electrolytic 

condition 

EC reaction 

time (in min.) 

Wt. of exposed WE 

(in gram) 

Wt. of FLGNSs 

(in gram) 

TGA Wt. % at 

500°C 

Yield (%) 

S1 143 1.159 0.520 54.86 24.61 

S2 108 1.159 0.595 52.53 26.96 

S3 88 1.159 0.602 66.22 34.39 

S4 83 1.159 0.612 56.65 29.91 

The thermal stability and yield of the C series FLGNSs were analyzed from Fig. 4.5(b). The 

pyrolytic graphite powder shows high thermal stability to air combustion with only ~3 % 

weight loss up to 650 °C. This is due to the high Vander Wall’s force among graphitic planes 

and less defect in the crystal structure. After the electrochemical intercalation of anions into 

the WE, the resulted FLGNSs have loose bonding Vander Wall’s forces due to in 

interlamellar functionalization by electrochemical reactions. This functionalization to the 
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carbon sheets imputes defects as well as disorders in the FLGNSs lattices. The steep weight 

fall of ~15 % up to 100 °C of the FLGNSs is due to the adsorbed moister content on the high 

surface area FLGNSs layers. Then up to 300 °C, the continuous weigh fall of ~50 % is 

attributed to the decomposition of various volatile functionalization groups as CO, CO2 

gaseous species and carbon radical elements if any. Further steady weight loss till the 

completion has been observed due to the complete combustion of the FLGNSs in air 

accompanied by the initial release of stable covalently bonded functional group from the 

carbon surface. From the TGA plot of Fig. 4.5(b), C4 FLGNSs shows comparatively high 

thermal stability after the pyrolytic graphite powder. Hence the obtained FLGNSs are 

believed to be of optimum physical and chemical stable nature in the respective C series. 

Yields of standard quality of the as-synthesized FLGNSs were calculated on the basis of 

weight loss at 500 °C and the weight of the sample collected as shown in Table. 4.3. From the 

chart, the C4 conditioned FLGNSs shows a maximum yield of ~22 %, whereas C1 FLGNSs 

show the lowest yield of ~12 %. The minimum weight loss of C4 FLGNSs at 500 °C i.e, 57 % 

as compared to other FLGNSs of the C-series could be due to low defects, high van deer 

Waal’s forces between crystal lattices and crystallization in the carbon sheet formation. 

Whereas, in the other cases, the amorphousness of the FLGNSs in more dominant. 

Table 4.3: Yield of FLGNSs produced at the electrolytic condition of C1, C2, C3 and C4. 

Electrolytic condition EC reaction 

time (in min.) 

Wt. of exposed WE 

(in gram) 

Wt. of FLGNSs 

(in gram) 

TGA Wt. % at 

500°C 

Yield (%) 

C1 158 1.159 0.450 30.84 11.97 

C2 93 1.159 0.530 37.71 17.24 

C3 88 1.159 0.545 38.24 17.98 

C4 78 1.159 0.595 42.66 21.90 

The thermal stability and yield of the N-series FLGNSs were analyzed from the Fig. 4.5(c). 

There is significant weight loss has been observed up to 250 °C, which is basically due to  the 

removal of adsorbed water molecules, volatile functionalized groups in form of carbon oxide 

gasses and radical impurities adsorbent attached to FLGNSs surface. Then from the steady 

loss up to 550 °C has been observed due to the omission of various oxygenation and 
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hydroxylation functional groups endowed to the graphene sheets. Aftermath, a drastically 

weight loss has been observed due to high temperature reactions of FLGNSs in air medium.  

From the weight loss, the yield of the corresponding FLGNSs has been calculated as given in 

Table. 4.4. From the chart, the N2 conditioned FLGNSs shows a maximum yield of ~29 %, 

whereas N3 FLGNSs shows the lowest yield of ~18 %. The minimum weight loss of N2 

FLGNSs at 500 °C i.e., 58 % as compared to other FLGNSs of the N-series could be due to 

low defects, high van der Waal’s forces between crystal lattices and crystallization in the 

carbon sheet formation. Whereas, in the other cases, the amorphousness of the FLGNSs in 

more dominant. 

Table 4.4: Yield of FLGNSs produced at the electrolytic condition of N1, N2, N3 and N4. 

Electrolytic 

condition 

EC reaction 

time (in min.) 

Wt. of exposed WE 

(in gram) 

Wt. of FLGNSs 

(in gram) 

TGA Wt. % at 

500°C 

Yield (%) 

N1 143 1.159 0.438 49.88 18.85 

N2 93 1.159 0.575 58.29 28.92 

N3 68 1.159 0.585 34.8 17.56 

N4 63 1.159 0.590 48.41 24.64 

4.6 Structural analysis 

4.6.1 XRD studies 

XRD analysis was carried out in order to study the structure and eventual change (if any) in 

the inter-planar expansion of raw pyrolytic graphite (PGr) sheet and electrochemically 

exfoliated thin layered GNSs. The XRD pattern of non-exfoliated graphite sheet, PGr (Fig. 

4.6(a)) shows four intensive peaks at 26.33°, 42.38°, 44.30°, and 54.34° (2θ values) 

corresponding to (002), (100), (101), and (004) crystal planes, respectively (ICCD-PDF # 

411487) [181]. The (002) plane correspond to the basal plane of graphene layers in the 

graphite sheet with d spacing of 0.338 nm. Fig. 4.6(a) shows the XRD patterns of S series 

electrochemically exfoliated samples. It has been observed that the sharp basal plane peaks 

centered at 26.33° for PGr has been broadened and shifted to 25.26°, 24.83°, 24.62° and 

25.04° for S1, S2, S3 and S4 respectively. This indicates the increase in interlayer spacing of 

0.352, 0.358, 0.361 and 0.355 nm in the (002) planes and generation of few-layer of GNSs 
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[225]. Again the broadened peaks at 13.28° in S1 FLGNSs corresponds to the formation of 

graphene oxide (GO) formation with large d-spacing of 0.67 nm [224,305,306]. This could be 

due to the slow and longtime electrochemical oxidation reactions unlike other cases in S 

series FLGNSs formation. The ample availability and continuous energetic intercalation of 

2

4SO   ions might be a reason for the generation of oxygen gas along with other side reactions 

and the formation of CO2 and CO in between the stratified layers of graphite electrode 

facilitating severe oxidation to the surface of FLGNSs in S1 case. Hence the surface 

functionalization will lead to the increase in inter-lamellar spacing. However, in other process 

(i.e., S2, S3 and S4) of FLGNSs formation the, the higher concentration of intercalate took 

rapid exfoliation without much severe oxidation to the electrodes. 

The XRD patterns of C series FLGNSs are shown in Fig. 4.6(b). The intercalation of 

perchlorate (HClO4
−) ions into the host graphite lattice and the release of gaseous species from 

the electrochemical reactions will enable to expand the electrode materials. The exfoliated 

FLGNSs of C series materials shows the broadened and lower angle shift from 26.33° (2θ 

value) of graphite sheet to ~24.5° of (002) basal planes of exfoliated graphene sheets. 

However, in C1 and C2 cases, an additional peak at ~12.01° indicates the (001) plane of GO 

sheets [305]. The d-spacing of (001) has been increased to 0.736 nm. This may be due to the 

slow and longtime electrochemical intercalation reaction of ionic species at the lower 

concentration of the protic media i.e. aq. HClO4. At lower electrolytic concentration, the ionic 

species enters the interstices of the graphite lattice effectively and perform electrochemical 

reactions for a longer duration to build the gaseous bubble formation for the exfoliation. This 

imputes severe oxidation to the exfoliated materials with effective oxidation of interlayer 

lattices. However, with the increase in the electrolytic concentrations, the exfoliation process 

will be fastened, in which the exfoliated materials are less susceptible to the anodic oxidation 

reactions. Therefore in S3 and S4 FLGNSs cases, there will be no significant graphene 

oxidation peaks were observed. 
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Fig. 4.6: XRD pattern of as-synthesized FLGNSs obtained from (a) S, (b) C and (c) N series with 

respect to PGr sheet. 

The XRD patterns of N series FLGNSs have been shown in Fig. 4.6(c). In N series condition 

the intercalate (i.e.NO3
−) size is nearly equal to the interlayer spacing of graphene sheets in the 

graphite electrode. Therefore, the thorough intercalation of these anions to the interstices of 

the graphite lattice unlike other above two (i.e. S- and C-series) cases. The effective 

intercalation leads to much effective expansion of the graphite lattice along with higher 

oxidation. The graphene basal planes, (002) have been expanded up to 0.385 nm with the 

peak shift and broadening at ~24° along with GO plane of ~0.8 nm at 2θ around 11° [307]. 

This shows the mixed phase i.e. graphene and GO in the FLGNSs samples too. 
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4.6.2 Raman studies 

Raman spectroscopy is a fast, nondestructive and unique informative technique used to study 

structures, types of defects, crystallite size and the number of layers of sp
2
 hybridized carbon 

and its allotropes [308,309]. In Fig. 4.7(a), most of the characteristic bands for the FLGNs 

were observed at ~1345, ~1590 and ~2700 cm
-1

 corresponding to D, G and 2D bands 

respectively [225,310]. The D band is due to the presence of defects or disorders in sp
2
 

network, arise which may be due to defects at the edges, the endowment of functional groups 

and any structural damage in the graphene sheets originating from a breathing mode of k-

point phonons of A1g symmetry. The G band is a signature of true hexagonal carbon rings that 

arise from in-plane C-C bond-stretching motions, physically corresponding to first-order 

scattering of the E2g phonon at the Brillouin zone center. The  2D band which is a frequency 

dependent excitation of laser energy corresponds to second-order sp
2
 Raman signature by 

two-phonon scattering processes [186]. The increase in intensities and broadness in the D 

band i.e., full width at half maximum (FWHM) from 55 cm
-1

 (for PGr) to 90±10 cm
-1

 of S-

series FLGNSs series indicate the adequate defect (sp
3
 structure) formation due to the 

electrochemical intercalation followed to exfoliation of PGr WE. Again, the broadness in the 

G band and peak shift to higher frequency region i.e., blue shift as compared to PGr indicates 

the presence of few of graphene layers stacked randomly [142,308]. Moreover, the defect 

density in the carbon sp
2
 structure can be quantified by ID/IG ratio [225]. Due to ample of 

lattice defects and available pores in the PGr sheet, the ID/IG ratio was found to be 0.62, 

whereas after the electrochemical exfoliation the defect density has increased to 1.01, 1.05, 

1.06 and 1.15 for S1, S2, S3 and S4 FLGNSs. This linear increasing order of disorders in the 

FLGNSs synthesis may attribute to the destructive intercalation of the ionic analyte with 

increasing electrolyte concentrations. The 2D band is the Raman signature of the second order 

two-phonon process of sp
2
 carbon structure. The observed broadness and lower intensity of 

the 2D band at ~2700 cm
-1 

confirm the formation of FL to ML of GNSs [308,311]. This also 

may indicate the agglomeration of graphene sheets during the Raman sample preparation. 

Again the appearance D+G band, a broad and weak peak at ~2950 cm
-1

, is normally activated 

due to the disturbed graphitic structures [308,312]. The disordered nature of the exfoliated 
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graphene sheets may be attributed to the ionic impact of voluminous 2

4SO  ions in the 

electrochemical exfoliation process.  

 

 

Fig. 4.7: Raman spectra of as-synthesized FLGNSs obtained from (a) S, (b) C and (c) N series with 

respect to PGr sheet. 

Again the crystallite size (La) [299] of the as-prepared S series FLGNSs samples were 

calculated as per Equation (3.2). The determined values are decreasing with increasing of the 

concentration of electrolyte and were found to be 19.03, 18.31, 18.13 and 16.72 nm for S1, 

S2, S3 and S4 FLGNSs respectively. This shows the decrease in La  of the FLGNSs from 

31.01 nm for PGr sheet, due to destructive intercalation of ionic species into the host graphite 

lattice.  
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Figure 4.7(b) shows the Raman spectra of the C series FLGNSs samples. The Raman peaks 

from the as-prepared exfoliated FLGNSs in electrolytic conditions from C1 to C4 

corresponding to G band are observed at ~1592 cm
-1

. The increase in intensity and peak 

broadening (FWHM of ~40 cm
-1

) of the exfoliated FLGNSs could be due to strain generated 

at the graphene sheets and reduced crystal size of sp
2
-bonded carbon network. Again the 

upshift (~6-10 cm
-1

) in G position of the exfoliated carbon materials may be attributed to the 

formation of few layer of graphene nanosheets as well as electrochemical functionalization 

[142,308]. The D band in Raman spectra corresponds to the disorder or defect in the carbon 

hexagons structure arising from breathing mode of k-point phonons of A1g symmetry owing to 

loss of translation symmetry [313]. The peak centered at 1344 cm
-1

 in the case of pyrolytic 

graphite is primarily due to imperfect graphite structure. After electrochemical exfoliation of 

the exfoliated FLGNSs, the ionic functionalization due to oxygenation and hydroxylation in 

the basal planes and at the edges of the carbon sheets and the reduction in graphite crystallite 

size might have possibly shifted and broadened (FWHM to ~45 cm
-1

) D band centered at 

1350 cm
-1

 for the C-series FLGNSs. Furthermore, the disorderness of the exfoliated GNSs can 

be quantified by the relative ratio of intensity between the D and G band (ID/IG) [225] and was 

found to increase from 0.62 (for PGr) to ~1.0 in all cases of the C-series FLGNSs. This 

increase of defect nature of the exfoliated carbon nanomaterials may result primarily due to 

the heavy damage of carbon hexagonal ring structure during electrochemical intercalation by 

ClO4
-
 ions into the stratified graphite electrode. The 2D band is the Raman signature of the 

second order two-phonon process of sp
2
 carbon structure. The observed broadness and lower 

intensity of the 2D band at ~2700 cm
-1

 confirms the formation of FL to ML of GNSs 

[308,311]. This attributes to the agglomeration of graphene sheets during the Raman sample 

preparation. Again the disordered in the FLGNSs can be confirmed from the D+G band at 

~2950 cm
-1

. The band generally arises due to the combination of phonons with different wave 

vectors generated from D and G band respectively [308,314]. The appearance of the peaks 

generally attributes to the defects in the as-synthesized FLGNSs due to the intercalation 

impact on the PGr sheets during the electrochemical exfoliation process.   
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Again the La of the as-prepared C series FLGNSs samples was calculated as per Equation 

(3.2). The determined values are decreasing with increasing of the concentration of electrolyte 

and were found to be 18.31, 19.61, 18.66 and 18.85 nm for C1, C2, C3 and C4 FLGNSs 

respectively.  

Figure 4.7(c), shows the characteristics Raman signature of PGr sheets and the 

electrochemically exfoliated FLGNSs synthesized at N1, N2, N3 and N4 electrolytic 

conditions. The D band corresponds to the presence of sp
3
 region in sp

2
 hybridized carbon 

structures which originates from the in-plane breathing mode of A1g symmetry. Again the G 

band is a confirmation of true hexagonal carbon ring structures that arises from in-plane C-C 

bond stretching due to first-order scattering of E2g phonon at the Brillouin zone center [186]. 

The peak shift and broadening in D and G bands have been observed in the FLGNSs. The fact 

may be attributed to the increasing order of defects and lattice strain due to exfoliation of 

graphene sheets at higher electrolytic concentrations [142,308]. The disorderliness in the as-

synthesized FLGNSs can be quantified by the intensity ratio of the D and G band (ID/IG) 

[225]. The ratio of ID/IG increases from 0.62 (for PGr) to ~1.0 to the FLGNSs obtained at N-

series FLGNSs electrolytic conditions respectively. This imputes the increasing order of 

defects in the FLGNSs with increasing the intercalate concentrations. Again the 2D peak 

arises due to the second-order sp
2
 Raman signature of G band. The peak broadening confirms 

the formation of few layer of graphene nanosheets after electrochemical exfoliation [308,311]. 

The decreasing trend of the crystallite size of the as-synthesized FLGNSs with higher 

intercalate concentration in the electrolytic bath were observed. From the calculation [299], 

the La of the exfoliated FLGNSs was found to be ~18-19 nm for the N-series FLGNSs. 

4.7 Functional analysis 

Surface functionalization is an inescapable phenomenon processed by any of the chemical 

processes associated with the synthesis of GNSs. The readily available π-electrons on the sp
2
 

hybridized hexagonal carbon network are responsible for the fact. In the electrochemical 

process, various ionic intercalates penetrate to the graphite lattice sites by the applied 

potential. As shown in Equations (4.3) to (4.7), the exfoliated FLGNSs have been endowed 
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with various carboxyl and hydroxyl functional groups. Below studies from the FTIR, XPS 

and UV-visible spectroscopy will give insight into the functional groups present in the 

FLGNSs. 

4.7.1 FTIR studies 

Surface functionalization (i.e, hydroxylation, carboxylation and oxygenation) is an ineluctable 

phenomenon imputed with any chemical process of synthesis of the graphene nanosheets. 

Besides, the electrochemically exfoliated FLGNSs endowed with various oxygen functional 

groups with the carbon atoms that resulting from the protic solvent media with high applied 

potential. With the increase in the concentration of the electrolyte, the rate of oxygen 

endowment on FLGNSs has been found to be more prominent. Furthermore, the carbon 

structure and various functional groups attached to the electrochemically intercalated and 

exfoliated FLGNSs has been analyzed by FTIR spectroscopy. The extent of these functional 

groups attachment to the exfoliated GNSs has been studied by FTIR spectra as shown in Fig. 

4.8. In general, the extent of functionalization depends on the optimum exfoliation condition 

i.e., the number of graphene layer and the duration of the intercalant interaction with the 

graphite lattice. FLGNSs with less number of graphene sheets may have chances to have high 

extent of functionalization. Similarly, longer the duration of interaction of intercalate ions 

with the graphite lattice, the higher will be the functionalization with an increase in the 

electrochemical reaction timing with the host lattice.  

In Fig. 4.8(a), the endowment of various functional groups in the electrochemically exfoliated 

FLGNSs of S series samples has been shown. The significant absorbance peaks in range of 

2800-3000 cm
-1 

arises from the stretching vibrations of C-H functional groups [188,315,316] 

mostly observed at the edges/sp
3
 region of the graphene sheets. The high intense 

hydroxylation peaks observed in S2 and S3 cases suggest lesser oxidation of the graphene 

sheets at the defect and edge sites. The carboxylation functional groups such as carbonyl 

(C=O), carboxyl (C-OH), epoxide/ether (C-O-C) and alkoxy/alkoxide (C-O) stretching 

vibrations from the acidic oxidation of graphene sheet have been observed at 1724, 1401, 

1286 and 1071 cm
-1

 respectively [188,315,317,318]. Again, the formation of graphene sheets 
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have been confirmed from the skeletal vibration signal arising from sp
2
 hybridized C=C bond 

at 1585 cm
-1 

[319–321]. In the case of S1 and S2 exfoliation, the mild absorbance suggests 

premature graphene sheets generation from the respective electrolytic bath. The existence of 

C-H bond due to form bending vibration at 1007 cm
-1

 [316,322] in S3 and S4 also denoted the 

optimum exfoliation of graphite sheets, however strong absorbance has occurred in S4.  

 

 

Fig. 4.8: FTIR spectra of as-synthesized FLGNSs obtained from (a) S, (b) C and (c) N series. 

The functionalization of C-series FLGNSs samples are shown in Fig. 4.8(b). The 

characteristic peaks responsible for hydroxylation arise from the sp
3
 region of graphene sheets 

are observed at 2945 and 2879 cm
-1

 due to C-H bond stretching vibration of –CH and –CH2 

respectively [188,315,316,323]. The carboxylation functional groups such as carbonyl (C=O), 

carboxyl (C-OH), epoxide/ether (C-O-C) and alkoxy/alkoxide (C-O) stretching vibrations 
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from the acidic oxidation of graphene sheet have been observed at 1720, 1401, 1220 and 1054 

cm
-1

 respectively [188,315,317,318]. The most intense peak has been observed for C=C bond 

in case of C4, which indicates the sp
2
 hybridized graphene sheets formation at 1582 cm

-1
 

[319] unlike other FLGNSs cases.  

 Figure 4.8(c) shows FTIR spectra of N series electrochemically exfoliated FLGNSs. The 

infrared transmittance peaks at 2951 and 2881 cm
-1

 were arises due to stretching vibrational 

behaviors of hydroxylation (C-H) bonding of –CH and –CH2  with carbon atoms in the 

exfoliated FLGNSs [188,316]. The various oxygen functional groups endowment has been 

confirmed from the characteristic peaks centered at 1724, 1385, 1224 and 1019 cm
-1

 due to 

stretching of carbonyl (C=O), carboxyl (COO-H/CO-H), epoxide/ether (C-O-C) and 

alkoxy/alkoxide (C-O) bonding on the edge/surface of the FLGNSs respectively [188,323]. 

Furthermore, the peak at ~1600 cm
-1

 has been assigned to the aromatic (C=C) signal from the 

exfoliated FLGNSs [323].  

4.7.2 XPS studies 

XPS analyses have been carried out for the electrochemically exfoliated FLGNSs. The study 

will give insights to the qualitative as well as quantitative measures of surface 

functionalization of the GNSs samples. In Fig. 4.9, the survey scan depicts ~284 and ~532 eV 

for the presence of core levels of C 1s and O 1s peaks. The long asymmetric tail ranging 

towards higher binding energy in high resolution C 1s as shown in the inset of Fig. 4.9 

confirms the presence of major sp
2
 hybridized carbon structures. The fact can be confirmed 

from the low O/C ratio of 0.079. The S series FLGNSs were subjected to XPS studies are 

shown in Fig. 4.10. From the survey scan as shown in Fig. 4.10(a) shows, the peaks at ~284.5 

and ~533 eV attributes to the core level of C 1s and O 1s of the as-synthesized FLGNSs 

[324]. The ratio of oxygen (O) and carbon (C) elemental composition of the S-series are 

presented in Table 4.5. 
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Fig. 4.9: XPS spectrum of survey scan of PGr sheet (inset: high resolution C 1s spectrum). 

It is shown that the O/C ratios are 0.409, 0.446, 0.324 and 0.393 for the S1, S2, S3 and S4 

cases respectively. This may attribute to the high oxidation to the FLGNSs of S1 and S2 cases 

due to the slow electrochemical intercalation followed to the exfoliation of PGr WE. The slow 

intercalation process may build up high anodic oxidation reaction inside the graphite lattices. 

While in other two cases i.e. S3 and S4 FLGNSs, this type of electrochemical reactions 

happens for less duration. The exfoliation process is fast, due to the large size and high impact 

of 2

4SO   anions to the PGr WE. Hence it may exhibit less oxygen endowment on the surfaces 

of exfoliated FLGNSs. The quantification of various functional groups endowed to the S-

series FLGNSs has been analyzed from the deconvoluted high resolution C 1s peaks as shown 

in Fig. 4.10 (b), (c), (d) and (e) for the S1, S2, S3 and S4 cases respectively. The 

corresponding high resolution C 1s peak has been deconvoluted to multi fit with hydrocarbons 

C=C (sp
2
) and C-C/C-H (sp

3
), C-O (epoxy/hydroxyl), C=O (carbonyl) and O-C=O (carboxyl) 

functional groups. The assigned functional groups peak positions are around 284.5, 285.5, 

286.5, 287.5 and 288.5 eV to the sp
2
, sp

3
, epoxy/hydroxyl, carbonyl and carboxyl groups 

[325–327] respectively. The atomic percentage proportion of different carbon environments 

such as sp
2
, sp

3
, C-O, C=O and O-C=O have been calculated from deconvolution fits on to the 

high resolution C 1s peaks of S1, S2, S3 and S4 FLGNSs as shown in Table 4.5. From the 

atomic O/C ratio, S1 and S2 FLGNSs show comparatively more oxygen functional 

endowment. However, with the increase in the impact of 2

4SO   anions to the PGr WE at 
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higher electrolytic concentrations, the oxygen endowment is reduced in S3 FLGNSs case and 

again increase in S4 FLGNSs case. 

Table 4.5: XPS analysis of electrochemically exfoliated FLGNSs 

Name 

of 

sample 

Percentage proportion (at. %) of the FLGNSs endowed functional 

groups O/C 

ratio 
C=C C-C/C-H C-O C=O O-C=O 

S1 52.27 14.35 13.85 8.51 11.02 0.409 

S2 61.78 15.92 13.53 6.46 11.02 0.446 

S3 65.9 16.53 8.22 5.88 3.46 0.324 

S4 58.79 15.05 13.59 11.07 1.5 0.393 

C1 50.22 23.59 11.74 9.35 5.11 0.362 

C2 49.25 11.29 27.52 6.05 5.89 0.409 

C3 52.79 18.6 14.37 8.01 6.23 0.361 

C4 65.79 15.56 8.93 5.60 4.13 0.300 

N1 57.26 ----- ----- 37.81 4.93 0.358 

N2 60.82 15.01 13.06 9.76 1.36 0.178 

N3 56.80 ----- ----- 38.79 4.41 0.384 

N4 54.45 ----- ----- 38.74 6.80 0.366 
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Fig. 4.10: XPS spectrum of (a) survey scan of S series, high resolution C 1s peak of (b) S1, (c) S2, (d) 

S3 and (e) S4 FLGNSs. 
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The result of O/C ratio from Table 4.5 shows the minimum functionalization the GNSs in S3 

case. The increase in oxygenation in S4 case may be due to the vigorous rate of intercalation 

followed to exfoliation under high acidic electrolytic concentration condition. The optimum 

exfoliation in S3 case can be verified from the higher amount of sp
2
 carbon to 65.9 % and 

lesser quantity of the sp
3
, hydroxyl, carbonyl and carboxyl functional groups than other cases 

as depicted from the functional quantitative analyses shown in Table 4.5. 

The XPS analyses of C-series FLGNSs were shown in Fig. 4.11. From the survey scan as 

shown in Fig. 4.11(a), the peaks at ~284.5 and ~532.5 eV attributes to the core level C 1s and 

O 1s of the as-synthesized FLGNSs. The measured O/C ratios are 0.362, 0.409, 0.362 and 

0.300 for the C1, C2, C3 and C4 cases respectively as shown in Table 4.5. From the results, 

the oxygen endowments to the exfoliated FLGNSs are nearly same in C1, C2 and C3 cases. 

However, C3 FLGNSs shows less oxygenation. These facts may be attributes to the smaller 

size of 
4ClO  anionic intercalates and optimal exfoliation in C3 electrolytic condition. The 

functional groups present in the FLGNSs have been quantified by multi peak fits in the high 

resolution C 1s peak as shown in Fig. 4.11(b), (c), (d) and (e) for the C1, C2, C3 and C4 

FLGNSs cases respectively. The measured quantifications of the functional groups from the C 

1s peaks of C-series FLGNSs have been given in Table 4.5. The peaks at around 284.5, 285.5, 

286.6, 287.5 and 288.7 eV have been assigned to sp
2
, sp

3
, C-O, C=O and O-C=O functional 

groups present on the surfaces of the C-series FLGNSs [328,329]. From the Table 4.5, it has 

been seen that the C4 FLGNSs exhibit higher sp
2
 content of 65.76 % with significantly lower 

hydroxyl, carbonyl and carboxyl functional groups. The high imputation of oxygenation and 

low at.% of sp
2
 contents in C1, C2 and C3 FLGNSs indicate the slow and streamlined 

intercalation followed to PGr WE exfoliation. While in C4 case, the exfoliation process is 

very fast due to high concentration of the intercalates. This could be resulted in the formation 

of less oxygenated FLGNSs due to lack of prominent wetting behavior of the PGr WE. 



Chapter 4                      Physicochemical properties of electrochemically synthesized FLGNSs 

86 

 

 

 

Fig. 4.11: XPS spectrum of (a) survey scan of C series, high resolution C 1s peak of (b) C1, (c) C2, (d) 

C3 and (e) C4 FLGNSs. 
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Fig. 4.12: XPS spectrum of (a) survey scan of N series, high resolution C 1s peak of (b) N1, (c) N2, 

(d) N3 and (e) N4 FLGNSs. 
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Fig. 4.12 shows the XPS analyses of N-series FLGNSs. From the survey scan as shown in 

Fig. 4.12(a), the peaks arises at 284.5 and 533.0 eV corresponds to the C 1s and O 1s of the 

N-series FLGNSs. From the elemental analyses, the N1, N2, N3 and N4 FLGNSs shows 

0.358, 0.178, 0.384 and 0.366 of O/C ratio as listed in Table 4.5. The equal extents of oxygen 

endowment in the FLGNSs for the case of N1, N3 and N4 have been observed. This peculiar 

behavior of equal level of oxidation gives constant peeling process of PGr WE by the  

anodization. The smaller sizes of the 
3NO  anions intercalate in-depth to the lattice sites of the 

expanded PGr in all N-series cases. However, in N2 FLGNSs case the reduced oxygen 

content has been significantly observed from the O/C ratio of 0.178. Again the high resolution 

C 1s peaks have multi-peak fits for quantification of the various functional groups present in 

the FLGNSs are shown in Fig 4.12 (b), (c), (d) and (e) for the N1, N2, N3 and N4 FLGNSs 

cases respectively.  

From the functional group measurements, as shown in Table 4.5, the N2, N3 and N4 FLGNSs 

contain carbonyl functional group of at.% of 37.81, 38.79 and 38.74 respectively. However, 

the N2 FLGNSs contains only 9.76 at.% of carbonyl functional group. The long asymmetric 

tail ranging towards higher binding energy in the high resolution C 1s spectrum for N2 

FLGNSs case as shown in Fig. 4.12(c) contains less oxygen functionalization as compared to 

other FLGNSs in the N series. Also, the sp
2
 content shows a maximum of 60.82 at.% in N2 

FLGNSs than other FLGNSs. These facts may be ascribed to the optimal exfoliation 

condition of PGr sheet that in result the formation of less functionalization and high sp
2
 

content FLGNSs. From the high resolution C 1s of N1, N3 and N4 case, the major content 

apart from the sp
2
 carbons are carbonyl and carboxyl functional groups. This attributes the 

severity of oxygen endowment due to prominent wetting of reduced 
3NO  anionic intercalates 

throughout the PGr lattice sites. 

The variance in O/C ratio as shown in Table 4.5 from the XPS analysis of the 

electrochemically exfoliated FLGNSs obtained from S, C and N-series of electrolytic 

conditions is resulted due to the complex anodized electrochemical reactions. Graphite 

electrode in the acidic medium undergoes oxidation reaction with the interaction of dissolved 
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solvated ions [229,230,251]. The intercalate anions have been reacted to the carbon lattice in 

order to form several stage of carbon intercalated intermediate compounds [242,246]. Again, 

after the exfoliation of the graphite sheet, the extracted graphene sheets are washed several 

times in DD water and further subjected to ultra-sonication for the disintegration of the 

lamellar carbon sheets. The intercalation of anions, oxidation reactions, exfoliation and ultra-

sonication are the experimental process followed subsequently for the synthesis of FLGNSs. 

Therefore, defects and surface oxygenation are generously formed in the collected FLGNSs 

samples. However, the variation of oxygenation in the graphene sheets, significantly 

contributed by the electrochemical reactions [263,272], depending on the size and anionic 

intercalate concentrations [260,280,330].      

Upon summarizing the XPS results from the above analysis, the S3, C4 and N2 FLGNSs 

shows mild functionalization around the GNSs sheets from the S, C and N series. Also, it 

contains a higher amount of sp
2
 hybridization content than other FLGNSs in the respective 

categories. This may conclude the optimal electrochemical exfoliation in the three cases. The 

increased conductivity of the S3, C4 and N2 FLGNSs colloids as measured from the colloidal 

conductivity test could suffice the higher sp
2
 at.% in the three FLGNSs samples from the XPS 

analysis. 

4.7.3 UV-Visible studies 

The UV-visible spectra of S-series synthesized dispersed FLGNSs sample has been analyzed 

and are shown in Fig. 4.13(a). The strong absorbance peaks at around 258, 264, 265 and 263 

nm have been observed in the case of S1, S2, S3 and S4 sample respectively. The said 

absorbance may be due to the π-π* electronic transitions of aromatic C=C bond present in sp
2
 

network structure in the FLGNSs samples [181,275]. The red shift in the spectra may be due 

to the increase in aromatic C=C bonding structure of graphene sheets, which again shows a 

slight blue shift in the S4 spectra. This could be due to the high oxidation endowment in the 

sheets. It can also be observed that none of the exfoliated materials show an absorbance peak 

at around 200 nm, which designates π-π* electronic transitions due to C=C bonds in GO 

[275,331,332].  
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Fig. 4.13: UV-visible spectra (inset: Tauc plot) of as-synthesized FLGNSs colloidal obtained from (a) 

S, (b) C and (c) N series. 

Hence, from the visual expression, even at higher intercalate concentration of electrolytic 

conditions (i.e. S4), the colloidal is pure black color solutions. Again a broad carried over 

shoulder peak at around 300-350 nm has been observed in each case. This absorption of the 

UV light is mainly due to the n-π* transitions of the carbonyl group (C=O) present in sp
3
 

region in the hexagonal network of FLGNSs structure [333,334]. The optical band gap (OBG) 

for the samples has also been calculated from the linear extrapolation of the Tauc plot as 

shown in the inset of Fig. 4.13(a). The optical band gaps are in the range of 2.77-3.22, 3.11-

3.49, 2.64-3.21 and 2.58-3.00 eV for the S1, S2, S3 and S4 FLGNSs respectively. These 

observed approximate band gaps of the S series graphene exfoliated samples shows an 

intrinsic type semiconductor characteristics [333]. Also, the decrease in band gap with the 
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increase in exfoliating intercalate concentrations may further compliment to the fact that the 

increase of various hydro- and oxy-genation endowments are present which has induced 

defects in the carbon hexagonal network structure. 

In C-series FLGNSs samples, the UV-visible spectra are shown in Fig. 4.13(b). As like in S-

series FLGNSs samples, the strong absorbance peaks centered at 258, 259, 262 and 263 nm 

has been seen at blue regions for C1, C2, C3 and C4 exfoliated FLGNSs samples. These 

peaks arise from the electronic transition of π-π* levels and impute the presence of sp2 

hybridized aromatic C=C ring structure [266] in the dispersed graphene samples. The red shift 

in the absorbance peak from 258 to 263 nm is due to the increase of C=C bonding signal from 

C1 to C4 FLGNSs. It shows the optimum level of exfoliation in C4 electrolytic conditions of 

formation of graphene sheets. Again a weak and broad onsets shoulder peak at ~300-350 nm 

from all of C series samples have been observed and are mainly due to the n-π* electronic 

transitions from the oxygen functional (C=O) group [331]. 

The OBGs of the C series graphene samples were calculated from the linear extrapolation of 

the derived Tauc plot from the UV-visible spectra as shown in the inset of Fig. 4.13(b). The 

approximate band gap ranges are 3.36-3.80, 3.22-3.67, 2.78-3.22 and 2.44-3.00 eV observed 

for sample C1, C2, C3 and C4 respectively. Similar trend also has been observed as in the 

case of S series of FLGNSs samples. In this particular categories, the C4 electrolyte 

conditioned FLGNSs shows a minimum OBG, which implies the intrinsic semiconductor like 

absorbance characteristics at the blue region [333]. 

The UV-visible spectra for N-series graphene samples were recorded as shown in Fig 4.13(c). 

a remarkable high absorbance peak have been observed at around 258 and 263 nm for the 

graphene sample exfoliated in N1 and N2 electrolytic conditions respectively. These peaks 

correspond to the signal arises from the electronic transition of π-π* in between π bonds of 

C=C sp
2
 network structure. The high absorbance intensity and broadness in band around 260 

nm is due to the availability of greater portion of the sp
2
 hybridized carbon atoms in the N1 

and N2 graphene’s basal plane in the dispersed samples [332]. With increase in intercalate 
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(i.e, 
3NO
  ions) concentrations in the reaction chamber, the exfoliated GNSs have been 

endowed with more oxygenation functional groups at the surface and edges. Hence, N3 and 

N4 FLGNSs show feeble carbon aromatic signal at around 260 nm. However, a prominent 

broad shoulder from 300-350 nm has been observed in N3 and N4 cases which is attributed to 

the carbonyl (C=O) groups. Again from the Tauc exploration (inset of Fig. 4.13(c)), the 

approximate OBGs are 3.68-4.95, 3.09-4.69, 3.02-5.25 and 3.02-5.16 eV observed for N1, 

N2, N3 and N4 FLGNSs samples. These wide band gaps as compared to S- and C-series 

FLGNSs may be due to the severe endowment of various hydro-oxy-functionalization in the 

graphene sheets while on exfoliations. 

4.8 Morphological analysis 

4.8.1 FESEM studies 

Figure 4.14 shows the FESEM images of the PGr sheet, which was used as electrode 

materials for the synthesis of graphene sheets. This electrode has been prepared by isostatic 

press process of fine grains of carbon materials. Fig. 4.14(a) shows the low resolution PGr 

sheets at its surface and cleavage sites. From the magnified FESEM image of Fig. 4.14(b), the 

stratified nature of planner graphitic crystal planes can be observed. However the magnified 

FESEM image of Fig. 4.14(c) illustrates the graphite grains in mosaic forms are arranged 

laterally. The pores in between the grains of graphitic layer across the lateral side will 

promote the ions/intercalates for the uniform intercalation throughout the electrodes. Whereas 

from the magnified and high magnified images of surfaces of the PGr as shown in Fig. 

4.14(d) and (e), the less porous and planner mosaic layer stacking arrangements of graphite 

grains has also been observed. 
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Fig. 4.14: FESEM images of (a) normal view, (b) its magnified cross-sectional layered, (c)  high 

magnified stratified structures, (d) magnified surface and (e) high magnified surface view of the PGr 

sheet. 

Figure 4.15 shows the electrochemically exfoliated graphene samples obtained from aq. 

H2SO4 protic electrolyte reaction system. At low electrolytic concentrations such as S1 and S2 

case the electrochemical intercalation and the reactions are slow and long with the PGr 

electrode. It is presumed that the respective exfoliation, will give rise the more prolonged 

electrochemical oxidation reactions. As with the less concentrated ionic intercalate, there will 

be no more vigorous reactions while exfoliation of graphene sheets unlike to S3 and S4 

conditions. So, it has been seen curl edge and bigger domain GNSs in S1 and S2 cases as 

shown in Fig. 4.15(a) and (b) respectively. While the bombardment of 2

4SO   anions to the 

electrode at high concentrated electrolyte will create less oxidative as well as less crumpled 

GNSs sheets as can be seen from the FESEM image of Fig. 4.15(c) and (d). 
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Fig. 4.15: FESEM image of (a) S1, (b) S2, (c) S3 and (d) S4 FLGNSs. 
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Fig. 4.16: FESEM image of (a) C1, (b) C2, (c) C3 and (d) S4 FLGNSs. 

Figure 4.16 shows the FESEM image of perchloric treated and extracted graphene sheets from 

the PGr electrode. Since perchlorate ions are having less ionic size than the sulfate ions, the 

extent of ionic intercalation to the PGr electrode are expected to more severe as compared to 

S series case. Hence, the electrochemical oxidation reaction is more effective and can be seen 

from the crumpled edges of the GNSs. 

Figure 4.17 shows the FLGNSs obtained from the PGr sheet in aq. Nitric acid electrolytic 

bath condition.  In N1 case, the electrochemical exfoliation is very slow and is exfoliated with 

granule types as shown in Fig. 4.17(a). It has been observed that the stratified layer are still 

attached to the bulk graphite granules with less efficient exfoliation. With increasing the 

electrolytic concentrations, the exfoliation is more prominent and more individual GNSs are 

formed as shown in Fig. 4.17(b) and (d). 
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Fig. 4.17: FESEM image of (a) N1, (b) N2, (c) N3 and (d) N4 FLGNSs. 

4.8.2 TEM studies 

TEM has been used for the analysis of electrochemically exfoliated FLGNSs prepared under 

various electrolytic conditions. The S series FLGNSs are analyzed by TEM as shown in Fig. 

18 along with high resolution TEM (HRTEM) image at the inset of respective figures. Fig. 

4.18(a) shows the morphology of S1 FLGNSs. It shows the stacking layer of the exfoliated 

FLGNSs. At low electrolytic concentration (i.e. 0.5 M H2SO4), the 2

4SO   anionic intercalate 

the PGr WE will have less impact on the exfoliation process. In this case, due to its bigger 

ionic size as compared to C-C off plane distances of graphite lattice, the electrochemical 

reaction process is slow (as verified by V-i-t analysis of S1 shown in Fig. 4.2(a)). Over the 

long duration of intercalation, it will explode out in the form of comparative bigger GNSs 

granules contain larger number of layers.  
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Fig. 4.18: TEM image analysis of S series electrochemical exfoliated (a) S1, (b) S2, (c) S3 and (d) S4 

electrolytic conditioned FLGNSs. 

From the HRTEM image as shown in the inset of Fig. 4.18(a), the fringe analysis depicts 5 to 

10 layers of FLGNSs flakes peeled out from the PGr WE. Now increasing the 2

4SO    anionic 

intercalates in S2 case, the TEM and HRTEM (inset) shows the stratified exfoliated GNSs of 

thinner dimension. It consists of reduced number of layers of 5 to 8 GNSs as shown in the 

HRTEM of Fig. 4.18(b). The fact is attributed to high intercalation rate and electrochemical 

reaction process. The TEM image of S3 and S4 FLGNSs are shown in Fig. 4.18(c) and (d) 

respectively. It can be seen that with the rise in the rate of intercalation, the peeled FLGNSs 

are formed with less number of layers. From the HRTEM images, fringe analysis show that 

the exfoliated FLGNSs consists of 4 to 6 and 2 to 5 layer of GNSs in S3 and S4 cases 
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respectively. Due to a larger size and high impact of intercalates on the PGr WE, very thin 

layer of GNSs have been produced with reduced lateral dimensions. 

Fig. 4.19 shows the TEM images of C series exfoliated FLGNSs. Since the size of the 
4ClO  

anionic intercalates is less than the 2

4SO   ions, the penetration to the expanded PGr WE will 

be easier. Hence the intercalates reach out to the graphite lattice will be more effective than in 

S-cases. As a result, the exfoliated FLGNSs produced will be a fewer layer than S-cases. Fig. 

4.19(a) shows the TEM and HRTEM images of C1 FLGNSs. From the morphology, larger 

domains of GNSs with stacked structures are revealed. Due to slow intercalation process, the 

exfoliation process peels out larger flakes from the expanded PGr WE. From the HRTEM 

(inset of Fig. 4.19(a)) fringe analysis, can be observed that the FLGNSs consist of mostly 4 to 

8 layers of GNSs. With increasing rate of impact, the FLGNSs shows the increasing order of 

thinness and wrinkled or folded morphologies as depicted from Fig. 4.19(b), (c) and (d) for 

the C2, C3 and C4 cases respectively. From the HRTEM images, it reveals that the FLGNSs 

consists of 5 to 6, 4 to 6 and 2 to 6 layers of FLGNSs in C2, C3 and C4 cases respectively. It 

can also be seen that the HRTEM GNSs fringes are showing very prominent linear lines in C1 

case. With increasing the concentrations the fringe lines are distorted as seen from HRTEM of 

Fig. 4.19(b), (c) and (d). These facts attribute to the increase of short order GNSs crystallinity 

with increasing the ionic impacts to the PGr electrode. 

As it is known that the 
3NO  anion size is small and comparable to the C-C out-of-plane 

distances of graphite lattice, the intercalations is more effective and ease reach out to the 

maximum lattice sites as compared to 2

4SO   and 
4ClO  intercalates in S- and C-series of 

electrochemical exfoliations respectively. The N-series FLGNSs TEM morphologies are 

shown in Fig. 4.20. In these cases, the exfoliation is more layertic types of peeling of PGr 

sheet rather than mosaic and random as in the case of S and C series. At the lowest 

intercalates concentration i.e. N1 case, the electrochemical reaction is very slow as the 

majority of intercalates enters the graphite lattice sites thoroughly throughout the PGr WE 

electrode. The explode of graphite lattices due to the electrochemical reactions is low. Hence 

it results the peeling of bigger GNSs domain with large number of layers. The result can be 
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seen from the Fig. 4.20(a). The TEM image shows low transparency due to the overlapping of 

many layers of GNSs. From the HRTEM (inset of Fig. 4.20(a)) fringe analysis, the FLGNSs 

of mostly 7 to 10 layers of GNSs with a long range of fringe lines, which depicts the less 

disorderliness in the GNSs structures. 

 

Fig. 4.19: TEM image analysis of C series electrochemical exfoliated (a) C1, (b) C2, (c) C3 and (d) C4 

electrolytic conditioned FLGNSs. 
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Fig. 4.20: TEM image analysis of N series electrochemical exfoliated (a) N1, (b) N2, (c) N3 and (d) 

N4 electrolytic conditioned FLGNSs. 

Fig. 4.20(b) shows the TEM image of N2 FLGNSs. With the rise in the intercalates 

concentrations, the thinness in the GNSs has been observed due to less number of graphene 

layers. From the HRTEM analysis from the Fig.4.20(b), it was found that the N2 FLGNSs 

consists of 4 to 6 layers, however with increasing disorderliness in crystallinity as compared 

to N1 cases. The fact can be attributed to the increasing order of rate of intercalation followed 

to exfoliations. Again with increase in intercalate concentrations i.e. N3 and N4 cases, the 

morphologies of TEM images are given in Fig. 4.20(c) and (d) respectively. In these cases the 

intercalation of smaller intercalate are penetrating throughout the PGr interstitial lattice sites 

and hence, the exfoliation process is vigorous. From the corresponding HRTEM fringe 

analysis, further support the fact that even at the higher intercalate concentrations, the long-

range crystallinity of the GNSs are well maintained unlike S and C-series of FLGNSs. It 
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shows that the numbers of layers of GNSs are increased to 5 to 8 and 6 to 8 layers in case of 

N3 and N4 FLGNSs respectively. These fact may be attributed to the layer form of peeling of 

GNSs by an excess of small intercalate i.e. 
3NO  anions. 

In summary, the size of the anionic intercalation plays a prominent role in the morphologies 

of the FLGNSs structures. Along with the increasing in the size of intercalates (i.e. S > C > 

N), the lateral domains of GNSs are decreased. However, smaller the intercalates, the 

FLGNSs shows a long range of crystallinity. The disordeliness in the FLGNSs is more with 

increasing order of impact of intercalates into the PGr WE. 

4.9 Topographical analysis 

Topological features of the electrochemically exfoliated FLGNSs sample were analyzed by 

atomic force microscopy (AFM) as shown in Fig. 4.21. The AFM studies have been done 

only for three categories of FLGNSs sample namely S1, C2 and N2 FLGNSs.  The studies 

have been conducted to supportive the information for the formation of FLGNSs in 

conjugation to TEM analyses. The FLGNSs solid flakes were homogeneously dispersed in 

Dimethyl formamide solution and drop cast on a freshly cleaved mica sheet. It has been dried 

under the infrared lamp before the AFM analysis were carried out. The thickness of the 

FLGNSs produced from S1, C1 and N1 electrolytes conditioned has been shown in Fig. 

4.21(a), (b) and (c) respectively. Upon SO4
2− ion intercalationn, the range of height profile of 

the resulted FLGNSs measures from 1.3 to 2.5 nm as shown in Fig. 4.21(a). This is attributed 

to a maximum of 3-5 layers [227,335] of exfoliated graphene sheets with a lateral size of 100-

120 nm. Again from C1 and N1, the thickness of the resulted FLGNSs has been ranged from 

2.7 to 5.0 nm and 4.7 to 5.6 nm, indicates a maximum of 7-8 layers of graphene sheets with 

an increase in lateral sizes from 120-170 nm and 170-220 nm respectively as shown in Fig. 

4.21(b) and (c). 
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Fig. 4.21: AFM image of (a) S1, (b) C1 and (c) N1 FLGNSs. 

4.10 Cost analysis for synthesis of FLGNSs 

The cost analysis of the synthesis of FLGNSs by the electrochemical technique has been 

evaluated. The research technique used here was able to produce FLGNSs flakes of ~25 gm 

from a pyrolytic graphite sheet of 0.3 ×100×100 cm in less than 48 hours in one batch. The 

duration of the production can be reduced to 4-5 hours, if the PGr sheet is used as a whole in 

dimension. In this case of laboratory scale synthesis, the PGr sheets of 1.0 × 1.5 × 0.3 cm has 

been exposed for a single set of experiment for 1-2 hours. Adding all cost of the raw materials 

used in this process, an expenditure of ~10-15 $ has been incurred to produce approximately 

25 gm of FLGNSs irrespective of the electrolytic conditions.   
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Hence the electrochemical exfoliation method carried out in the present study is found to be 

an inexpensive and standalone technique for the synthesis of tunable defects, disorders, 

crystallinity, the number of layers and extent of functionality in the GNSs. However, the study 

needs further vigorous experimentation with various intercalate types (cations, anions and 

mixed type of ions) to establish the methodology in industrial scale.    

4.11 Conclusion 

In summary, FLGNSs has been electrochemically synthesized from cathodic pre-treated PGr 

WE in various protic electrolytic bath conditions separately. The major intercalates of three 

different sizes namely 2

4SO  , 
4ClO  and 

3NO anions. Also, the rates of intercalations are 

varied by increasing the concentrations of the electrolytes. The synthesis process involves in 

the intercalation of analytes to the PGr sheets followed by exfoliations. After the exfoliation 

process, each batch of the FLGNSs is collected in form of colloids and flakes form. Based on 

the various physicochemical studies, the FLGNSs generated from the S3, C4 and N2 

conditioned shows higher thermal stability, maximum yields, high conductivity, lower 

functional endowment to the carbon 2D structures. However, it would be unfair to specify any 

of FLGNSs batch for the best based on these various analyses. As the process of synthesis can 

be involved in tuning the amount of defect generation, functionalization as well as the sp
2
 

content in the graphene sheets. Therefore in order to classify the FLGNSs synthesized from 

different electrolytic conditions, two different applications of as-synthesized FLGNSs 

materials have been taken into consideration. Herewith the as-ready FLGNSs have been used 

for analyses and distinguishing in the energy storing mechanism as well as nanofiller in 

polymer nanocomposite in the consequent chapters.  

 

 



 

 

Chapter-5 

5 Supercapacitive performance of as-

synthesized FLGNSs 

 

 

This chapter portrays the analyses of the supercapacitor behavior of in-house synthesized and 

unmodified electrochemically exfoliated FLGNSs. Supercapacitors are the green energy 

storage system, which stores a large amount of energy (charge) instantly unlike batteries and 

are able to release almost all stored energy (charge) with a high power density in short 

period. However the selection of a proper electrode material is always a challenge to 

overcome by the research community where graphene derived materials may have the 

answers within. And the study concludes with the screening of the best synthesized FLGNSs 

materials among all, which can be further used as a potential candidate with other materials 

for enhanced supercapacitor performance.  

 

 

Research output of the section: 

 Sumanta Kumar Sahoo, Satyajit Ratha, Chandra Sekhar Rout and Archana Mallik, 

Physicochemical properties and supercapacitor behavior of electrochemically synthesized 

few layer graphene nanosheets. J Solid State Electrochem. 2016, 20, 3415-3428. 

 Sumanta Kumar Sahoo and Archana Mallik “Scalable synthesis of few-layer graphene 

nanosheets by electrochemical exfoliation and its energy storage application.” (to be 

submitted). 
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5.1 Introduction 

5.1.1 Prologue  

The high rate of depletion in non-renewable natural energy resources like fossil fuels is the 

major concerns for the society to look for the alternative renewable energy sources and its 

storage systems as well. There has been significant research going on the efficient production 

of energy from naturally replenished materials like wind, solar, geothermal and biomass. This 

energy has to be restored for efficient utilization of the energy to operate a wider range of 

appliances whenever required. Batteries, fuel cells, and capacitors are commonly used for 

storing the energy. The meritorious feature of the batteries is it's high energy density. The 

rechargeable Li-ion battery possesses higher energy density of 100-200 Wh kg
-1

 unlike to 

other storing devices. The slower electrochemical redox reaction mechanism in battery 

electrolyte cell is unable to generate immediate high power supply (i.e. discharge) to the 

heavy electric devices like electric buses, cars, hydraulic breaks, etc. Also, less cycle life, 

heaviness, and toxic chemical usage are few concern factors for looking other storing devices. 

Again the conventional capacitor is capable of very fast discharge to give all the stored energy 

in few seconds i.e. high power density up to 10
7
 W kg

-1
, which is highest for all categories of 

energy storing devices. Other interesting features of the device are its high cycle life (> 100 

000 times) and a wide range of working potential window (6-800 V). At the same time, it 

comes under the categories of lowest energy density (< 0.1 Wh kg
-1

), due to the restriction of 

the physical configuration of the device. So these two extreme features i.e. high energy 

density and high power density of the energy storage devices such as battery and capacitor 

respectively are unable for fully compatible with the real field of applications. With the rapid 

usage of various portable electronic devices, hybrid electric vehicles and many more, there is 

an essential requirement of energy devices, which can sustain both the necessity of high 

energy as well as high power density. Also, it should show the robustness in its price, durable, 

compatibility, eco-friendliness and high performance. Supercapacitors (also known as 

electrochemical capacitors or ultracapacitors) are known to such devices, impregnate with 

large power delivery capability (~10
5
 W kg

-1
), rapid charging and discharging rate (in 

seconds), long cycle life (>100 000 times) with low specific energy density (< 10 Wh kg
-1

) 
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which is much lower than batteries. Despite competitive energy density of the device, its 

compactness and green technology makes it wider adaptability for an industrial label for 

consumer electronic devices. Until now it has been used along with the support of the 

batteries in various applications where instantaneous high power delivery is required and 

again can be instantaneously fully charged by the batteries for the next time operations. 

Therefore, making the supercapacitor as standalone energy storage device in appliances, there 

has been much research carrying out for increasing its specific energy density features, so that 

it can store a high amount of charge likewise in batteries without compensating other features. 

5.1.2 Types & working principle  

Based on the energy storing mechanism and working principles, supercapacitors can be 

divided into three parts as follows. 

(I) Electric double layer capacitor (EDLC)  

The EDLCs has been storing energy by the electrostatic charge accumulation at the electrode-

electrolyte interface. The electrolyte ions are adsorbed physically on the electrode materials 

with the applied potential on charging state and discharging upon connected to a load (as 

shown in Fig. 5.1). Since there is no charge transfer or ionic exchange has occurred at the 

electrode/electrolyte interface while on the operation, the concentration of the electrolyte 

remains constant. Also, there is no redox reaction mechanism involved in this type of 

capacitors, also called as non-faradic capacitors. 

As EDLC mechanism is similar to the conventional dielectric capacitor mechanism, the 

specific capacitance can be estimated by following Equation (5.1). However, with the usage 

of advancement of electrode materials, various models [336] have been proposed for the 

effective determination of specific capacitance of nowadays EDLC supercapacitors. 
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0r A
C

d

 
  (5.1) 

Where εr is the electrolyte dielectric constant, ε0 is the permittivity of vacuum, A is a specific 

surface area of the electrode accessible to the electrolyte ions, and d is the effective thickness 

of the electric double layer (EDL) i.e. Debye length. 

 

Fig. 5.1: Schematic illustration of the operational mechanism of the EDLC. 

 Generally in EDLCs, various form of conducting carbon materials (such as activated carbons, 

carbon aerogels, templated carbons, carbon fibers, carbon-based composites, CNTs, GNSs) 

have been used as electrode materials. The porous nature of the materials will enable to 

generate high surface area and can accumulate high charge at the electrode-electrolytes 

interfaces. Hence, with increasing with the surface area, the EDLCs capacitance will increase. 

Since the process involves non-faradic nature, it is bestowed with high power density with 

excellent stability of electrode materials as well as an electrolyte in the device. However, it 

suffers from lower energy density than that Faradic capacitor (FC). 

(II) Electrochemical double layer capacitor or Pseudo-capacitor 

The pseudo-capacitance arises from the redox reaction(s) in between the electrolyte and the 

electro-active species on the electrode materials. With the applied potential, fast and 
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reversible redox reaction resulted in the charge transfer at the interface of electrodes and 

electrolyte occurs alike in batteries operation. For this type of operational mechanism, it is 

also called as FC. The specific capacitance (C) in the system can be estimated from the extent 

of charge (Δq) involved with respect to the change in potential (ΔV) in the system as per 

following Equation (5.2) [337].  

( )

( )

d q
C

d V





 (5.2) 

 The commonly used electro-active species in the pseudo-capacitors are transition metal 

oxides/hydroxides (such as RuO2, IrO2, MnO2, Mn3O4, NiO, V2O5, Co(OH)2, Ni(OH)2 etc.), 

electrically conducting polymers (such as Polyaniline, Polypyrrole, Polythiphene, Poly(3,4-

ethelynethioxythiophene) etc.) and oxygen or nitrogen containing surface functional groups. 

Since the electrochemical redox reaction occurs at both the surface as well as bulk near the 

surface of the electrode, the capacitance is 10-100 times larger than the EDLCs [338]. Due to 

electrochemical reaction for charging and discharging, FCs are contained with high energy 

density, whereas at the same time it lacks the fast release of power to the load i.e. lower power 

density as compared to EDLCs. Also on long cycle run, due to the repetition of faradaic redox 

reactions the electrode materials, as well as the electrolyte, degrade in a fast manner and the 

charge restoring capacity has been reduced drastically. 

(III) Hybrid capacitor (HC) 

The EDLCs are showing high power density with lower energy density due to the non-faradic 

mechanism involved in the systems. Moreover, the pseudo-capacitor shows high energy 

density with lower power density due to if faradic nature of storing charge. So to compensate 

the above challenges, a mixed type energy storage system has been formulated by researchers, 

called as HCs. In this type of system two asymmetrical electrodes, one with having EDLC and 

another with pseudo-capacitor electrode materials properties are involved. In this HC system, 

both electrical double-layer and faradic reaction mechanism have been used for storing 

energy.  
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5.1.3 Criteria for ideal supercapacitor 

The ideology of the supercapacitors is conceptualized to bring the higher value of energy 

density so that it can able to store a large amount of energy in the system without 

compensating the power density rate of a conventional capacitor. Researchers around the 

world have been searching for the best materials to fit into the supercapacitor, which will give 

more beneficial in terms of high specific capacitance. Below mentioned few points could be 

considered to be applicable of ideal supercapacitors. 

 The power delivery rate should be greater than batteries with a marginal high energy 

density (> 10 Wh kg
-1

). 

 More cycle life (> 100 times) than batteries. 

 Less/no self-discharging. 

 Fast charge-discharge process in few seconds. 

 Green technology (usage of non-toxic either electrode or electrolyte materials). 

 Flexible and ease of operation. 

 Low cost.  

5.1.4 Advancement of Supercapacitor 

The commercial supercapacitor consists of two electrodes sandwiched between a porous 

separator contacting an electrolyte. Each electrode materials is supported by a conducting 

metal strap, acts as a current collector. Therefore, for enhancement of the capacitance value of 

a supercapacitor, all of its components take a major role. From the above discussed 

supercapacitor mechanism, we can estimate that there is a plenty of room which can be 

improved significantly. The maximum theoretical energy (Ed) and power (Pd) density can be 

calculated as shown in Equation (5.3) and (5.4). 

21

2 2
d

QV
E CV   (5.3) 

21

4
d

s

P V
R

  (5.4) 
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Where Q, C, V and Rs are the charge, capacitance, voltage and resistance offered in 

supercapacitors respectively. These are the necessary parameters have to be considered for 

increasing the Ed and Pd value. From Eqn. (5.3) and (5.4), the Ed and Pd can be increased by 

increasing the C and V or reducing the Rs. Therefore, the nature of electrodes, electrolytes and 

fabrication of device technique plays important roles. Below mentioned some brief discussion 

about the components used in a supercapacitor. 

(1) Electrodes 

For high charge storing capacity, an electrode material plays a prominent role. Following are 

the few desirable features necessary for the materials used for an electrode of a 

supercapacitor.  

 As per Equation (5.1), it should have high surface area. So the electrode materials should 

be of conductive as well as highly porous in nature. However, it has been observed that by 

increasing the surface area, there is no linear increment in the capacitance. The reason for 

this may be due to non-accessibility of ionic electrolytes to all types of porous (such as 

micro, meso- and macro-porous) surfaces. Therefore, the substantial fabrications of 

tunable porous structures are desirable for getting high effective electrochemical surface 

area for the contribution to the capacitance as well as Ed. 

 It should have low degradability with maximum retention in its capacity after long cycle, 

unlike batteries. 

 Low cost and non-toxic in nature. 

 Can be able to make robust structures such as various 3D architectural design, flexible, 

etc.  

(2) Electrolyte 

The electrolyte normally placed in between the two electrodes with a separator dipped into it. 

For effective capacitance, the electrolyte should have the following properties, such as  

 It should operate in a wide range of potential window  
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 Optimum ionic radius so that it can reach out the every part of surface of the electrode 

materials to contribute to the total capacitance 

 Highly conductive with high mobility. 

 Low volatility so that it can be operated with high temperature 

 Non-toxic for eco-friendly to nature 

 Ease of availability with low-price. 

 The electrolytes used in supercapacitor are of three types, namely (a) aqueous, (b) organic 

and (c) ionic liquid (IL) electrolytes.  

Aqueous electrolytes (such as aq. HCl, H2SO4, KCl, Na2SO4, KOH etc.) are featured with 

high conductive, mobility, less toxic and low cost. Due to lower ionic size, it can be 

accessible to most of the electrode surface and hence contribute high capacitance and power 

densities. Also, the electrolytes can be obtained in a pure form without any filtration 

mechanism. However, despite it strong merits, its low voltage window operations (usually < 

1.2 V) limits for commercial use in a supercapacitor. 

Organic electrolytes (such as Acetonitrile, Polypropylene carbonate, etc. as a solvent with 

organic salts such as Tetraethylammonium tetrafluoroborate, Tetraethylphosphonium 

tetrafluoroborate etc.) are mostly used in the commercialized supercapacitors due to the wide 

potential window (2.5-3.5 V). However, organic degradation with temperatures, toxicity and 

steps for purification process significantly affects its wide usage. Synthesis parameter of the 

organic electrolytes is also adding more cost to the supercapacitors. 

ILs are bestowed with highly conductive properties along with negligible vapor pressure, high 

thermal stability, low flammability and good electrochemical stability. It has been showed a 

promising candidate for use in supercapacitors as it shows wide potential windows of 2 to 6 

V. With optimizing the sizes of alkyl tails, higher performances in the system could be 

achieved. Some most commonly used ILs are Imidazolium, Pyrrolidium, as well as 

asymmetric, aliphatic quaternary ammonium salts with anions such as Tetrafluoroborate, 

Trifluoromethanesufonate etc.  
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(3) Fabrication techniques 

 The total resistance of a supercapacitor is contributed by its internal structure of the electrode 

materials as well as the current collector. Mostly the resistance offered by its internal 

components such as electrode and electrolyte are very low. However, fabrication of metallic 

conductor as current collector with both the electrode materials is of high concern and care 

should be taken so that it is low-loss in achieving effective capacitance.   

5.1.5 Graphene based electrode materials 

Out of many forms of carbon materials (such as activated carbons, CNTs, fullerenes, 3D 

hierarchical porous carbons, aerogels, fibers, etc.), graphene materials have been showed 

promising alternative as electrode materials. Due to its inherent features such as high surface 

area, excellent electrical conductivity, high thermal and chemical stability and high 

mechanical strength, graphene and its related form can be considered as a very good choice 

for the electrode. Also, the materials can be easily accessible, scalable and environment-

friendly. Xia et al. [339] in 2009 showed the intrinsic capacitance of single layer GNS was ~ 

21 μF cm
-2

 (561 F g
-1

) by a three electrode configuration in an IL of [BMIM]PF6 electrolyte. 

This result can be set as an upper limit for capacitance drawn by double layer for all carbon-

based materials as the experiment was performed on an almost contaminant-free single layer 

GNS. However, for practical applications, a bulk quantity of graphene synthesis is essential. 

Chemical oxidation followed by reduction process is widely used for graphene scalable 

synthesis. During the synthesis process, changes in morphologies (crumpling of edges, 

staking/agglomeration of graphene layers, etc.), defects and doping of impurities are some of 

concerning factors for reduction of surface area and electrical conductivities. Hence, a 

reduction of capacitance can be observed. Stroller et al. [340] able to obtain the specific 

capacitance of 135 and 99 F g
-1

 in aq. KOH (aqueous) and TEABF4/AN (organic) electrolyte 

respectively from chemically derived graphene electrode materials. Vivekchand et al. [341] 

showed specific capacitance of 117, 35 and 6 F g
-1

 in 1 M H2SO4 by few- to multi-layers of 

GNSs produced by thermally exfoliated GO, heating nanodiamond at elevated temperature in 

the inert atmosphere and camphor decomposition process respectively. Wang et al. [342] 
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showed a maximum of specific capacitance 205 F g
-1

 with Pd and Ed of 10 kW kg
-1

 and 28.5 

Wh kg
-1

 from a reduced GO (rGO) electrodes. 

To boost up the capacitance, large specific surface area of GNSs can accommodate other 

porous carbon nanomaterials such as CNTs, carbon fibers, etc., or conductive polymers such 

as Polyaniline (PANI), Polypyrrole (PPY), Poly(3,4-ethylenedioxythiopheen) (PEDOT), 

Polythiophene (PT) etc., or metal oxides such as RuO2, Mn3O4, Co3O4, MnO2 etc. are to be 

considered. 

Single layered graphene is known to have a high specific surface area which means it has the 

maximum possible surface area among all other forms of carbonaceous structures and makes 

it an obvious choice for supercapacitor electrode [343]. However, the peculiar relationship 

between the geometrical/double-layer capacitance and quantum capacitance, governed by the 

number of layers present, limits the capacitive performance of SLG [344]. To strike a balance 

between the geometrical capacitance and quantum capacitance between electrode/electrolyte 

interface, it is important to increase the layer number which in turn increases the net density 

of states [345].  Furthermore, the number of layers should be optimized so that the net 

capacitance would not be dominated by geometric capacitance. Therefore, few-layered 

graphene (FLG) provides a better option in contrast to SLG [345]. Recent reports have shown 

that these few layered graphene materials have found some challenging applications in 

various areas such as electronics [346,347], sensing [348], optics [349], etc. There are several 

ways reported that the GNSs nanomaterials can be modified physically and chemically to 

make use of those outstanding graphene-based electrode for the usage in the supercapacitor 

devices [350–352].  

5.2 Supercapacitor studies of as-synthesized FLGNSs 

5.2.1 Materials 

The capacitive performances of all above mentioned electrochemically exfoliated FLGNSs 

(i.e., S, C and N-series) were performed. 1 M Na2SO4 aqueous solution has been soaked in a 
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cellulose nitrate membrane (HIMEDIA SF93A) (Fig. 2b). This wet porous membrane act as 

an electrolyte, which is sandwiched in between two FLGNSs modified electrodes before the 

measurements.  

5.2.2 Fabrication of supercapacitor electrode 

The workshop machined two high grade cylindrical stainless steel, SS310 (Fig. 5.2(c)) were 

taken as a current collector. One side face of 12 mm diameter is well polished by alumina 

slurry (0.5 μm). After that, the surface was rinsed with DD water followed by a bath 

ultrasonication in DD water for about 15 minutes. The step is performed to clean the face 

surface from any undesired adsorbents of the current collector, also called as an electrode. 

The polished electrode was then kept in vacuum desiccator till drying. Another side of the 

stainless steel electrode was used as a connector for the supercapacitor study. 

The FLGNSs sample of 4 mg was taken in each case for supercapacitor study. The sample 

was well dispersed in ethanol solvent with the use of bath ultrasonication for 1 hour. The total 

quantities of the homogeneously dispersed sample are equally shared and drop cast onto the 

polished surface of both the electrodes (Fig. 5.2 (d)). Now, utmost care has taken while drop 

casting the graphene sample, so as to achieve the homogeneous spreading of FLGNSs sample 

on its polished surfaces, each of weighted about 2 mg. The FLGNSs modified electrodes were 

kept in vacuum desiccator till dry. After that, a celluloid nitrate membrane of pore size 0.22 

μm with a diameter of 13 mm was dipped in a freshly prepared 1M Na2SO4 aqueous 

electrolytes. The active electrolyte soaked celluloid membrane acts as a separator. The 

diameter of the membrane is larger than the modified electrode surface was taken for 

complete covering of electrolytes to the electrode materials and for avoiding a cross contact of 

both cathode and anode as well. Finally, the modified electrodes were coupled together by 

using a special type of Teflon encapsulation (Fig. 5.2(a)) called Swagelok
®

 type of 

arrangement by placing the electrolyte soaked celluloid membrane in between (Fig. 5.2(e)).  
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Fig. 5.2: Photo images of hardware parts of (a) Swagelok system, (b) a spacer (celluloid nitrate 

membrane), (c) two polished stainless steel (SS) electrodes, (d) two drop-casted FLGNSs SS 

electrodes, (e) fabricated Swagelok system and (f) potentiostat connected to Swagelok system. 

5.2.3 Analytical techniques 

The above fabricated two electrodes electrochemical cell set up is connected to a standard 

potentiostat/galvanostat of PG262A (Fig. 5.2(f)) by Techno science instruments, Bangalore, 

India make. From the data acquisition, the cyclic voltammetry (CV) and charge-discharge 

(CD) measurements have been performed three times per each sample to ensure the optimal 

analyses. The measurements of specific capacitance, energy density and power density have 

been derived as per calculation is given below. 

(1) For specific capacitance measurement: 

The specific capacitance can be calculated both from CV and CD plot as per followings: 

(a) From CV curve, the following equation is used; 
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where, 𝐶𝑠𝑝
𝐶𝑉 is specific capacitance obtained from the CV data, the integral in the numerator, 

∮ 𝐼(𝑉)𝑑𝑉
𝑉𝑓
𝑉𝑖

 is the area under the CV curve, m is the mass of the sample present on each 

current collector (i.e. 2 mg), s is the scan rate, Vi and Vf are initial and final potential 

respectively. 

(b) From CD plot, following equation was used; 

dV

dt
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(5.6) 

where 𝐶𝑠𝑝
𝐶𝐷 is specific capacitance calculated from CD data, I is the value of the constant 

current applied, and 
𝑑𝑉

𝑑𝑡
 is the slope of the discharge curve. 

(2) For Energy density: 

Energy densities (Ed) were calculated making use of the following equations; 

21
( )

2
d spE C V   

(5.7) 

where ∆𝑉 is potential window i.e. |Vi -Vf|. 

(3) For Power density: 

Power densities (Pd) were calculated making use of the following equations; 

1
( )

2
d spP C V s   

(5.8) 
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5.3 Results and discussion 

The electrochemical supercapacitive performances of the electrochemically exfoliated 

FLGNSs samples were studied using the two electrodes fabricated technique via. Swagelok 

configuration, as shown in Fig. 5.2(e).  

5.3.1 For FLGNSs obtained from H2SO4 electrolyte 

The electrochemical performances of S-series FLGNSs sample were studied, and the 

corresponding CV and CD plots have been illustrated in Fig. 5.3. From the shape of the CV 

curve, the electrochemical redox behavior and types of charge storing mechanism can be 

estimated. Again from the shape of the CD curve, the resistive nature of the FLGNSs can be 

known. The CV plots of the sample S1, S2, S3 and S4 are given in Fig. 5.3(a), (c), (e) and (g) 

respectively. All the plots are rectangular in shape with no significant redox peaks, featuring 

double layer and non-faradic capacitive behaviors. Again the constant current charge-

discharge (CD) curves are shown in Fig. 5.3(b), (d), (f) and (h) for the sample S1, S2, S3 and 

S4 respectively. The curves are showing highly symmetric and triangular features, indicating 

high coulombic efficiency. The facts may be due to the high conductivities of the S series 

FLGNSs electrode materials as discussed in colloidal state conductivity measurement in 

physicochemical characterization section in chapter-4.  

However, the quantification of specific capacitance obtained from the CV and CD plots were 

calculated as per Equation (5.5) and (5.6) respectively. Fig. 5.4 (a) shows the variation of the 

specific capacitance with scan rate for S-series FLGNSs. It has been observed that the at 

lower scan rate of 5 mV s
-1

, the S3 conditioned FLGNSs shows a maximum specific 

capacitance of 36.79 F g
-1

 in the S-series categories. However, the value decreased to 20.39 F 

g
-1

 with increasing the scan rate to 200 mV s
-1

. The S1 conditioned FLGNSs sample shows 

the lowest capacitance value of 32.34 F g
-1

 at 5 mV s
-1

 in the S-series samples and decreases 

further to 18 F g
-1

 with increasing the scan rate to 200 mV s
-1

. At higher scan rates, the 

capacitance decreases due to fast kinetics of the electrolyte ions interactions with the FLGNSs 

electrode materials.  
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Fig. 5.3: Electrochemical supercapacitive studies of H2SO4 electrolytic conditioned exfoliated 

samples; CV and CD plots of (a, and b) S1, (c, and d) S2, (e, and f) S3 and (g, and h) S4 FLGNSs. 
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Fig. 5.4: Plots of S-series FLGNSs for (a) Specific capacitance vs. scan rate and (b) specific 

capacitance vs. current density. 

As depicted in Fig. 5.4(a), the specific capacitance of S series graphene sheets sample follows 

the order of S1<S4<S2<S3 with respect to various scan rate measured at the potential window 

of 1.5 V. The capacitance values of S series samples were also analyzed from the CD plots as 

shown in Fig. 5.3 ((b), (d), (f) and (h)). The variations in capacitance of the sample were 

calculated from the discharge profile of the respective CD plots as per Equation (5.6) and the 

data plot are shown in Fig. 5.4 (b). The maximum specific capacitance of 39.22 F g
-1

 at a 

current density of 0.5 A g
-1

 has been obtained from the S3 FLGNSs powder. With increasing 

the current density of 2.5 A g
-1

, the specific capacitance of S3 decreases to 33.17 F g
-1

. In the 

series, however S1 exfoliated powder shows lowest capacitance of 33.89 F g
-1

 at a current 

density of 0.5 A g
-1

. The S2 and S4 material show the maximum capacitance of 38.49 and 

36.82 F g
-1

 at a current density of 0.5 A g
-1

 respectively. As shown in the data plot of Fig. 

5.4(b), the specific capacitance of S series exfoliated graphene powder follows the order of 

S1<S4<S2<S3 measured at various current density. 

Figure 5.5 shows the Ragone plot for the S series graphene samples illustrating the correlation 

between energy densities (Ed) and power densities (Pd), calculated as per Equation (5.7) and 

(5.8) respectively. The value of Ed was found to be 12.35 Wh kg
-1

, i.e., the maximum for the 

sample S3 with corresponding to its Pd of ~0.42 kW kg
-1

. The Pd attained a maximum value of 

~2.37 kW kg
-1

, corresponding to Ed of 10.3 Wh kg
-1

. However, S1 shows the lowest Ed of 

~10.67 Wh kg
-1

 at a Pd of ~0.41 kW kg
-1

. Similarly, other two samples, S2 and S4 show Ed of 

~12.12 and ~11.59 Wh kg
-1

 at a Pd of ~0.41 kW kg
-1

 in both cases respectively. 
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Fig. 5.5: Ragone plots of S-series FLGNSs. 

From the above analysis of the S3 FLGNSs shows highest capacitance value with the 

maximum attained Ed of 12.35 Wh kg
-1

 than all S series FLGNSs. These results could be 

ascribed by conductivities and the various carboxylation functional groups attachments in the 

FLGNSs at different electrochemical exfoliating conditions. From the physicochemical 

studies, it has been shown that the S3 FLGNSs contain significantly higher conductivities in 

the colloidal state than other FLGNSs from the S series. Again the XPS study reveals the 

maximum C=C aromatic structures up to 65.9 % with the comparative lesser amount of C-O, 

C=O and O-C=O functional groups in the S3 FLGNSs as compared to other S series FLGNSs. 

The characterizations studies summarize, the S3 FLGNSs are poising of the higher degree of 

crystallinity, lesser functionalized and maximum conductivity. Hence, these factors could 

attribute the S3 FLGNSs for revealing high efficiency in its capacitance performances. 

5.3.2 For FLGNSs obtained from HClO4 electrolyte 

The electrochemical performances of C series FLGNSs sample were studied, and the 

corresponding CV and CD plots have been illustrated in Fig. 5.6. The CV plots of the sample 

C1, C2, C3 and C4 are given in Fig. 5.6(a), (c), (e) and (g) respectively. All the plots are 

rectangular in shape, featuring double layer and non-faradic capacitive behaviors. Again the 

constant current charge-discharge (CD) curves are shown in Fig. 5.6(b), (d), (f) and (h) for the 

sample C1, C2, C3 and C4 respectively. These galvanostatic CD curves are showing 

asymmetric and non-triangular features, indicating least coulombic efficiency due to high 

resistive nature of the FLGNSs materials.  
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However, the quantification of specific capacitance obtained from the CV and CD plots were 

calculated as per Equation (5.5) and (5.6) respectively. Fig. 5.7(a) shows the variation of the 

specific capacitance with scan rate for C-series FLGNSs. It has been observed that the at 

lower scan rate of 5 mV s
-1

, the C4 conditioned FLGNSs shows a maximum of 22.34 F g
-1

 in 

the C-series categories. However, the value decreased to 12.95 F g
-1

 with increasing the scan 

rate to 200 mV s
-1

. The C1 conditioned FLGNSs sample shows the lowest capacitance value 

of 17.67 F g
-1

 at 5 mV s
-1

 in the C-series samples and decreases further to 2 F g
-1

 with 

increasing the scan rate to 200 mV s
-1

. As shown in Fig. 5.7(a), the specific capacitance of C-

series graphene sheets sample follows the order of C1<C3<C2<C4 with respect to various 

scan rate measured at the potential window of 1.5 V.  
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Fig. 5.6: Electrochemical supercapacitive studies of HClO4 electrolytic conditioned exfoliated 

samples; CV and CD plots of (a, and b) C1, (c and d) C2, (e, and f) C3 and (g, and h) C4 FLGNSs. 
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The capacitance values of C-series samples were also analyzed from the CD plots as shown in 

Fig. 5.6. The variations in capacitance of the sample were calculated from the discharge 

profile of the respective CD plots as per Equation (5.6) and the data plot are shown in Fig. 5.7 

(b). The maximum specific capacitance of 22.6 F g
-1

 at a current density of 0.5 A g
-1

 has been 

obtained from the C4 FLGNSs powder. With increasing the current density of 2.5 A g
-1

, the 

specific capacitance of C4 decreases to 18.87 F g
-1

. In the series, however, C1 exfoliated 

powder shows lowest capacitance of 12.68 F g
-1

 at a current density of 0.5 A g
-1

. The C2 and 

C3 FLGNSs material show the maximum capacitance of 17 and 14.15 F g
-1

 at a current 

density of 0.5 A g
-1

 respectively. As shown in the data plot of Fig 5.7 (b), the specific 

capacitance of C-series exfoliated graphene powder follows the order of C1<C3<C2<C4 

measured at various current density. 

 

Fig. 5.7: Plots of C-series FLGNSs for (a) Specific capacitance vs. scan rate and (b) specific 

capacitance vs. current density. 

Figure 5.8 shows the Ragone plot for the C series graphene samples illustrating the correlation 

between energy densities (Ed) and power densities (Pd), calculated as per Equation (5.7) and 

(5.8) respectively. The value of Ed was found to be 7.12 Wh kg
-1

, i.e., the maximum for the 

sample C4 with corresponding to its Pd of ~0.40 kW kg
-1

. The Pd attained a maximum value 

of ~19.17 kW kg
-1

, corresponding to Ed of 2.66 Wh kg
-1

 for the C1 sample. However, C1 

shows the lowest Ed of ~2.21 Wh kg
-1

 at a Pd of ~11.36 kW kg
-1

. Similarly, other two 

samples, C2 and C3 show maximum Ed of ~5.36 and ~4.46 Wh kg
-1

 at a Pd of ~0.47 and 0.45 

kW kg
-1

 in both cases respectively. 
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Fig. 5.8: Ragone plots of C-series FLGNSs. 

From the above studies, the C4 FLGNSs shows highest capacitance value with the maximum 

attained Ed of 7.12 Wh kg
-1

 than all C series FLGNSs. These results could be ascribed by 

conductivities and the various carboxylation functional groups attachments in the FLGNSs at 

different electrochemical exfoliating conditions. From the physicochemical studies, it has 

been shown that the C4 FLGNSs contain significantly higher conductivities in the colloidal 

state than other FLGNSs from the C series. Again the XPS study reveals the maximum C=C 

aromatic structures up to 65.79 % with the comparative lesser amount of C-O, C=O and O-

C=O functional groups in the C4 FLGNSs as compared to other C series FLGNSs. The 

characterizations studies summarize, the C4 FLGNSs are poising of the higher degree of 

crystallinity, lesser functionalized and maximum conductivity. Hence, these factors could 

attribute the C4 FLGNSs for revealing high efficiency in its capacitance performances. 

5.3.3 For FLGNSs obtained from HNO3 electrolyte 

The electrochemical performances of N-series FLGNSs sample were studied, and the 

corresponding CV and CD plots have been illustrated in Fig. 5.9. The CV plots of the sample 

N1, N2, N3 and N4 are given in Fig. 5.9(a), (c), (e) and (g) respectively. All the plots are 

rectangular in shape, featuring double layer and non-faradic capacitive behaviors. Again the 

constant current charge-discharge (CD) curves are shown in Fig. 5.9(b), (d), (f) and (h) for the 

sample N1, N2, N3 and N4 respectively. The galvanostatic CD curves are symmetric and non-
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triangular, indicating least coulombic efficiency due to high resistive nature of the N series 

FLGNSs materials.  

However the quantification of specific capacitance obtained from the CV and CD plots were 

calculated as per Equation (5.5) and (5.6) respectively. Fig. 5.10(a) shows the variation of the 

specific capacitance with scan rate for N-series FLGNSs. It has been observed that the at 

lower scan rate of 5 mV s
-1

, the N2 conditioned FLGNSs shows a maximum of 23.33 F g
-1

 in 

the N-series categories. However, the value decreased to 8.86 F g
-1

 with increasing the scan 

rate to 200 mV s
-1

. The N3 conditioned FLGNSs sample shows the lowest capacitance value 

of 13.33 F g
-1

 at 5 mV s
-1

 in the N-series samples and decreases further to 3.72 F g
-1

 with 

increasing the scan rate to 200 mV s
-1

. As shown in Fig. 5.10(a), the specific capacitance of 

N-series graphene sheets sample follows the order of N3<N4<N1<N2 with respect to various 

scan rate measured at the potential window of 1.5 V. 
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Fig. 5.9: Electrochemical supercapacitive studies of HNO3 electrolytic conditioned exfoliated samples; 

CV and CD plots of (a, and b) N1, (c, and d) N2, (e, and f) N3 and (g, and h) N4 FLGNSs. 
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Fig. 5.10: Plots of N-series FLGNSs for (a) Specific capacitance vs. scan rate and (b) specific 

capacitance vs. current density. 

The capacitance values of N-series samples were also analyzed from the CD plots as shown in 

Fig. 5.9. The variations in capacitance of the sample were calculated from the discharge 

profile of the respective CD plots as per Equation (5.6) and the data plots are shown in Fig. 

5.10(b). The maximum specific capacitance of 19.5 F g
-1

 at a current density of 0.5 A g
-1

 has 

been obtained from the N2 FLGNSs powder. With increasing the current density of 2.5 A g
-1

, 

the specific capacitance of N2 decreases to 15.67 F g
-1

. In the series, however N3 exfoliated 

powder shows lowest capacitance of 9.6 F g
-1

 at a current density of 0.5 A g
-1

. The N1 and N4 

materials show the maximum capacitance of 16.83 and 10.88 F g
-1

 at a current density of 0.5 

A g
-1

 respectively. As shown in the data plot of Fig 5.10(b), the specific capacitance of C-

series exfoliated graphene powder follows the order of N3<N4<N1<N2 measured at various 

current density. 

Figure 5.11 shows the Ragone plot for the N series graphene samples illustrating the 

correlation between energy densities (Ed) and power densities (Pd), calculated as per Equation 

(5.7) and (5.8) respectively. The value of Ed was found to be 6.14 Wh kg
-1

, i.e., the maximum 

for the sample N2 with corresponding to its Pd of ~0.42 kW kg
-1

. The Pd attained a maximum 

value of ~7.61 kW kg
-1

, corresponding to Ed of 1.90 Wh kg
-1

 for the N4 sample. Similarly, 

other two samples, N1 and N3 show maximum Ed of ~5.30 and ~3.02 Wh kg
-1

 at a Pd of  0.48 

and 0.47 kW kg
-1

 in both cases respectively.    
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Fig. 5.11: Ragone plots of N-series FLGNSs. 

From the above studies, the N2 FLGNSs shows highest capacitance value with the maximum 

attained Ed of 6.14 Wh kg
-1

 than all other N series FLGNSs. These results could be ascribed 

by conductivities and the various carboxylation functional groups attachments in the FLGNSs 

at different electrochemical exfoliating conditions. From the physicochemical studies, it has 

been shown that the N2 FLGNSs contain significantly higher conductivities in the colloidal 

state than other FLGNSs from the C series. Again the XPS study reveals the maximum C=C 

aromatic structures up to 60.82 % with the comparative lesser amount of C-O, C=O and O-

C=O functional groups in the N2 FLGNSs as compared to other N series FLGNSs. The 

characterizations studies summarize, the N2 FLGNSs are poising of the higher degree of 

crystallinity, lesser functionalized and maximum conductivity. Hence, these factors could 

attribute the N2 FLGNSs for revealing high efficiency in its capacitance performances. 
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5.3.4 Comparative studies in between the best performed FLGNSs 

materials  

 

Fig. 5.12: Ragone plots of (a) S3, C4 and N2 FLGNSs, (b) charge retention efficiency of S3, (c) C4 

and (d) N2 FLGNSs sample after 5000 long cyclic stability test. 

Out of S, C and N series FLGNSs samples, S3, C4 and N2 show promising electrochemical 

charge storing behavior in each category respectively. Herewith the summarized analyses of 

the three types of graphene samples in Fig. 5.12 are shown. From the Ragone plot in Fig. 5.12 

(a), the S3 FLGNSs shows high efficiency in terms of Ed and Pd, followed by C4 and N2 

samples. The highest obtained Ed are 12.35, 7.12 and 6.14 Wh kg
-1

 at Pd of 0.42, 0.40 and 

0.42 kW kg
-1

 were shown by S3, C4 and N2 respectively. Among the three best performer 

FLGNSs materials from the electrochemical supercapacitance studies i.e. S3, C4 and N2 

FLGNSs, S3 FLGNSs shows maximum capacitance value with large Pd. This fact may 
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attribute the high conductance of the FLGNSs as compared to other FLGNSs as discussed in 

Section 4.4.2 of chapter-4. 

Fig. 5.12 (b), (c) and (d) shows the power retention capacity of S3, C4 and N2  FLGNSs 

samples after 5000 charge-discharge cycle test. It has been observed that the graphene 

materials shows ~100 % stability in delivering the power performance despite long cycle run 

and confirms the non-degradation of electrode characteristics. From the initial and final five 

cycles of CD profile (inset of Fig. 5.12(b, c, and d), the symmetrical triangular behaviors of 

the charge storing and discharging phenomena can be observed. The ideal non-faradic EDLC 

reactions of the materials are hence established. 

5.4 Coin cell fabrication 

The Supercapacitive performance of the as-synthesized FLGNSs nanomaterials also has been 

illustrated by fabricating in the form of coin cell for visualization purpose. Three types of 

FLGNSs materials from each series, which perform high capacitance performance i.e. S3, C4 

and N2 FLGNSs materials have been used for the coin cell fabrication process. The fabricated 

FLGNSs materials have been tested in lightening the 2 V light-emitting diode (LED) test. 

Components: 

The coin cell has been fabricated by CR2032 coin cell model technique. It consists of two 

outer metal case acts as cathode and anode terminal. Two metal spacer used as a current 

collector from the electrode materials with a metal spring for ensuring the proper stacking and 

electrical contact inside the coin cell. Inside the two spacer elements, two electrode materials 

have been kept by sandwiching an electrolyte shocked cellular membrane. All the components 

of the coin cell have been depicted in Fig. 5.13. 
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Fig. 5.13: Coin cell and its various components. 

Fabrication procedure: 

Firstly, a convenient amount (~8 mg) of the FLGNSs sample was dispersed thoroughly in a 

bath sonicator using ethyl alcohol as the dispersion medium. The colloidal dispersion was 

then coated on a pre-cleaned nickel foam sheet with the help of a desktop coating machine. 

Precise thickness of the coating was controlled via mechanical screw gauge arrangement. 

After that the modified nickel foam sheet was subject to a pressure of ~1 MPa at 70 °C in a 

hot rolling press machine making sure a better adherence between the metal sheet and the 

coated sample. The finally modified nickel sheet was cut in pre-defined circular shapes with 

the help of a precise disc cutting tool. In the second step, the coin cell components were 

cleaned with 0.5 M HCl to ward off any surface contamination and dried thoroughly in an 

oven. The FLGNSs modified nickel sheet (cut in pre-defined circular shape) was used as the 

electrodes and a cellulose nitrate membrane (having pores size of ~0.2 µm, HiMedia 

Laboratories Pvt. Ltd., India) dipped in 1 M aqueous solution of Na2SO4 was taken as the 

separator. The coin cell assembly was fabricated with the help of a hydraulic crimping 

machine, and its supercapacitor performances were evaluated. 
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LED test: 

 

Fig. 5.14: LED test of (a) S3, (b) C4 and (c) N2 FLGNSs electrode materials by coin cells. 

Freshly made coin cell from S3, C4 and N2 FLGNSs are charged by liner sweep voltammetry 

technique from 0 to 1.5 V at 10 mV/sec each. After this charging procedure, four coin cells 

from each category are kept in series to give maximum power output for glowing the LED. 

The green, blue and red color LED light have been used for S3, C4 and N2 FLGNSs 

incorporated coin cell cases respectively. The LEDs are emitted with their corresponding 

wavelength which can be seen from the Fig. 5.14 (a), (b) and (c) are from the coin cells made 

from S3, C4 and N2 FLGNSs electrode materials respectively. The LEDs are glowing for the 

duration of approximate 2 min each.    

5.5 Conclusion 

The supercapacitive performance of the electrochemically exfoliated FLGNSs obtained from 

S, C and N series condition have been performed by two electrode system via Swageloke 

configuration. From the CV and CD analysis, the maximum capacitances have been obtained 

by S3, C4 and N2 FLGNSs materials from each series. However, S3 FLGNSs shows a 

maximum of the capacitance of 36.79 F g
-1

 with maximum Ed of 12.35 Wh kg
-1

. This attribute 
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the high conductivity of the S3 FLGNSs materials among other electrochemically exfoliated 

GNSs. The stability of the FLGNSs electrode materials has been performed for 5000 long 

cycle CD test. The result shows promising efficiency in delivering the supercapacitor 

performances with the negligible deterioration of the FLGNSs materials. Also, the best 

supercapacitor performing FLGNSs electrode materials in the form of coin cell have been 

successfully tested for emitting the light from the LED test. 

 

 



 

  

Chapter 6 

6 Exploration of structural application of 

FLGNSs as nano-filler in polymer 

nanocomposite 

This chapter focuses on the effect of the addition of differentially endowed surface 

functionalized FLGNSs as nano-filler on the variation of mechanical properties of epoxy and 

glass fiber/epoxy polymer nano-composite through various studies. The ever increasing 

demand and performance of polymer based composites for structural applications has 

certainly favored a pursuit for nano-scale reinforcement in the host polymer matrix. 

Functionalized graphene nano-sheets has emerged as the most sought for candidate for the 

said required improvement. However, researchers have followed complex route i.e., covalent 

as well as non-covalent functional grafting on the pre-synthesized graphene nano-sheets and 

have used relatively high quantity of functional graphene as nano-filler in the epoxy resin to 

reach the optimum mechanical strength. Conversely, the use of electrochemically exfoliated 

functionalized graphene as nano-filler in the epoxy and glass-fiber/epoxy matrix for 

improving its mechanical properties has rarely been reported. Furthermore electrochemical 

exfoliation will lead to reduce one step in the fabrication of the composites as the 

functionalization would be done in-situ during the exfoliation process itself as mentioned in 

the previous chapter.  

 

Research output of the section: 

 Sumanta Kumar Sahoo, B. C. Ray and Archana Mallik “Role of electrochemically in-

house synthesized and functionalized graphene nano-fillers on the structural performance 

of epoxy matrix composites. Phys. Chem. Chem. Phys. (2017). 

 DOI: 10.1039/C7CP01615H. 
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6.1 Introduction 

A composite is a processed material containing at least two constituent materials of different 

physical and chemical properties so that, the finished structures are poised of significantly 

differed from the individual components. The composite materials can be divided into three 

broad categories depending on the types of host materials used in fabrication. If the polymer 

is used in bulk or as a matrix in the final product, then it called as polymer composite. 

Similarly, in the case of metal and ceramic matrix, the composite product can be called as 

metal matrix composite and ceramic composite respectively.  

In this study, polymer based composites have been investigated. Polymers as a matrix 

element, for fabrication of composite structure are widely used because of its low cost, light 

weight and ease of processability nature. Its physicochemical properties can be significantly 

varied with the inclusion of materials (fibers, whiskers, platelets, or particles) as a reinforcing 

agent. Polymer nanocomposite is one of the most successful areas in the field of 

nanotechnology research. Nanomaterials blended/reinforced with the polymer matrix can lead 

to a myriad of applications. These nanomaterials are called filler materials, whose small 

amount of inclusion to the polymer matrix composite can significantly alter its various 

properties. Fortunately, stringent routes to be followed for the fabrication of the nanofiller 

polymer composite structure. However, the synthesis procedures can be widely varied 

depending upon different applications. All these techniques need attention for the uniform 

distribution of nanofiller constituent in the polymer matrix. However, in general four different 

approaches are classified for fabrication of polymer nanocomposites structures, i.e., (1) in situ 

polymerization technique where monomers are polymerized in the presence of nanomaterials, 

(2) in situ formation of nanomaterials along with in situ monomer polymerization, (3) direct 

mixing of nanomaterials with the polymer matrix followed by various dispersion techniques 

and (4) melt mixing techniques, where polymer is melted for incorporating nanomaterials. 

Each technique is associated with different challenges, depending upon the nature of 

constituents used in fabricating the polymer nanocomposite system. Irrespective of formation 

mechanism, the interfacial bonding in between the matrix and reinforced materials are the 
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important factors in determining the performance of the final product. The inclusion of nano-

filler gives high specific interfacial area, which offers molecular level of interactions between 

the polymer molecular chains in the system. In return, there will be significant enhancement 

of various properties like high mechanical strength [353–355], electrical conductivity 

[356,357], thermal conductivity [358–360], antimicrobial properties [361], fracture resistance 

[362,363], permeability [364], chemical stability [365] and UV absorption [366–368] to name 

a few. Hence, both the polymer matrix and the nano-filler materials play an important role for 

fabrication of smart composite materials for various applications. The nano-reinforced 

polymer composite has been widely used in various sectors like,  in the biotechnological 

fields [369,370] (biocompatible nanofiber scaffold implants, drugs and biomedical 

instruments), in the fuel cell, batteries, supercapacitor and solar cell field  applications [371–

374] (membrane and electrodes), the electronics and optoelectronics fields [375–377] 

(electromagnetic shielding, transparent conductive coatings, electrochromic display devices, 

actuators and sensors), the thermal fields [358,378] (thermal pastes, heat actuators and shape-

memory polymers), and the mechanical fields [355,369,379,380] (various light weight, 

anticorrosive high strength polymer composite structure materials) of applications.  

Carbon nanomaterials such as carbon black, fullerenes, carbon nanotubes (CNTs), carbon 

nanofibers (CNFs), graphene and its derivatives has been widely used as nano-filler in the 

polymer matrix. Graphene and its associates (GO, rGO, etc.), however, given prior 

preferences due to low cost, fast and industrial scale preparation techniques. Its unique 

features like high specific surface area, transparency, easy functionalization, high mechanical 

strength, and high conductivity are some standalone properties (more details are discussed in 

Chapter-2) which enable them as superior nano-fillers. Without any functionalization of 

graphene sheets, it is quite difficult to incorporate into polymer matrix due to its 

agglomerating nature. The functional groups around the GNSs will develop an electrostatic 

charge, which enables the materials for achieving better uniform and homogeneous dispersion 

in the polymer matrix. Also, the functional groups attached to the GNSs will act as anchoring 

agent which will achieve strong bonding with the polymer matrix. Thus with the interfacial 

force of attraction of functionalized GNSs with the polymer host matrix will be enhanced. As 
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the polymer contains various carboxyl, hydroxyl and epoxy groups on the carbon skeleton, the 

GNSs endowed with the same functional groups at its edges and surfaces will act as anchoring 

agent to achieve highly dispersive and uniform nano-filler in the polymer composite. 

Therefore, rather going for pristine GNSs, functionally modified GNSs are always a better 

option for proper adhesion to the polymer for composite fabrication. Also, its high surface 

area and accessibility to both the side of the 2D nanomaterials will give better interfacial to 

the polymer host matrix unlike other allotropes of carbon nanomaterials. The surface 

modification techniques such as various chemical modifications (amination, esterification, 

oxidation, electrochemical modification etc.), defect generation by exfoliation techniques 

(sonication, electrochemical exfoliation, insitu exfoliation etc.) have been used in the 

synthesis procedure of GNSs for the homogeneous dispersion as well as firm adhesion in the 

host polymer matrix [381,382]. Epoxies are one of the special types of polymer molecule 

containing more than one epoxide group in the polymer chain. It has been widely studied as a 

polymer matrix element due to ease of processing, high adhesion, stable, flexible and multi 

curing options. Neat epoxy resins are lacking in various properties like flammability 

resistance, UV resistance, damage tolerance and conductance. However, nano-fillers such as 

silica (SiO2) [383], alumina (Al2O3) [384], glass fibers [385–387] and CNTs [388–390] are 

mostly used in epoxy resin for the fabrications of high stiffness, toughness and fatigue 

resistant hybrid composite materials. 

There are several graphene-based polymer nanocomposites have shown its remarkable 

presence in developing various applications. A wide range of polymer materials such as 

Epoxy, Polyaniline (PANI), Polystyrene (PS), Nafion, Poly-vinyl alcohol (PVA), 

Polyurethane (PU), Poly (vinylidene fluoride) (PVDF), Poly(3,4-ethyldioxythiophene) 

(PEDOT), Polyethylene terephthalate (PET), Polycarbonate (PC) etc. has been grafted with 

GNSs for novel applications like in electronic devices, energy storage devices, biomedical 

applications, sensors, high strength mechanically and thermally stable structured materials 

used in automobile, oil refractories, in-house utilities, aircraft fuselages, and many more 

[381,382,391–401]. 



Chapter 6                      Exploration of structural application of FLGNSs as filler in composite 

138 

Graphene and its associates have been drawing significant attention as a nano-filler 

reinforcement agent in the epoxy resin due to the enhancement in various properties of the 

composite structures [402]. The uniqueness in the graphene properties and epoxy polymer 

materials combine to form the myriad of novel applications. The significant enhancement in 

various properties like fatigue and creep resistance life [362,403], mechanical strength in 

different environment conditions [404–408], thermal conductivity [409,410], anti-corrosion 

[411–413], flame retardancy [414–416], UV radiation resistance [417] etc. have enable the 

epoxy/graphene nanocomposites for various useful applications. 

Critical analysis on the interfacial strengthening mechanism by the addition of various nano-

fillers (CNTs [388,390], Al2O3, SiO2, TiO2 [418–420]) in the glass fiber reinforced epoxy 

polymer (GFREP) composite have been performed. The optimal addition of the nano-filler to 

GFREP structure for the enhancement of its mechanical performance has been illustrated. In 

this experiment, the electrochemically exfoliated as-synthesized FLGNSs have been used as 

nano-filler in the neat epoxy polymer matrix as well as in GFREP composite. The mechanical 

assessments of the polymer nanocomposite structure have been carried out by 3-point bend 

flexural test. Also, the inherent properties of the composite materials also have been in sighted 

by DSC and fractography analysis.  

6.2 Experimental 

6.2.1 Materials 

For fabrication of the composite structures, the polymer matrix as epoxy of diglycidyl ether of 

Bisphenol A (Lapox-L 12) (Properties listed in Table 6.1) and triethylene tetra amine (Lapox 

K-6) as a hardener or curing agent has been used and is supplied by Atul Industries Ltd, India. 

The woven fabric E-glass fiber cloth of 3K plain wave with an individual filament diameter of 

15 μm supplied by Saint-Gobain, India has been used as reinforcement in the epoxy matrix 

(Properties: Table 6.1). The electrochemically exfoliated powdered FLGNSs obtained from 

S4, C4 and N4 of S, C and N category have been used as nano-filler in the polymer matrix. 

Other materials like thermoplastic films and mold release spray have been used as a base 
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support while fabricating the composite structure and easy detachment of the thermoplastic 

film with the composite structure after fabrication process respectively.  

Table 6.1: The properties of as-used epoxy and E-glass fiber [388]. 

Property Epoxy E-glass fiber 

Density (g/cm
3
) 1.162 2.58 

Tensile modulus (GPa) 4.1 72.3 

Tensile strength (GPa) 0.11 3.4 

Strain ay failure (%) 4.6 4.8 

Poisson’s ratio 0.3 0.2 

6.2.2 Fabrication procedure 

In the following experiment, four types of composites have been fabricated for a 

comprehensive examination of the mechanical behavior with the addition of FLGNSs nano-

filler. These are (1) neat epoxy mold, (2) epoxy-FLGNSs mold, (3) glass fiber-epoxy polymer 

composite and (4) glass fiber-epoxy-FLGNSs (GEF) polymer nanocomposite. The details of 

the fabrication procedure are depicted in Fig. 6.1. The FLGNSs of 0.1 wt. % and 0.3 wt. % of 

S4, C4 and N4 conditioned electrochemical exfoliated samples were taken with respect to the 

weight of epoxy in the composite fabrication wherever required. After the fabrication, the 

composite laminates have been kept in open atmosphere for 24 hours for ageing. Then for 

flexural testing, the laminates were made as per ASTM D7264 standard by the use of 

diamond tipped plate cutter and belt grinder. For each analysis, three samples were prepared. 

The dimensions of the sample are 32 mm × 8 mm × 4 mm. After the sample preparation, they 

were kept in an oven at 140°C for 6 hours for post-curing and relieve residual stresses if any. 
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Fig. 6.1: Flow chart direction of fabricating various composite structure materials. 

6.2.3 Characterization techniques 

For the evaluation of the flexural strength of the as-synthesized polymeric structured 

materials, 3-point bending fixture in Instron 5967 has been used explicitly. The span length 

was maintained to be 64.0 mm and the cross head velocity of 5 mm/min.  All the samples 

were tested at room temperature (25 °C) and in open atmospheric environment. For each 

category of the composite composition, three fabricated specimens were tested and the 

average value was taken into consideration. The differential scanning calorimetry (DSC) 

measurements were performed by Mettler Toledo instrument of model DSC822e. The sample 

tested were weighed ~20.0 mg in each case and used for evaluating glass transition 

temperature (Tg). The samples were analyzed in a temperature range of 35-180 °C at a heating 
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rate of 5 °C/min. The morphological analyses of the fractured samples were carried out by 

FEI Nova NanoSEM 450 FESEM instrument. 

6.3 Results & discussion 

It has been discussed in Chapter-4 that the exfoliated FLGNSs flakes properties are severely 

affected by the applied anodic potential, the concentration of intercalate as well as the anionic 

size of the intercalate. The extent of disorderliness, crystalline nature, defects and surface 

functionalization (mainly hydroxylation and oxygenation) with various electrolytic bath 

conditions are elaborately discussed. It has also been discussed that the extent of oxygen 

functionalization as well as defect formation in the as-synthesized GNSs will be more 

prominent at higher electrolytic concentrations. At this extreme electrolytic condition i.e. S4, 

C4 and N4 cases, the exfoliated FLGNSs contains extended amount carboxylation functional 

groups due to vigorous electrochemical exfoliation process in strong acid electrolyte 

condition. These functional groups act as anchoring agent to the epoxide polymer matrix 

[421,422]. These functionalized FLGNSs will give better dispersion as well as adhesion to the 

polymer matrix. Here, the as-synthesized nano-filler (i.e. FLGNSs) by various electrolytic 

conditions such as 2.0 M of H2SO4, HClO4 and HNO3 have been used at 0.1 and 0.3 wt.% 

with respect to the epoxy mass. The variation of mechanical properties along with thermal and 

fractography analysis have been studied for epoxy-FLGNSs (EF) and glass fiber-epoxy-

FLGNSs (GEF) polymer composites with 0, 0.1 and 0.3 wt.% addition of FLGNSs nano-

filler. 

6.3.1 Epoxy-FLGNSs (EF) polymer nanocomposite 

6.3.1.1 Mechanical properties (3-point bend test) analysis 

The polymer nanocomposite materials have been fabricated by a well dispersion mold casting 

process. The schematics as shown in Fig. 6.2 showed the addition of as-synthesized FLGNSs 

to the bubble free neat epoxy and mixed homogeneously. The neat epoxy and epoxy-FLGNSs 

resin nanocomposites are prepared by cast mold technique. Then the samples were shaped in 

32 mm × 8 mm × 4 mm dimensions and tested in a 3-point bend configured instrument for the 
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flexural strength and modulus (inset of Fig. 6.2: Instron 3-point lever and some fabricated 

composite specimens) measurements. 

 

Fig. 6.2: Schematics of polymer nanocomposite preparation for 3-point bend /flexural test (inset: 

photograph of the experimental setup (upper right corner) and fabricated neat epoxy and its composite 

mold (down right corner)). 

The histogram plot from the flexural 3-point bend test of the epoxy mold samples with 

FLGNSs nano-filler as well as neat epoxy shown in Fig. 6.3(a) and (b). The addition of 0.1 

wt.% of S4, C4 and N4 conditioned FLGNSs nano-filler shows an enhancement of flexural 

strength by 13.6, 25.1 and 42.6 % respectively compared to the neat epoxy resin as depicted 

from Fig. 6.3 (a). This attributes the facile adhesion of GNSs to the epoxide polymer matrix. 

It has been discussed earlier (in chapter-4) that the crystallinity of the exfoliated GNSs 

follows the order of -

4SO > -

4ClO > -

3NO  (i.e. S4>C4>N4) intercalation followed to exfoliation. 

Hence, N4 FLGNSs shows heavy oxygenation endowment surface than C4 and S4 FLGNSs. 

This attribute to the maximum dispersion of N4 FLGNSs in the epoxide resin than other, 

which enable stronger adhesion to the composite system. Further, the surface charge of GNSs 

is more prominent in the heavy oxygenation functional groups, which make more stable 

colloidal suspension before addition to the polymer matrix. These inherent properties have a 

remarkable effect in cross-linking of FLGNSs to epoxy resin. So, the addition of N4 FLGNSs 

nano-filler shows uniform and homogeneous distribution in the EF polymer nanocomposite 

with the rise of maximum 42.6 % enhancement in the flexural strength than other nano-fillers. 

Again with an increase of nano-filler to 0.3 wt.%, the strength of EF composite decreases 

significantly below the strength of neat epoxide resin as listed in Table 6.2. The said 
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observation could be due to the agglomeration of GNSs inside the epoxide matrix. Due to 

firm cross-linking of N4 FLGNSs to the polymer matrix, the modulus of the EF 

nanocomposite is increased by 33.5 % as compared to the neat epoxy resin at 0.1 wt.% as 

shown in Fig. 6.3(b). Whereas, S4 and C4 FLGNSs nano-filler show 23.5 and 29.1 % 

increment in modulus at the same concentration. The significant increase in modulus of the 

N4 FLGNSs based EF composite could be attributed to the most stable dispersion of the 

FLGNSs in the epoxy resin due to the presence of maximum anchoring functional groups. 

However, with 0.3 wt.% addition of nano-filler, the modulus of EF composite decreases to 

5.2, 9.1 and 15.5 %  as compared to 0.1 wt.% of addition of S4, C4 and N4 nano-filler 

respectively. The fact could be due to the non-uniform distribution generated by 

agglomeration of FLGNSs nano-filler elements in the epoxy matrix.  

6.3.1.2 Thermal analysis 

The crosslinking intensiveness of the FLGNSs nanomaterials to the epoxy resin has been 

studied by the glassy state of transition by DSC as shown in Fig. 6.3(c). The glass transition 

temperature (Tg) denotes the temperature at which the solid state of polymeric materials 

undergoes semi-solid or ‘rubbery’ form. Depending on the heat capacity of the material, the 

Tg varies. The higher polymeric crosslinking density in the composite structure, the more will 

be the Tg value. The addition of nano-filler to the polymer matrix normally increases the Tg 

value. However, there is slightly enhanced by about 1-2 °C variation of Tg values of the epoxy 

composite structures as shown in Table 6.2. This fact may be attributed to the insignificant 

upper variances in its interfacial crosslinking bonding in between epoxide polymer chains due 

to the addition of the FLGNSs nano-filler. Additionally, the carboxylation functional groups 

and defect structures in the FLGNSs materials could enhance its mechanical properties, which 

likely caused by mechanical interlocking without adverting its crosslinking properties in the 

composite system [423]. 
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Fig. 6.3: (a) Flexural strength, (b) modulus and (c) DSC plot of EF polymer nanocomposite at various 

nano-filler i.e., FLGNSs concentration (0, 0.1 and 0.3 wt.%). 

Table 6.2: Parameters of Epoxy-FLGNSs polymer nano-composite. 

Polymer composite Flexural strength 

(MPa) 

Modulus  

(GPa) 

Tg  

in °C 

Neat epoxy mold  78.21 ± 6.64 3.88 ± 0.23 66.46 

0.1 wt.% EF-S4 88.81 ± 7.62 4.79 ± 0.06 67.28 

EF-C4 97.83 ± 3.17 5.01 ± 0.07 67.43 

EF-N4 111.50 ± 6.17 5.18 ± 0.03 68.05 

0.3 wt.% EF-S4 59.79 ± 2.75 4.08 ±0.03 67.05 

EF-C4 71.52 ± 8.18 4.23 ± 0.04 67.56 

EF-N4 76.87 ± 4.66 4.48 ± 0.09 67.58 

 



Chapter 6                      Exploration of structural application of FLGNSs as filler in composite 

145 

6.3.1.3 Fractography analysis  
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Fig. 6.4: FESEM images of (a) neat epoxy, 0.1 and 0.3 wt.% of (b, and c) S4, (d, and e) C4 and (f and 

g) N4 FLGNSs incorporated EF polymer nanocomposites (inset: respective low resolution 

micrograph). 

Fractured surface of EF polymer nanocomposite after 3-point bend analysis has been studied 

by FESEM to investigate the nature of de-bonding mechanism in the materials. From Fig. 6.4, 

the intriguing sliding behaviors of the epoxy resin molded with various types of FLGNSs 

have been depicted. Fig. 6.4(a) shows the neat epoxy fractured surface sliding abruptly with 

randomness in crack aligned surfaces (inset). This shows the irrational epoxide bonding 

nature of the materials. From the magnified FESEM image, epoxide granular displacement 

with surface linear cracks propagation has been noticed.  These phenomena indulge no extra 

material bonding in the epoxide resin. With the addition of graphene as nano-filler to the 

epoxy resin, the nature of FLGNSs-epoxy bonding, agglomeration effects, defects, 

disorderness and deformation can be estimated from the fracture surface [385,390,424]. As 

mentioned earlier, the addition of S4 FLGNSs to the polymer matrix have strong tendency to 

agglomerate due to the crystalline nature of the GNSs. Fig. 6.4(b) and (c) shows the EF 

composite fractured surface with S4 FLGNSs as nano-filler of 0.1 and 0.3 wt.% addition to 

the epoxy resin respectively (inset: low-resolution FESEM image of respective micrograph). 

It can be observed that with 0.1 wt.% S4 FLGNSs addition, there is evolution of high rough 

surface granules throughout the fractured surface [424]. This effect is attributed to the 

localized strong adhesion in between the agglomerated GNSs with the epoxy resin. Again 

with 0.3 wt.% addition, the agglomeration behavior of GNSs is so prominent that it forms a 
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sheet-type slipping surfaces upon deformation of EF composite structure [423]. The effect can 

also be seen from the inset of low resolution Fig. 6.4(c) with multiple fractures slipping planes 

[362] which formed under strong flexural load. Due to relative more solubility of FLGNSs 

nano filler derived from C4 conditioned electrochemical exfoliation with the epoxy resin, the 

fractured surface seems to smother as compared to S4 FLGNSs/EF case as shown in Fig. 

6.4(d) and (e). Fig. 6.4(d) and (e) shows the fractured surface of EF composite with 0.1 and 

0.3 wt.% C4 FLGNSs nano-filler. In 0.1 wt.% addition of C4 FLGNSs, the EF deformed 

surface exhibiting smoother slicing as compared to neat epoxy and S4 FLGNSs/EF case. This 

may be due to the homogenous mixing and uniform epoxy-GNSs bonding throughout the 

polymer matrix. The multiple river lines from the low resolution SEM image (inset of Fig. 

6.4(d)) gives the plasticity flow nature of the EF composite. However, the sever degradation 

in the slipping plane has been observed by increasing the C4-FLGNSs addition to 0.3 wt.% in 

EF composite as can be seen from Fig. 6.4(e). The fact can be attributed to the agglomeration 

of C4 FLGNSs in the polymer resin. Moreover, the generation of flakiness fracture surfaces 

also gives insight to the lower mechanical stiffness to the EF nanocomposite. Fig. 6.4(f) and 

(g) shows the SEM fractography of N4 FLGNSs filled EF polymer nanocomposite of 0.1 and 

0.3 wt.% addition to the epoxy resin respectively. The high mechanical strength and flexural 

modulus have been observed in 0.1 wt.% addition of N4 FLGNSs/EF case. The facts can be 

described from the fractured surface of the composites. It can be seen from Fig. 6.4(f) that the 

fractures surface is smoother than any other EF composite structures. This is due to the high 

oxidation nature of FLGNSs of N4-FLGNSs, which act as strong anchoring element to bind 

the epoxy polymer matrix. From the surface morphology of 0.1 wt.% N4-FLGNSs/EF, the 

absence of any agglomeration, defects can be confirmed. The high uniform distribution of 

GNSs and strong adherence in the epoxy resin enable the composite to exhibit high strength 

as well as flexibility. The ductility nature is prominent in this case than other composition. 

With 0.3 wt.% addition of N4 FLGNSs, the fractured surface shows smooth sliding with 

uniform slicing planes. Upon increasing the FLGNSs content in the epoxy matrix, the 

interfacial bond in between the epoxy polymer has been reduced drastically. Additionally, the 

severe agglomeration of FLGNSs at high concentration may lead to the formation of 

fractured/defective planar surfaces inside the composite structure. Therefore, upon stress 
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loading, the specimen breaks by creating multiple riverline types slipping planes [406] as can 

be seen form low resolution FESEM image (inset of Fig. 6.4(g) and leads to the local stress 

generation in EF composite which results in reducing its mechanical strength. 

6.3.2 Glass fiber-epoxy-FLGNSs (GEF) polymer nanocomposite 

6.3.2.1 Mechanical properties (3-point bend test) analysis 

The GEF polymer nanocomposite specimen have been processed as per instructed in Fig. 6.1 

by sandwiching 14 layers of glass fiber with epoxy resin pregnant with FLGNSs nano-filler as 

per schematic is shown in Fig. 6.5. The instrumental 3-point bend test (inset: the GEF 

composite specimen) has also shown, by which flexural strength as well as the modulus 

properties of the composite structure were evaluated. The glass fiber-epoxy polymer 

composite has been made without the addition of FLGNSs and is termed as GE composite. In 

GEF polymer nanocomposite structure, the epoxy resin has been homogeneously dispersed 

with various FLGNSs types and sandwiched to the 14 layers of glass fiber cloth in layer-by-

layer form (detail procedure given in Fig. 6.1). The nomenclatures of the composites are 

based on types of FLGNSs used as nano-filler. For GEF composite incorporated with the 

nano-filler of S4, C4 and N4 FLGNSs were termed as GEF-S4, GEF-C4 and GEF-N4 

respectively.  

 

Fig. 6.5: Schematics of glass fiber polymer nanocomposite preparation for 3-point bend /flexural test. 

Fig. 6.6 (a) shows the stress-strain plots of the GEF polymer nanocomposites incorporated 

with FLGNSs nano-filler. As discussed earlier, the amount of oxygenation endowment in the 
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FLGNSs has been followed the order of N4>C4>S4. Hence, N4-FLGNSs have been able to 

provide uniform and stable colloidal dispersion in the epoxy resin in the GEF composite than 

S4 and C4 FLGNSs nano-filler. This in terms N4 FLGNSs nano-filler provide better adhesion 

to the polymer matrix and exhibit a maximum of 28.2 % of  

flexural strength at 0.1 wt.% homogeneous dispersion. Also the strength has been increased to 

20.6 and 23.1 % in case of S4 and C4 nano-filler at 0.1 wt. % of concentration. The trend of 

decreasing the flexural strength for nano-filler may be attributed to the extent of 

agglomeration that inhibits homogeneous crosslinking of GNSs in the epoxy resin. Again 

with the addition to more nano-filler by 0.3 wt.%, there is a substantial decrease in the 

flexural strength which can be seen from the plot Fig 6.6(a). The flexural strength parameters 

of GEF composites with respect to GE composite has been given in Table 6.3. With addition 

of more nano-filler of FLGNSs 2D nanomaterials, the high specific surface area of the sheets 

will attract each other to form cluster of FLGNSs in the epoxide matrix. Hence, due to the 

cluster formation, the crosslinking of the epoxy polymer has been significantly affected and in 

result the strength has been decreased substantially. 

Fig. 6.6(b) shows the histogram plot of modulus of the GEF composite structure at various 

nano-filler concentration. It has been observed that the GEF incorporated with N4 FLGNSs 

shows a maximum modulus value to 57.7 % at 0.1 wt.% addition of nano-filler. In the case of 

S4 and C4 FLGNSs nano-filler, the enhancements in modulus at this concentration are 47.4 

and 50.6 % respectively. With addition of nano-filler to 0.3 wt.%, the modulus of the 

composite has been decreased. However the values are still well above to the GE composite. 

This factor may be due to the enhanced interfacial interaction of the FLGNSs nano-filler with 

the epoxy resin as well as glass fiber. However, there is again same trend of decreasing 

modulus with increasing concentration of FLGNSs from 0.1 to 0.3 wt.% as in EF polymer 

nanocomposite. As discussed earlier, the more is the concentration of FLGNSs, the interfacial 

bonding in between epoxy polymer chain will reduce significantly. Which in result degrade 

the continuity of the polymer matrix system and hence decreasing its mechanical strength. 
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Fig. 6.6: (a) Flexural strength, (b) modulus and (c) DSC plot of GEF polymer nanocomposite at 

various nano-filler i.e. FLGNSs concentration (0, 0.1 and 0.3 wt.%). 

6.3.2.2 Thermal analysis 

The effectiveness in crosslinking of FLGNSs nano-filler with glass fiber and epoxy resin can 

be estimated form the Tg value of the nanocomposite. The Tg value of GEF was calculated 

form the onset value of temperature transition from the DSC plot as shown in Fig. 6.6(c). 

From the Table 6.3, only N4-FLGNSs based GEF shows a maximum increment of Tg value to 

~ 1.6 °C with respect to the GE polymer composite. The mild variation in the Tg value shows 

the polymeric crosslinking density is not much varied and hence restored upon the addition of 

0.1 wt.% FLGNSs nano-filler [423]. However, in 0.3 wt.% addition of FLGNSs, the Tg values 

were decreased up to ~14 °C. This shows the effect of agglomeration of the filler materials, 

which adverse the crosslinking density in the GEF composite structures [390]. Henceforth, the 
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degradation in the flexural as well as modulus in the GEF composite has been occurred at 

higher concentration of FLGNSs as filling materials. 

Table 6.3: Parameters of GEF polymer nano-composite. 

Polymer composite Flexural strength 

(MPa) 

Modulus 

 (GPa) 

Tg 

 in °C 

Glass fiber-epoxy (GE)  328. 99 ± 4.84 15.83 ± 2.66 101.78 

0.1 wt.% GEF -S4 396.72 ± 0.4 23.38 ± 0.1 99.48 

GEF -C4 404.93 ± 6.62 23.84 ± 0.53 101.17 

GEF -N4 421.80 ± 8.61 24.96 ± 0.42 103.43 

0.3 wt.% GEF -S4 258.67 ± 9.86 19.27 ± 1.0 91.12 

GEF -C4 356.24 ± 7.52 22.5 ± 0.69 87.35 

GEF -N4 389.90 ± 4.66 23.15 ± 0.12 98.03 

6.3.2.3 Fractography analysis 

The fractography studies have been performed on the fractured surfaces, interfacial and 

stressed zones by FESEM technique of the GEF polymer nanocomposite structures as shown 

in Fig. 6.7. From individual categories, three different FESEM micrographs are chosen for 

each specimen.  Figure 6.7(a) shows the micrographs of de-laminated regions of fiber/epoxy 

composite without any nano-filler. The smooth fiber imprints, weak fiber-matrix bonding and 

matrix drainage at the interface regions shows less-adherence of fiber-epoxy resin 

constituents. The high oriented shear cusps generated in the matrix region attributes the 

smooth load transfer of fiber to matrix upon application of stress [424]. Figure 6.7(b) shows 

the micrographs of GEF-S4 polymer nanocomposite with the addition of 0.1 wt. % S4-

FLGNSs nano-filler. The prominent fiber imprint shows the good adhesion of S4-

FLGNSS/epoxy bonding with fiber in GEF composite. However, matrix cracks formations, 

interfacial de-bonding as well as matrix drainage showed to have a dominant role in the GEF 

composite [424,425]. These factors play a major role in the low mechanical strength in the 

GEF composites. The deformed behavior, mainly in the matrix zone might have been resulted 

from the inhomogeneous dispersion of FLGNSs-epoxy resin in the matrix. Figure 6.7(c) 

shows the micrographs of GEF-S4 polymer nanocomposite with the addition of 0.3 wt.% S4-

FLGNSs nano-filler. With the addition of a larger amount of S4-FLGNSs into the epoxy 

resin, the agglomeration of the nano-filler took place. This in result makes the matrix and the 

interfacial fiber-matrix bonding decreases as confirmed from the severe matrix 
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leakage/drainage in the GEF system. Also, shows the matrix deforming behavior upon stress 

in the GEF composite.  
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Fig. 6.7: FESEM images of fractured surfaces of GEF polymer nanocomposite with 0.0 wt.% (a) 

neat epoxy, 0.1 and 0.3 wt. % of (b, and c) S4, (d, and e) C4 and (f, and g) N4 FLGNSs nano-filler. 
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Figure 6.7(d) shows the micrographs of GEF-C4 polymer nanocomposite with the addition of 

0.1 wt.% C4-FLGNSs nano-filler. From the fiber imprint, it shows good bonding of fiber with 

the matrix as the river lines are formed on the matrix upon stress on the GEF composite. The 

uniform river lines formation shows the smooth load transfer of fiber to the matrix in a 

defined manner. This plays a prominent role in enhancing the mechanical stability of the GEF 

composite. As the C4 FLGNSs have better functional group endowment as compared to S4 

FLGNSs and hence the nanocomposite able to disperse uniformly in the epoxy resin due to 

functional anchoring groups in the GNSs. The stronger adhesion of fiber and matrix can be 

assumed from the evolution of prominent glass fiber imprint in the matrix from the fractured 

fiber-matrix surfaces. Figure 6.7(e) shows the micrographs of GEF-C4 polymer 

nanocomposite with the addition of 0.3 wt.% S4-FLGNSs nano-filler. With increasing in the 

C4 FLGNSs nanofilling content to 0.3 wt.%, the matrix shows multiple cracks. It is due to the 

agglomeration of FLGNSs in high concentration in the epoxy resin. Hence in spite of good 

bonding of fiber with the matrix as seen from strong fiber imprint, the matrix suffer from 

leakage, deformation and cracks [425]. These factors further supplement to the adverse effect 

on the mechanical behavior of the GEF polymer nanocomposites. Figure 6.7(f) shows the 

micrographs of GEF-N4 polymer nanocomposite with the addition of 0.1 wt.% N4-FLGNSs 

nano-filler. As discussed earlier the N4 FLGNSs is more oxidative than others FLGNSs 

nanomaterials. So in the epoxy matrix, due to its oxygen functional groups, it establishes 

homogeneous dispersion as well as better anchoring. These facts can be seen form the 

perfectly carved fiber imprint formation. Also, the fiber-matrix bonding shows good adhesion 

with finer river lines. It shows the effective load transfer from fiber to N4/epoxide matrix. The 

polymer matrix and the fiber interfacial bonding is smooth and strong enough that the de-

bonding is less prominent here. Figure 6.7(g) shows the micrographs of GEF-N4 polymer 

nanocomposite with the addition of 0.3 wt.% N4 FLGNSs nano-filler. With the addition of 

more N4 FLGNSs nano-filler to the GEF composite, the gluing properties of the matrix are 

significantly adverse. It can be seen from the smooth fiber imprints, fiber pull outs and 

interfacial de-bonding. Also due to GNSs agglomeration, it coagulates the epoxide resin 

which results the matrix drainage in the GEF systems upon applied mechanical pressure. 
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6.4 Conclusion 

In summary, broadly two types of polymer nanocomposite i.e. (1) neat epoxy and (2) glass 

fiber-epoxy polymer composite blended with 0.1 and 0.3 wt.% of as-synthesized FLGNSs 

have been fabricated. The nano-filler FLGNSs used here in the experiment are synthesized 

from the S4, C4 and N4 electrolytic conditioned electrochemical exfoliation. From the 3-point 

flexural test, the N4 FLGNSs based EF polymer nanocomposite show a maximum flexural 

strength of 42.6 % as compared to other types of FLGNSs nano-filler with respect to the neat 

epoxy resin mold. Also, the modulus of the EF composite was significantly increased by a 

maximum of 33.5 % in N4 FLGNSs nano-filler case. With increasing the FLGNSs content to 

0.3 wt.%, the mechanical strength, as well as the modulus of the EF composite, has been 

decreased significantly. Similarly, from the 3-point flexural bend test on the GEF composite 

with 0.1 and 0.3 wt.% of S4, C4 and N4 FLGNSs nano-filler have been performed. The 

addition of 0.1 wt.% of N4 FLGNSs in the GEF composite shows a maximum mechanical 

strength as well as modulus up to 28.2 and 57.7 % respectively. The mechanical strength and 

flexural properties have been decreased with 0.3 wt.% addition of FLGNSs nano-filler. In 

both the nanocomposite cases i.e. EF and GEF, the N4 FLGNSs based polymer structure 

shows higher strength and modulus at 0.1 wt.% addition as compared to other FLGNSs nano-

filler of any amount. The facts are described in the perspective of nature of bonding formation 

of different types of FLGNSs in the epoxy resin with fractography analysis. 
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The author cannot say it is an end of the research work; rather it is the accomplishment of a 

certain job. It is a fellow’s state of mind engaged over a certain period to promote himself to 

the next level fits for his capacity. As the past always induce him to deliver another great 

engagement with much future hope. 
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7.1 Conclusions 

In the current research work, FLGNSs have been synthesized by anionic electrochemical 

technique. High quality PGr sheets have been used as electrodes in various protic electrolytes 

for the purpose. The electrolytes contain three different sizes of intercalates, i.e. 2

4SO  , 
4ClO  

and 
3NO  from aq. H2SO4, HClO4, and HNO3 solutions respectively. These major intercalates 

penetrated to the graphite lattice sites of the PGr anodized WE followed by exfoliations. The 

rate of impact of the intercalates to the lattice sites of the PGr sheets have been monitored by 

varying the concentration of the electrolytes. Since the sizes of the intercalant and rate of 

intercalations play a major role in the electrochemical exfoliation process, the synthesized 

FLGNSs has been endowed with varying contents of crystallinity, disorderliness, 

functionalization, and number of layers. Various physicochemical properties of the as-

synthesized FLGNSs obtained from S, C and N series of electrochemical exfoliation have 

been studied exclusively by a wide range of characterization techniques in colloid as well as 

the solid state of the nanomaterials. Further, the as-synthesized FLGNSs have been used in 

two applications. Based on functional groups present in the FLGNSs, electrochemical 

supercapacitor performance has been studied. Secondly, the FLGNSs have been used as nano-

filler in the epoxy and glass fiber/epoxy matrix for structural application. 

In summary, the concluding remarks from the above studies can be sub-categorized into three 

different sections based on the research work and are presented below: 

7.1.1  From physicochemical analysis 

Various physicochemical analyses have been performed in both forms of the as-synthesized 

FLGNSs i.e. colloid as well as oven dried solid flakes. The results are summarized below. 

 The in-situ analysis shows that at low concentration of intercalates, the exfoliation 

process is slow and increases along with the rise in electrolytic concentrations. 

These facts can be confirmed from the elevated rate of the current evolution at the 

PGr WE during the electrochemical process at higher intercalate concentrations. 
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The maximum current evolutions of 6.7, 5.8 and 6.46 A from the S4, C4 and N4 

electrolytic reactions have been observed. The current evolution is proportional to 

the rate of exfoliation of the PGr WE. Hence, the larger 2

4SO 

 
intercalants at high 

concentration will lead to the exfoliation of the PGr sheet more vigorously than 

other smaller intercalants. 

 From the colloidal conductivity analysis, maximum values have been shown by 

S3, C4 and N2 conditioned exfoliated FLGNSs. It increases up to 89.8, 41.3 and 

25.9 μS/cm at 0.06 wt./vol.% . It is also observed that the conductivities of the S-

series FLGNSs colloids are found to dramatically increase as compared to C- and 

N-series of FLGNSs colloids. It may be because the maximum available 

conductive aromatic sp
2
 structure with less functionalization in the FLGNSs 

obtained from S-series electrolyte conditions. 

 The TGA analysis revealed the high stabilities of S3, C4 and N2 conditioned 

exfoliated FLGNSs with maximum yields of around 34.39, 21.90 and 28.92 % 

respectively. However, the yield varies from 24.61-34.39, 11.97-21.90 and 17.56-

28.92 % in S, C and N series of exfoliated FLGNSs. The maximum thermal 

configuration of the FLGNSs as exhibited by S3, C4 and N2 cases shows the high 

retention of crystallinity and less functionalization imputation than other FLGNSs 

cases.  

 The structural studies of the FLGNSs have been performed by XRD and Raman 

spectra analysis. The XRD results show the existence of mixed phases of graphene 

as well as its oxide structures from the (002) and (001) planes. In S and C series, 

GO phase is more prominent in S1, C1 and C2 cases which may attribute due to 

prolonged anodic oxidation reactions. Whereas in all of N-series i.e. N1-4, the 

exfoliated FLGNSs showed the great extent of GO phase in the exfoliated carbon 

sheets. These observations may be due to the penetrating intercalation and 

thoroughly wetting of PGr WE by smaller 
3NO  intercalate than other cases. 

Again, from the Raman analysis, the hexagonal sp
2
 ring structure and defects in 

the GNSs has been confirmed the presence of G and D band in the spectra. The 
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measured crystallite size of the FLGNSs varies from 16-19 nm with disorders of 

ID/IG of around 1.0. 

 The functional analysis has been performed by FTIR, XPS and UV-visible 

techniques. The FTIR spectra showed the qualitative analysis of the functional 

groups present in the GNSs. The electrochemically exfoliated GNSs shows the 

presence of hydroxylation (C-H), carboxylation such as carbonyl (C=O), carboxyl 

(C-OH), epoxy (C-O-C) and alkoxy (C-O) and aromatic ring i.e. sp
2
 (C=C) 

structures. From the quantitative analysis of XPS spectra, it has been shown that 

the maximum sp
2
 (C=C) contents in the S3, C4 and N2 FLGNSs with lower other 

functional groups endowments. Again from the UV-visible spectra analyses, the 

peaks at ~260-265 and ~300-350 nm signify the presence of sp
2
 aromatic network 

and carbonyl functionalization in the FLGNSs respectively. The optical band gap 

have been measured from the Tauc plots derived from the extrapolations of UV-

visible spectra and significantly varied depending upon the functional groups 

endowments in the exfoliated GNSs. 

 The shape, size and the number of layers present in the FLGNSs structures have 

been studied by FESEM, TEM and AFM. The morphology studies by FESEM and  

TEM showed the layered structures of the carbon 2D sheets with curly edges. 

From the TEM fringe patterns as well as AFM topography, the exfoliated GNSs 

consists of evenly dispersed 2-10 layers. 

7.1.2 From supercapacitor studies 

The electrochemical supercapacitive performances of the as-obtained FLGNSs from S, C and 

N-series were studied by the CV and CD plots. From the quasi-rectangular shape of the CV 

curves, the dominance of double layer electrochemical activity over faradic reaction has been 

observed. However, the non-faradic EDLC dominance of the FLGNSs follows the order of S 

> C > N series. The maximum capacitance obtained from the CV studies are 36.79, 22.34 and 

23.33 F g
-1

 for S3, C4 and N2 FLGNSs at a scan rate of 5 mV s
-1

 respectively. Again from the 

CD profiles, the maximum capacitance of 39.22, 22.6 and 19.5 F g
-1 

by S3, C4 and N2 

FLGNSs at a current density of 0.5 A g
-1

 have been obtained respectively. From the Ragone 
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plots observation, the maximum energy density (Ed) and power density (Pd) were delivered by 

S3, C4 and N2 FLGNSs from S, C and N series respectively. Again from the 5000 cycles of 

CD profile exhibited by these three FLGNSs shows ~100% stability in delivering the power 

performance indicated the dominance of EDLC behavior in the GNSs samples. 

7.1.3 From polymer nanocomposite studies 

The FLGNSs obtained from the extreme electrolytic conditioned i.e. S4, C4 and N4 FLGNSs 

were taken as nano-filler in these studies. It is believed that, at higher acid electrolytic 

conditions, the anodization electrochemical reaction will result in the formation of enriched 

carboxylation functional groups in the FLGNSs. The higher content of the functional groups 

may lead to homogeneous dispersions in the epoxy polymer matrix.  In the experiment, 0.1 

and 0.3 wt.% of the nano-filler were added to the two different types of polymeric structures 

i.e. neat epoxy mold (EF) and glass fiber/epoxy polymer (GEF) composite. These FLGNSs 

modified polymer nanocomposite shows the enhancement of mechanical strength due to the 

anchoring of various carboxylation functional groups present in the GNSs with the epoxy 

polymer matrix. From the 3-point flexural bend test, the flexural strength and modulus of the 

EF and GEF composite it was found that there is a significant increase in case of 0.1 wt.% 

addition of N4 FLGNSs. Hence the results indicate the strong bonding of epoxy polymer 

matrix with the functionalized N4 FLGNSs. Again with the addition of 0.3 wt.% of FLGNSs, 

the drastically decreases in mechanical properties of the composite have been observed. The 

findings may support the assumption of the formation of agglomerations and hence non-

uniform dispersion of nano-filler in the polymer matrix. This in results decreases in its 

mechanical properties due to the extensive de-bonding throughout the epoxy polymer matrix. 

7.2 Scope for further research 

The importance of the material under study and presented in this dissertation provides a 

natural guide to future research. There can be a lot more to explore with this 

electrochemically synthesized fundamental carbon nanosheets. Researchers reveal that with 

modification in functional groups and defect generation in the GNSs nanostructure could 
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establish many technological revolutions which can be established in the field of electronics, 

composite, sensor to mention few. However, currently as per this dissertation work few 

possibilities for the further installment to the research work can be explored and are 

mentioned below: 

 The existing presented technique has used the anionic intercalation and exfoliation 

route to synthesize the FLGNs by using three simple anions. However other ionic 

intercalants such as different complex anions, cations, ionic liquids or combinations of 

these can be experimented to disintegrate the pyrolytic graphite to single as well as 

few-layer graphene sheets. Furthermore, the obtained FLGNs are attached with 

oxygenated functional groups. Hence measures can be taken to reduce the partially 

oxygenated graphene into fully reduced graphene oxides by simultaneous oxidation 

and reduction technique. 

 In the present study, the as-prepared FLGNSs were used to investigate the 

electrochemical supercapacitor behavior, and the resulted values are less as compared 

to other reported values.  Hence the obtained graphene sheets are can further be used 

as a backbone for supporting various metal/metal oxide material fabrication for the 

high-performance supercapacitance study. 

 In-depth study of interfacial bonding mechanism between the FLGNSs and epoxy 

polymer matrix are certainly due in the present investigation and hence can be further 

explored. Such as, the exploration of the effect of FLGNSs nano-filler for its 

improvisation of the chemical corrosive resistances at various environment conditions 

in the composite structured materials. 
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[80] U. Kürüm, O.O. Ekiz, H.G. Yaglioglu, A. Elmali, M. Ürel, H. Güner, A.K. Mızrak, B. 
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[113] B. Hajgato, S. Güryel, Y. Dauphin, J.-M. Blairon, H.E. Miltner, G. Van Lier, F. De 

Proft, P. Geerlings, Theoretical investigation of the intrinsic mechanical properties of 

single- and double-layer graphene, J. Phys. Chem. C 116 (2012) 22608−22618. 

[114] S.W. Cranford, M.J. Buehler, Mechanical properties of graphyne, Carbon 49 (2011) 

4111–4121. 

[115] H. Chen, M.B. Muller, K.J. Gilmore, G.G. Wallace, D. Li, Mechanically strong, 

electrically conductive, and biocompatible graphene paper, Adv. Mater. 20 (2008) 

3557–3561. 

[116] J.W. Suk, R.D. Piner, J. An, R.S. Ruoff, Mechanical properties of monolayer graphene 

oxide, ACS Nano 4 (2010) 6557–6564. 

[117] D.A. Dikin, S. Stankovich, E.J. Zimney, R.D. Piner, G.H.B. Dommett, G. Evmenenko, 

S.T. Nguyen, R.S. Ruoff, Preparation and characterization of graphene oxide paper, 

Nat. Lett. 448 (2007) 457–460. 

[118] T. Low, Y. Jiang, M. Katsnelson, F. Guinea, Electron pumping in graphene 

mechanical resonators, Nano Lett. 12 (2012) 850–854. 

[119] F. Schedin, A.K. Geim, S. V. Morozov, E.W. Hill, P. Blake, M.I. Katsnelson, K.S. 

Novoselov, Detection of individual gas molecules adsorbed on graphene, Nat. Mater. 

6 (2007) 652–655. 



                                                                                                                                     References 

172 

[120] M.A. Rafiee, J. Rafiee, Z. Wang, H. Song, Z. Yu, N. Koratkar, Enhanced mechanical 

properties of nanocomposites at low graphene content, ACS Nano 3 (2009) 3884–

3890. 

[121] X. Zhao, Q. Zhang, D. Chen, P. Lu, Enhanced mechanical properties of graphene-

based poly(vinyl alcohol) composites, Macromolecules 43 (2010) 2357–2363. 

[122] C. Yan, K.-S. Kim, S.-K. Lee, S.-H. Bae, B.H. Hong, J.-H. Kim, H.-J. Lee, J.-H. Ahn, 

Mechanical and environmental stability of polymer thin-film-coated graphene, ACS 

Nano 6 (2012) 2096–2103. 

[123] S. Park, K.-S. Lee, G. Bozoklu, W. Cai, S.T. Nguyen, R.S. Ruoff, Graphene oxide 

papers modified by divalent ions-enhancing mechanical properties via chemical cross-

linking, ACS Nano 2 (2008) 572–578. 

[124] L. S.Walker, V.R. Marotto, M.A. Rafiee, N. Koratkar, E.L. Corral, Toughening in 

graphene ceramic composites, ACS Nano 5 (2011) 3182–3190. 

[125] L. Kvetkova, A. Duszova, P. Hvizdos, J. Dusza, P. Kun, C. Balazsi, Fracture 

toughness and toughening mechanisms in graphene platelet reinforced Si3N4 

composites, Scr. Materrilia. 66 (2012) 793–796. 

[126] G.W. Rogers, J.Z. Liu, Graphene actuators: quantum-mechanical and electrostatic 

double-layer effects, J. Am. Chem. Soc. 133 (2011) 10858–10863. 

[127] Y. Wang, Y. Huang, Y. Song, X. Zhang, Y. Ma, J. Liang, Y. Chen, Room-temperature 

ferromagnetism of graphene, Nano Lett. 9 (2009) 220–224. 

[128] H.S.S.R. Matte, K.S. Subrahmanyam, C.N.R. Rao, Novel magnetic properties of 

graphene: presence of both ferromagnetic and antiferromagnetic features and other 

aspects, J. Phys. Chem. C 113 (2009) 9982–9985. 

[129] K. Kusakabe, M. Maruyama, Magnetic nanographite, Phys. Rev. B. 67 (2003) 92406. 

[130] M. Sepioni, R.R. Nair, S. Rablen, J. Narayanan, F. Tuna, R. Winpenny, A.K. Geim, I. 

V. Grigorieva, Limits on intrinsic magnetism in graphene, Phys. Rev. Lett. 105 (2010) 

207205. 

[131] Y.-W. Son, M.L. Cohen, S.G. Louie, Half-metallic graphene nanoribbons, Nature 444 

(2006) 347–349. 



                                                                                                                                     References 

173 

[132] P.O. Lehtinen, A.S. Foster, Y. Ma, A. V. Krasheninnikov, R.M. Nieminen, 

Irradiation-induced magnetism in graphite: a density functional study, Phys. Rev. Lett. 

93 (2004) 187202. 

[133] H. Lee, Y. Son, N. Park, S. Han, J. Yu, Magnetic ordering at the edges of graphitic 

fragments: magnetic tail interactions between the edge-localized states, Phys. Rev. B 

72 (2005) 174431. 

[134] O. V. Yazyev, Magnetism in disordered graphene and irradiated graphite, Phys. Rev. 

Lett. 101 (2008) 37203. 

[135] O. V Yazyev, L. Helm, Defect-induced magnetism in graphene, Phys. Rev. B 75 

(2007) 125408. 

[136] E.J. Duplock, M. Scheffler, P.J.D. Lindan, Hallmark of perfect graphene, Phys. Rev. 

Lett. 92 (2004) 225502. 

[137] T. Enoki, Y. Kobayashi, Magnetic nanographite: an approach to molecular magnetism, 

J. Mater. Chem. 15 (2005) 3999–4002. 

[138] E. V Castro, N.M.R. Peres, J.M.B.L. dos Santos, F. Guinea, A.H.C. Neto, Bilayer 

graphene: gap tunability and edge properties, Int. Conf. Theor. Phys. “Dubna-

Nano2008,” 2008: p. 12002. 

[139] K. Harigaya, T. Enoki, Mechanism of magnetism in stacked nanographite with open 

shell electrons, Chem. Phys. Lett. 351 (2002) 128–134. 

[140] F. Munoz-Rojas, J. Fernandez-Rossier, J. J. Palacios, Giant magnetoresistance in 

ultrasmall graphene based devices, Phys. Rev. Lett. 102 (2009) 136810. 

[141] I. Calizo, W. Bao, F. Miao, C.N. Lau, A.A. Balandin, The effect of substrates on the 

Raman spectrum of graphene: graphene-on-sapphire and graphene-on-glass, Appl. 

Phys. Lett. 91 (2007) 201904. 

[142] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec, 

D. Jiang, K.S. Novoselov, S. Roth, A.K. Geim, Raman spectrum of graphene and 

graphene layers, Phys. Rev. Lett. 97 (2006) 187401. 

[143] I. Calizo, F. Miao, W. Bao, C.N. Lau, A.A. Balandin, Variable temperature Raman 

microscopy as a nanometrology tool for graphene layers and graphene-based devices, 

Appl. Phys. Lett. 91 (2007) 71913. 



                                                                                                                                     References 

174 

[144] I. Calizo, A.A. Balandin, W. Bao, F. Miao, C.N. Lau, Temperature dependence of the 

raman spectra of graphene and graphene multilayers, Nano Lett. 7 (2007) 2645–2649. 

[145] A.A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, C.N. Lau, 

Superior thermal conductivity of single-layer graphene, Nano Lett. 8 (2008) 902–907. 

[146] S. Ghosh, I. Calizo, D. Teweldebrhan, E.P. Pokatilov, D.L. Nika, A.A. Balandin, W. 

Bao, F. Miao, C.N. Lau, Extremely high thermal conductivity of graphene: prospects 

for thermal management applications in nanoelectronic circuits, Appl. Phys. Lett. 92 

(2008) 151911. 

[147] D.L. Nika, E.P. Pokatilov, A.S. Askerov, A.A. Balandin, Phonon thermal conduction 

in graphene: role of umklapp and edge roughness scattering, Phys. Rev. B 79 (2009) 

155413. 

[148] D.L. Nika, S. Ghosh, E.P. Pokatilov, A.A. Balandin, Lattice thermal conductivity of 

graphene flakes: comparison with bulk graphite, Appl. Phys. Lett. 94 (2009) 203103. 

[149] S. Ghosh, W. Bao, D.L. Nika, S. Subrina, E.P. Pokatilov, C.N. Lau, A.A. Balandin, 

Dimensional crossover of thermal transport in few-layer graphene, Nat. Mater. 9 

(2010) 555–558. 

[150] S. Berber, Y.-K. Kwon, D. Tomanek, Unusually high thermal conductivity of carbon 

nanotubes, Phys. Rev. Lett. 84 (2000) 4613–4616. 

[151] W. Cai, A.L. Moore, Y. Zhu, X. Li, S. Chen, L. Shi, R.S. Ruoff, Thermal transport in 

suspended and supported monolayer graphene grown by chemical vapor deposition, 

Nano Lett. 10 (2010) 1645–1651. 

[152] J.H. Seol, I. Jo, A.L. Moore, L. Lindsay, Z.H. Aitken, M.T. Pettes, X. Li, Z. Yao, R. 

Huang, D. Broido, N. Mingo, R.S. Ruoff, L. Shi, Two-dimensional phonon transport 

in supported graphene, Science 328 (2010) 213–216. 

[153] C. Faugeras, B. Faugeras, M. Orlita, M. Potemski, R.R. Nair, A.K. Geim, Thermal 

conductivity of graphene in corbino membrane geometry, ACS Nano 4 (2010) 1889–

1892. 

[154] W.J. Evans, L. Hu, P. Keblinski, Thermal conductivity of graphene ribbons from 

equilibrium molecular dynamics: effect of ribbon width, edge roughness, and 

hydrogen termination, Appl. Phys. Lett. 96 (2010) 203112. 



                                                                                                                                     References 

175 

[155] X. Du, I. Skachko, A. Barker, E.Y. Andrei, Approaching ballistic transport in 

suspended graphene, Nat. Nanotechnol. 3 (2008) 491–495. 

[156] J.F. Tian, L.A. Jauregui, G. Lopez, H. Cao, Y.P. Chen, Ambipolar graphene field 

effect transistors by local metal side gates, Appl. Phys. Lett. 96 (2010) 263110. 

[157] F. Schwierz, Graphene transistors, Nat. Nanotechnol. 5 (2010) 487–496. 

[158] M. Ollivier, L. Latu-Romain, B. Salem, L. Fradetal, V. Brouzet, J.-H. Choi, E. Bano, 

Integration of SiC-1D nanostructures into nano-field effect transistors, Mater. Sci. 

Semicond. Process. 29 (2015) 218–222. 

[159] V. V Cheianov, V. Fal’ko, B.L. Altshuler, The focusing of electron flow and a 

Veselago lens in graphene p-n junctions, Science 315 (2007) 1252–1255. 

[160] C. Soldano, A. Mahmood, E. Dujardin, Production, properties and potential of 

graphene, Carbon 48 (2010) 2127–2150. 

[161] K. Majumdar, K.V.R.M. Murali, N. Bhat, Y.-M. Lin, Intrinsic limits of subthreshold 

slope in biased bilayer graphene transistor, Appl. Phys. Lett. 96 (2010) 123504. 

[162] F. Bonaccorso, Z. Sun, T. Hasan, A.C. Ferrari, Graphene photonics and 

optoelectronics, Nat. Photonics 4 (2010) 611–622. 

[163] P. Avouris, Graphene: electronic and photonic properties and devices, Nano Lett. 10 

(2010) 4285–4294. 

[164] Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, R.S. Ruoff, Graphene and 

graphene oxide: synthesis, properties, and applications, Adv. Mater. 22 (2010) 3906–

3924. 

[165] H.J. Choi, S.M. Jung, J.M. Seo, D.W. Chang, L. Dai, J.B. Baek, Graphene for energy 

conversion and storage in fuel cells and supercapacitors, Nano Energy. 1 (2012) 534–

551. 

[166] L. Yang, C. Liu, W. Ren, Z. Li, Graphene surface-anchored fluorescence sensor for 

sensitive detection of microRNA coupled with enzyme-free signal amplification of 

hybridization chain reaction, Appl. Mater. Interfaces. 4 (2012) 6450−6453. 

[167] C. Chiu, X. He, H. Liang, Surface modification of a neural sensor using graphene, 

Electrochim. Acta. 94 (2013) 42–48. 



                                                                                                                                     References 

176 

[168] A. Malesevic, R. Kemps, A. Vanhulsel, M.P. Chowdhury, A. Volodin, C. Van 

Haesendonck, Field emission from vertically aligned few-layer graphene, J. Appl. 

Phys. 104 (2008) 84301. 

[169] V. Chabot, D. Higgins, A. Yu, X. Xiao, Z. Chen, J. Zhang, A review of graphene and 

graphene oxide sponge: material synthesis and applications to energy and the 

environment, Energy Environ. Sci. 7 (2014) 1564–1596. 

[170] Y. Zhang, J.P. Small, W. V. Pontius, P. Kim, Fabrication and electric-field-dependent 

transport measurements of mesoscopic graphite devices, Appl. Phys. Lett. 86 (2005) 

73104. 

[171] Y. Hernandez, V. Nicolosi, M. Lotya, F.M. Blighe, Z. Sun, S. De, I.T. McGovern, B. 

Holland, M. Byrne, Y.K. Gun’Ko, J.J. Boland, P. Niraj, G. Duesberg, S. 

Krishnamurthy, R. Goodhue, J. Hutchison, V. Scardaci, A.C. Ferrari, J.N. Coleman, 

High-yield production of graphene by liquid-phase exfoliation of graphite, Nat. 

Nanotechnol. 3 (2008) 563–568. 

[172] S.P. Economopoulos, G. Rotas, Y. Miyata, H. Shinohara, N. Tagmatarchis, 

Exfoliation and chemical modification using microwave irradiation affording highly 

functionalized graphene, ACS Nano 4 (2010) 7499–7507. 

[173] C.E. Hamilton, J.R. Lomeda, Z. Sun, J.M. Tour, A.R. Barron, High-Yield organic 

dispersions of unfunctionalized graphene, Nano Lett. 9 (2009) 3460–3462.  

[174] A.B. Bourlinos, V. Georgakilas, R. Zboril, T. A. Steriotis, A.K. Stubos, Liquid-phase 

exfoliation of graphite towards solubilized graphenes, Small 5 (2009) 1841–1845. 

[175] E.J.W. VERWEY, J.T.G. Overbeek, Theory of the stability of lyophobic colloids, J. 

Phys. Chem. 51 (1947) 631-636. 

[176] M. Lotya, Y. Hernandez, P.J. King, R.J. Smith, V. Nicolosi, L.S. Karlsson, F.M. 

Blighe, S. De, Z. Wang, I.T. McGovern, G.S. Duesberg, J.N. Coleman, Liquid phase 

production of graphene by exfoliation of graphite in surfactant/water solutions, J. Am. 

Chem. Soc. 131 (2009) 3611–3620. 

[177] S. Vadukumpully, J. Paul, S. Valiyaveettil, Cationic surfactant mediated exfoliation of 

graphite into graphene flakes, Carbon 47 (2009) 3288–3294. 



                                                                                                                                     References 

177 

[178] L. Ma, G. Huang, W. Chen, Z. Wang, J. Ye, H. Li, D. Chen, J.Y. Lee, Cationic 

surfactant-assisted hydrothermal synthesis of few-layer molybdenum 

disulfide/graphene composites: Microstructure and electrochemical lithium storage, J. 

Power Sources. 264 (2014) 262–271. 

[179] S. De, P.J. King, M. Lotya, A. O’Neill, E.M. Doherty, Y. Hernandez, G.S. Duesberg, 

J.N. Coleman, Flexible, transparent, conducting films of randomly stacked graphene 

from surfactant-stabilized, oxide-free graphene dispersions, Small. 6 (2010) 458–464. 

[180] A.A. Green, M.C. Hersam, Solution phase production of graphene with controlled 

thickness via density differentiation, Nano Lett. 9 (2009) 4031–4036. 

[181] M. Alanyalıoğlu, J.J. Segura, J. Oró-Solè, N. Casañ Pastor, The synthesis of graphene 

sheets with controlled thickness and order using surfactant-assisted electrochemical 

processes, Carbon 50 (2012) 142–152. 

[182] S. Wang, M. Yi, Z. Shen, The effect of surfactants and their concentrations on the 

liquid-exfoliation of graphene, RSC Adv. 6 (2016) 56705–56710. 

[183] L. Guardia, M.J. Fernández-Merino, J.I. Paredes, P. Solís-Fernández, S. Villar-Rodil, 

A. Martínez-Alonso, J.M.D. Tascón, High-throughput production of pristine graphene 

in an aqueous dispersion assisted by non-ionic surfactants, Carbon 49 (2011) 1653–

1662. 

[184] M. Acik, D.R. Dreyer, C.W. Bielawski, Y.J. Chabal, Impact of ionic liquids on the 

exfoliation of graphite oxide, J. Phys. Chem. C 116 (2012) 7867–7873. 

[185] N. Liu, F. Luo, H. Wu, Y. Liu, C. Zhang, J. Chen, One-step ionic-liquid-assisted 

electrochemical synthesis of ionic-liquid-functionalized graphene sheets directly from 

graphite, Adv. Funct. Mater. 18 (2008) 1518–1525. 

[186] J. Lu, J. Yang, J. Wang, A. Lim, S. Wang, K.P. Loh, One-pot synthesis of fluorescent 

carbon nanoribbons, nanoparticles, and graphene by the exfoliation of graphite in ionic 

liquids, ACS Nano 3 (2009) 2367–2375. 

[187] Y. Yang, F. Lu, Z. Zhou, W. Song, Q. Chen, X. Ji, Electrochemically cathodic 

exfoliation of graphene sheets in room temperature ionic liquids N-butyl, 

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide and their electrochemical 

properties, Electrochim. Acta. 113 (2013) 9–16. 



                                                                                                                                     References 

178 

[188] Y. Fu, J. Zhang, H. Liu, W.C. Hiscox, Y. Gu, Ionic liquid-assisted exfoliation of 

graphite oxide for simultaneous reduction and functionalization to graphenes with 

improved properties, J. Mater. Chem. A 1 (2013) 2663–2674. 

[189] L.M. Viculis, J.J. Mack, O.M. Mayer, H.T. Hahn, R.B. Kaner, Intercalation and 

exfoliation routes to graphite nanoplatelets, J. Mater. Chem. 15 (2005) 974–978. 

[190] D. V Kosynkin, A.L. Higginbotham, A. Sinitskii, J.R. Lomeda, A. Dimiev, B.K. Price, 

J.M. Tour, Longitudinal unzipping of carbon nanotubes to form graphene 

nanoribbons, Nature 458 (2009) 872–876. 

[191] X. Fang, A. Shashurin, M. Keidar, Role of substrate temperature at graphene synthesis 

in an arc discharge, J. Appl. Phys. 118 (2015) 103304. 

[192] D.C. Marcano, D. V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L.B. 

Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano 4 

(2010) 4806–4814. 

[193] B.C. Brodie, Sur le poids atomique du graphite, Ann. Chim. Phys. 59 (1860) 466–472. 

[194] L. Staudenmaier, Verfahren zur darstellung der graphitsäure, Berichte Der Dtsch. 

Chem. Gesellschaft. 31 (1898) 1481–1487. 

[195] W.S. Hummers, R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc. 80 

(1958) 1339–1339. 

[196] S. Pei, H.-M. Cheng, The reduction of graphene oxide, Carbon 50 (2012) 3210–3228. 

[197] C.H.A. Wong, M. Pumera, Unscrolling of multi-walled carbon nanotubes: towards 

micrometre-scale graphene oxide sheets, Phys. Chem. Chem. Phys. 15 (2013) 7755–

7759. 

[198] L. Jiao, L. Zhang, X. Wang, G. Diankov, H. Dai, Narrow graphene nanoribbons from 

carbon nanotubes, Nature 458 (2009) 877–880. 

[199] D.B. Shinde, M. Majumder, V.K. Pillai, Counter-ion dependent, longitudinal 

unzipping of multi-walled carbon nanotubes to highly conductive and transparent 

graphene nanoribbons, Sci. Rep. 4 (2014) 4363. 

[200] J.-L. Li, K.N. Kudin, M.J. McAllister, R.K. Prud’homme, I.A. Aksay, R. Car, 

Oxygen-driven unzipping of graphitic materials, Phys. Rev. Lett. 96 (2006) 176101. 



                                                                                                                                     References 

179 

[201] P.M. Ajayan, B.I. Yakobson, Oxygen breaks into carbon world, Nature 441 (2006) 

818–819. 

[202] B. Qin, T. Zhang, H. Chen, Y. Ma, The growth mechanism of few-layer graphene in 

the arc discharge process, Carbon 102 (2016) 494–498. 

[203] I. Levchenko, O. Volotskova, A. Shashurin, Y. Raitses, K. Ostrikov, M. Keidar, The 

large-scale production of graphene flakes using magnetically-enhanced arc discharge 

between carbon electrodes, Carbon 48 (2010) 4556–4577. 

[204] K.S. Subrahmanyam, L.S. Panchakarla, A. Govindaraj, C.N.R. Rao, Simple method of 

preparing graphene flakes by an arc-discharge method, J. Phys. Chem. C 113 (2009) 

4257–4259. 

[205] S. Kim, Y. Song, J. Wright, M.J. Heller, Graphene bi- and trilayers produced by a 

novel aqueous arc discharge process, Carbon 102 (2016) 339–345. 

[206] L.S. Panchakarla, K.S. Subrahmanyam, S.K. Saha, A. Govindaraj, H.R. 

Krishnamurthy, U. V. Waghmare, C.N.R. Rao, Synthesis, structure, and properties of 

boron- and nitrogen-doped graphene, Adv. Mater. 21 (2009) 4726–4730. 

[207] J. Jang, M. Son, S. Chung, K. Kim, C. Cho, B.H. Lee, M. Ham, Low-temperature-

grown continuous graphene films from benzene by chemical vapor deposition at 

ambient pressure, Sci. Rep. 5 (2015) 17955. 

[208] T. Rana, M.V.S. Chandrashekhar, K. Daniels, T. Sudarshan, Epitaxial growth of 

graphene on SiC by Si selective etching using SiF4 in an inert ambient, Jpn. J. Appl. 

Phys. 54 (2015) 30304. 

[209] J. Yu, J. Li, W. Zhang, H. Chang, Synthesis of high quality two-dimensional materials 

via chemical vapor deposition, Chem. Sci. 6 (2015) 6705–6716. 

[210] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. 

Tutuc, S.K. Banerjee, L. Colombo, R.S. Ruoff, Large-area synthesis of high-quality 

and uniform graphene films on copper foils, Science 324 (2009) 1312–1314. 

[211] K. Celebi, M.T. Cole, J.W. Choi, F. Wyczisk, P. Legagneux, N. Rupesinghe, J. 

Robertson, K.B.K. Teo, H.G. Park, Evolutionary kinetics of graphene formation on 

copper, Nano Lett. 13 (2013) 967–974.  



                                                                                                                                     References 

180 

[212] M. Qi, Z. Ren, Y. Jiao, Y. Zhou, X. Xu, W. Li, J. Li, X. Zheng, J. Bai, Hydrogen 

kinetics on scalable graphene growth by atmospheric pressure chemical vapor 

deposition with acetylene, J. Phys. Chem. C. 117 (2013) 14348–14353. 

[213] X. Li, W. Cai, L. Colombo, R.S. Ruoff, Evolution of graphene growth on Ni and Cu 

by carbon isotope labeling, Nano Lett. 9 (2009) 4268–4272. 

[214] K.S. Kim, Y. Zhao, H. Jang, S.Y. Lee, J.M. Kim, K.S. Kim, J.-H. Ahn, P. Kim, J.-Y. 

Choi, B.H. Hong, Large-scale pattern growth of graphene films for stretchable 

transparent electrodes, Nature 457 (2009) 706–710. 

[215] K. Gharagozloo-Hubmann, N.S. Müller, M. Giersig, C. Lotze, K.J. Franke, S. Reich, 

Requirement on aromatic precursor for graphene formation, J. Phys. Chem. C 120 

(2016) 9821–9825. 

[216] S. Kawai, B. Eren, L. Marot, E. Meyer, Graphene synthesis via thermal 

polymerization of aromatic quinone molecules, ACS Nano 8 (2014) 5932–5938. 

[217] J.-H. Choi, Z. Li, P. Cui, X. Fan, H. Zhang, C. Zeng, Z. Zhang, Drastic reduction in 

the growth temperature of graphene on copper via enhanced London dispersion force, 

Sci. Rep. 3 (2013) 1925. 

[218] K. V Emtsev, A. Bostwick, K. Horn, J. Jobst, G.L. Kellogg, L. Ley, J.L. McChesney, 

T. Ohta, S.A. Reshanov, J. Röhrl, E. Rotenberg, A.K. Schmid, D. Waldmann, H.B. 

Weber, T. Seyller, Towards wafer-size graphene layers by atmospheric pressure 

graphitization of silicon carbide, Nat. Mater. 8 (2009) 203–207. 

[219] W.A. de Heer, C. Berger, X. Wu, P.N. First, E.H. Conrad, X. Li, T. Li, M. Sprinkle, J. 

Hass, M.L. Sadowski, M. Potemski, G. Martinez, Epitaxial graphene, Solid State 

Commun. 143 (2007) 92–100. 

[220] H. Huang, W. Chen, S. Chen, A.T.S. Wee, Bottom-up growth of epitaxial graphene on 

6H-SiC(0001), ACS Nano 2 (2008) 2513–2518. 

[221] T.L. Yoon, T.L. Lim, T.K. Min, S.H. Hung, N. Jakse, S.K. Lai, Epitaxial growth of 

graphene on 6H-silicon carbide substrate by simulated annealing method, J. Chem. 

Phys. 139 (2013) 204702. 

[222] E. Rollings, G.H. Gweon, S.Y. Zhou, B.S. Mun, J.L. McChesney, B.S. Hussain, A. V. 

Fedorov, P.N. First, W.A. de Heer, A. Lanzara, Synthesis and characterization of 



                                                                                                                                     References 

181 

atomically thin graphite films on a silicon carbide substrate, J. Phys. Chem. Solids. 67 

(2006) 2172–2177. 

[223] C.-Y. Su, A.Y. Lu, Y. Xu, F.-R. Chen, A.N. Khlobystov, L.-J. Li, High-quality thin 

graphene films from fast electrochemical exfoliation, ACS Nano 5 (2011) 2332–2339. 

[224] M. Coroş, F. Pogăcean, M.-C. Roşu, C. Socaci, G. Borodi, L. Mageruşan, A.R. Biriş, 

S. Pruneanu, Simple and cost-effective synthesis of graphene by electrochemical 

exfoliation of graphite rods, RSC Adv. 6 (2016) 2651–2661. 

[225] C.-H. Chuang, C.-Y. Su, K.-T. Hsu, C.-H. Chen, C.-H. Huang, C.-W. Chu, W.-R. Liu, 

A green, simple and cost-effective approach to synthesize high quality graphene by 

electrochemical exfoliation via process optimization, RSC Adv. 5 (2015) 54762–

54768. 

[226] P. Krawczyk, B. Gurzęda, Electrochemical properties of exfoliated graphite affected 

by its two-step modification, J. Solid State Electrochem. 20 (2016) 361–369. 

[227] N. Mahato, N. Parveen, M.H. Cho, Graphene nanodiscs from electrochemical assisted 

micromechanical exfoliation of graphite: morphology and supramolecular behavior, 

Mater. Express. 5 (2015) 471–479. 

[228] G.-C. Chung, H.-J. Kim, S.-I. Yu, S.-H. Jun, J. Choi, M.-H. Kim, Origin of graphite 

exfoliation An investigation of the important role of solvent cointercalation, J. 

Electrochem. Soc. 147 (2000) 4391–4398. 

[229] F. Beck, H. Junge, H. Krohn, Graphite intercalation compounds as positive electrodes 

in galvanic cells, Electrochim. Acta. 26 (1981) 799–809. 

[230] F. Beck, H. Krohn, Reversible electrochemical intercalation of anions from aqueous 

solutions in polymer bound graphite electrodes, Synth. Met. 7 (1983) 193–199. 

[231] R.T. Carlin, J. Fuller, W.K. Kuhn, M.J. Lysaght, P.C. Trulove, Electrochemistry of 

room-temperature chloroaluminate molten salts at graphitic and nongraphitic 

electrodes, J. Appl. Electrochem. 26 (1996) 1147–1160. 

[232] A.C. Chu, J.Y. Josefowicz, G.C. Farrington, Electrochemistry of highly ordered 

pyrolytic graphite surface film formation observed by atomic force microscopy, J. 

Electrochem. Soc. 144 (1997) 4161–4169. 



                                                                                                                                     References 

182 

[233] M.E. Spahr, T. Palladino, H. Wilhelm, A. Würsig, D. Goers, H. Buqa, M. Holzapfel, 

P. Novák, Exfoliation of graphite during electrochemical lithium insertion in ethylene 

carbonate-containing electrolytes, J. Electrochem. Soc. 151 (2004) A1383–A1395. 

[234] M. Tang, J. Newman, Why is the solid-electrolyte-interphase selective? Through-film 

Ferrocenium reduction on highly oriented pyrolytic graphite, J. Electrochem. Soc. 159 

(2012) A1922–A1927. 

[235] M.D. Levi, E.A. Levi, D. Aurbach, The mechanism of lithium intercalation in graphite 

film electrodes in aprotic media. Part 2. Potentiostatic intermittent titration and in situ 

XRD studies of the solid-state ionic diffusion, Joumal Electroanal. Chem. 421 (1997) 

89–97. 

[236] B. Markovsky, M.D. Levi, D. Aurbach, The basic electroanalytical behavior of 

practical graphite–lithium intercalation electrodes, Electrochim. Acta. 43 (1998) 

2287–2304. 

[237] N. Takami, A. Satoh, M. Hara, T. Ohsaki, Structural and kinetic characterization of 

lithium intercalation into carbon anodes for secondary lithium batteries, J. 

Electrochem. Soc. 142 (1995) 371–379. 

[238] M.D. Levi, D. Aurbach, The mechanism of lithium intercalation in graphite film 

electrodes in aprotic media. Part 1. High resolution slow scan rate cyclic voltammetric 

studies and modeling, J. Electroanal. Chem. 421 (1997) 79–88. 

[239] M. Inaba, Z. Siroma, A. Funabiki, Z. Ogumi, T. Abe, Y. Mizutani, M. Asano, 

Electrochemical scanning tunneling microscopy observation of highly oriented 

pyrolytic graphite surface reactions in an ethylene carbonate-based electrolyte 

solution, Langmuir. 12 (1996) 1535–1540. 

[240] M. Noel, R. Santhanam, M. Francisca Flora, Comparison of fluoride intercalation/de-

intercalation processes on graphite electrodes in aqueous and aqueous methanolic HF 

media, J. Power Sources. 56 (1995) 125–131. 

[241] F. Kang, T.-Y. Zhang, Y. Leng, Electrochemical synthesis of sulfate graphite 

intercalation compounds with different electrolyte concentrations, J. Phys. Chem. 

Solids. 57 (1996) 883–888. 



                                                                                                                                     References 

183 

[242] D. Alliata, P. Haring, O. Haas, R. Kotz, H. Siegenthaler, Anion intercalation into 

highly oriented pyrolytic graphite studied by electrochemical atomic force 

microscopy, Electrochem. Commun. 1 (1999) 5–9. 

[243] D. Alliata, R. Kotz, O. Haas, H. Siegenthaler, In situ AFM study of interlayer spacing 

during anion intercalation into HOPG in aqueous electrolyte, Langmuir 15 (1999) 

8483–8489. 

[244] D.W. Skaf, E. J.K., Electrochemical graphite intercalation with nitric acid solution, 

Synth. Met. 46 (1992) 137–145. 

[245] K.W. Hathcock, J.C. Brumfield, C.A. Goss, E.A. Irene, R.W. Murray, Incipient 

electrochemical oxidation of highly oriented pyrolytic graphite: correlation between 

surface blistering and electrolyte anion intercalation, Anal. Chem. 67 (1995) 2201–

2206. 

[246] M. Noel, R. Santhanam, Electrochemistry of graphite intercalation compounds, J. 

Power Sources. 72 (1998) 53–65. 

[247] Q. Zhang, Q. Guo, R.E. White, A new kinetic equation for intercalation electrodes, J. 

Electrochem. Soc. 153 (2006) A301–A309. 

[248] J.R. Dahn, W.R. McKinnon, Thermodynamics of lithium intercalation from high 

resolution electrochemical measurements, J. Electrochem. Soc. 131 (1984) 1823–

1828. 

[249] F.P. Campana, R. Kötz, J. Vetter, P. Novák, H. Siegenthaler, In situ atomic force 

microscopy study of dimensional changes during Li
+
 ion intercalation/de-intercalation 

in highly oriented pyrolytic graphite, Electrochem. Commun. 7 (2005) 107–112. 

[250] B. Schnyder, D. Alliata, R. Kotz, H. Siegenthaler, Electrochemical intercalation of 

perchlorate ions in HOPG: an SFM / LFM and XPS study, Appl. Surf. Sci. 173 (2001) 

221–132. 

[251] J.O. Besenhard, E. Wudy, H. Möhwald, J.J. Nickl, W. Biberacher, W. Foag, Anodic 

oxidation of graphite in H2SO4 dilatometry-in situ X-ray diffraction-impedance 

spectroscopy, Synth. Met. 7 (1983) 185–192. 



                                                                                                                                     References 

184 

[252] D.C. Alsmeyer, R.L. McCreery, In situ Raman monitoring of electrochemical graphite 

intercalation and lattice damage in mild aqueous acids, Anal. Chem. 64 (1992) 1528–

1533. 

[253] A.A. Gewirth, A.J. Bard, In situ scanning tunneling microscopy of the anodic 

oxidation of highly oriented pyrolytic graphite surfaces, J. Phys. Chem. 92 (1988) 

5563–5566. 

[254] M. Zhou, J. Tang, Q. Cheng, G. Xu, P. Cui, L.-C. Qin, Few-layer graphene obtained 

by electrochemical exfoliation of graphite cathode, Chem. Phys. Lett. 572 (2013) 61–

65. 

[255] N. Parveen, M.O. Ansari, M.H. Cho, Simple route for gram synthesis of less defective 

few layered graphene and its electrochemical performance, RSC Adv. 5 (2015) 

44920–44927. 

[256] J. Liu, H. Yang, S.G. Zhen, C.K. Poh, A. Chaurasia, J. Luo, X. Wu, E.K.L. Yeow, 

N.G. Sahoo, J. Lin, Z. Shen, A green approach to the synthesis of high-quality 

graphene oxide flakes via electrochemical exfoliation of pencil core, RSC Adv. 3 

(2013) 11745–11750. 

[257] D. Van Thanh, L.-J. Li, C.-W. Chu, P.-J. Yen, K.-H. Wei, Plasma-assisted 

electrochemical exfoliation of graphite for rapid production of graphene sheets, RSC 

Adv. 4 (2014) 6946–6949. 

[258] A.J. Cooper, N.R. Wilson, I.A. Kinloch, R.A.W. Dryfe, Single stage electrochemical 

exfoliation method for the production of few-layer graphene via intercalation of 

tetraalkylammonium cations, Carbon 66 (2014) 340–350. 

[259] G.M. Morales, P. Schifani, G. Ellis, C. Ballesteros, G. Martínez, C. Barbero, H.J. 

Salavagione, High-quality few layer graphene produced by electrochemical 

intercalation and microwave-assisted expansion of graphite, Carbon 49 (2011) 2809–

2816. 

[260] X. Lu, C. Zhao, Controlled electrochemical intercalation, exfoliation and in situ 

nitrogen doping of graphite in nitrate-based protic ionic liquids, Phys. Chem. Chem. 

Phys. 15 (2013) 20005–20009. 



                                                                                                                                     References 

185 

[261] S.K. Sahoo, S. Ratha, C.S. Rout, A. Mallik, Physicochemical properties and 

supercapacitor behavior of electrochemically synthesized few layered graphene 

nanosheets, J. Solid State Electrochem. 20 (2016) 3415–3428. 

[262] Z.Y. Xia, S. Pezzini, E. Treossi, G. Giambastiani, F. Corticelli, V. Morandi, A. 

Zanelli, V. Bellani, V. Palermo, The exfoliation of graphene in liquids by 

electrochemical, chemical, and sonication-assisted techniques: a nanoscale study, Adv. 

Funct. Mater. 23 (2013) 4684–4693. 

[263] J. Liu, C.K. Poh, D. Zhan, L. Lai, S.H. Lim, L. Wang, X. Liu, N. Gopal Sahoo, C. Li, 

Z. Shen, J. Lin, Improved synthesis of graphene flakes from the multiple 

electrochemical exfoliation of graphite rod, Nano Energy 2 (2013) 377–386. 

[264] S.K. Sahoo, A. Mallik, Simple, fast and cost-effective electrochemical synthesis of 

few layer graphene nanosheets, Nano 10 (2015) 1550019. 

[265] S.K. Sahoo, A. Mallik, Synthesis and characterization of conductive few layered 

graphene nanosheets using an anionic electrochemical intercalation and exfoliation 

technique, J. Mater. Chem. C 3 (2015) 10870–10878. 

[266] P. Khanra, T. Kuila, S.H. Bae, N.H. Kim, J.H. Lee, Electrochemically exfoliated 

graphene using 9-anthracene carboxylic acid for supercapacitor application, J. Mater. 

Chem. 22 (2012) 24403–24410. 

[267] S.H. Lee, S.D. Seo, Y.H. Jin, H.W. Shim, D.W. Kim, A graphite foil electrode 

covered with electrochemically exfoliated graphene nanosheets, Electrochem. 

Commun. 12 (2010) 1419–1422. 

[268] G. Wang, B. Wang, J. Park, Y. Wang, B. Sun, J. Yao, Highly efficient and large-scale 

synthesis of graphene by electrolytic exfoliation, Carbon 47 (2009) 3242–3246. 

[269] A.R. Kamali, D.J. Fray, Large-scale preparation of graphene by high temperature 

insertion of hydrogen into graphite, Nanoscale 7 (2015) 11310–11320. 

[270] H. Huang, Y. Xia, X. Tao, J. Du, J. Fang, Y. Gan, W. Zhang, Highly efficient 

electrolytic exfoliation of graphite into graphene sheets based on Li ions intercalation-

expansion-microexplosion mechanism, J. Mater. Chem. 22 (2012) 10452–10456. 



                                                                                                                                     References 

186 

[271] D. Wei, L. Grande, V. Chundi, R. White, C. Bower, P. Andrew, T. Ryhänen, 

Graphene from electrochemical exfoliation and its direct applications in enhanced 

energy storage devices, Chem. Commun. 48 (2012) 1239. 

[272] Y.L. Zhong, T.M. Swager, Enhanced electrochemical expansion of graphite for in situ 

electrochemical functionalization, J. Am. Chem. Soc. 134 (2012) 17896–17899. 

[273] Y. Yang, X. Ji, X. Yang, C. Wang, W. Song, Q. Chen, C.E. Banks, Electrochemically 

triggered graphene sheets through cathodic exfoliation for lithium ion batteries anodes, 

RSC Adv. 3 (2013) 16130–16135. 

[274] J. Wang, K.K. Manga, Q. Bao, K.P. Loh, High-yield synthesis of few-layer graphene 

flakes through electrochemical expansion of graphite in propylene carbonate 

electrolyte, J. Am. Chem. Soc. 133 (2011) 8888–8891. 

[275] V. V. Singh, G. Gupta, A. Batra, A.K. Nigam, M. Boopathi, P.K. Gutch, B.K. 

Tripathi, A. Srivastava, M. Samuel, G.S. Agarwal, B. Singh, R. Vijayaraghavan, 

Greener electrochemical synthesis of high quality graphene nanosheets directly from 

pencil and its SPR sensing application, Adv. Funct. Mater. 22 (2012) 2352–2362. 

[276] J. Wang, H. Yin, X. Meng, J. Zhu, S. Ai, Preparation of the mixture of graphene 

nanosheets and carbon nanospheres with high adsorptivity by electrolyzing graphite 

rod and its application in hydroquinone detection, J. Electroanal. Chem. 662 (2011) 

317–321. 

[277] J.P. Mensing, T. Kerdcharoen, C. Sriprachuabwong, A. Wisitsoraat, D. Phokharatkul, 

T. Lomas, A. Tuantranont, Facile preparation of graphene-metal phthalocyanine 

hybrid material by electrolytic exfoliation, J. Mater. Chem. 22 (2012) 17094–17099. 

[278] K. Chen, D. Xue, Preparation of colloidal graphene in quantity by electrochemical 

exfoliation, J. Colloid Interface Sci. 436 (2014) 41–46. 

[279] R.I. Jibrael, M.K.A. Mohammed, Production of graphene powder by electrochemical 

exfoliation of graphite electrodes immersed in aqueous solution, Optik 127 (2016) 

6384–6389. 

[280] C. Chen, S. Yang, M. Chuang, W. Woon, C. Su, Towards the continuous production 

of high crystallinity graphene via electrochemical exfoliation with molecular in situ 

encapsulation, Nanoscale 7 (2015) 15362–15373. 



                                                                                                                                     References 

187 

[281] K. Kakaei, K. Hasanpour, Synthesis of graphene oxide nanosheets by electrochemical 

exfoliation of graphite in cetyltrimethylammonium bromide and its application for 

oxygen reduction, J. Mater. Chem. A 2 (2014) 15428–15436. 

[282] K.S. Rao, J. Senthilnathan, Y.-F. Liu, M. Yoshimura, Role of peroxide ions in 

formation of graphene nanosheets by electrochemical exfoliation of graphite, Sci. Rep. 

4 (2014) 4237. 

[283] N. Parveen, M.O. Ansari, S.A. Ansari, M.H. Cho, Simultaneous sulfur doping and 

exfoliation of graphene from graphite using an electrochemical method for 

supercapacitor electrode materials, J. Mater. Chem. A. 4 (2016) 233–240. 

[284] D. Wei, L. Grande, V. Chundi, R. White, C. Bower, P. Andrew, T. Ryhänen, 

Graphene from electrochemical exfoliation and its direct applications in enhanced 

energy storage devices, Chem. Commun. 48 (2012) 1239–1241. 

[285] A.T. Najafabadi, E. Gyenge, High-yield graphene production by electrochemical 

exfoliation of graphite: novel ionic liquid (IL)-acetonitrile electrolyte with low IL 

content, Carbon 71 (2014) 58–69. 

[286] Y. Yang, W. Shi, R. Zhang, C. Luan, Q. Zeng, C. Wang, S. Li, Z. Huang, H. Liao, X. 

Ji, Electrochemical exfoliation of graphite into nitrogen-doped graphene in glycine 

solution and its energy storage properties, Electrochim. Acta. 204 (2016) 100–107. 

[287] M.K.P. Kumar, M. Nidhi, C. Srivastava, Electrochemical exfoliation of graphite to 

produce graphene using tetrasodium pyrophosphate, RSC Adv. 5 (2015) 24846–

24852. 

[288] M.P.K. Kumar, S. Shanthini, C. Srivastava, Electrochemical exfoliation of graphite for 

producing graphene using saccharin, RSC Adv. 5 (2015) 53865–53869. 

[289] P. Poizot, B. Humbert, C.P. Ewels, J. Mevellec, N. Stephant, J. Simonet, Facile route 

to gold-graphene electrodes by exfoliation of natural graphite under electrochemical 

conditions, Carbon 107 (2016) 823–830. 

[290] Y. Yang, X. Ji, X. Yang, C. Wang, W. Song, Q. Chen, C.E. Banks, Electrochemically 

triggered graphene sheets through cathodic exfoliation for lithium ion batteries anodes, 

RSC Adv. 3 (2013) 16130–16135. 



                                                                                                                                     References 

188 

[291] K. Parvez, Z.S. Wu, R. Li, X. Liu, R. Graf, X. Feng, K. Müllen, Exfoliation of 

graphite into graphene in aqueous solutions of inorganic salts, J. Am. Chem. Soc. 136 

(2014) 6083–6091. 

[292] Y. Yang, F. Lu, Z. Zhou, W. Song, Q. Chen, X. Ji, Electrochemically cathodic 

exfoliation of graphene sheets in room temperature ionic liquids N-butyl, 

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide and their electrochemical 

properties, Electrochim. Acta. 113 (2013) 9–16. 

[293] M. Mao, M. Wang, J. Hu, G. Lei, S. Chen, H. Liu, Simultaneous electrochemical 

synthesis of few-layer graphene flakes on both electrodes in protic ionic liquids, 

Chem. Commun. 49 (2013) 5301–5303. 

[294] H. Zheng, K. Jiang, T. Abe, Z. Ogumi, Electrochemical intercalation of lithium into a 

natural graphite anode in quaternary ammonium-based ionic liquid electrolytes, 

Carbon 44 (2006) 203–210. 

[295] M. Hofmann, W.-Y. Chiang, T. D Nguyn, Y.-P. Hsieh, Controlling the properties of 

graphene produced by electrochemical exfoliation, Nanotechnology. 26 (2015) 

335607. 

[296] M. Tunckol, J. Durand, P. Serp, Carbon nanomaterial-ionic liquid hybrids, Carbon 50 

(2012) 4303–4334. 

[297] M. Armand, F. Endres, D.R. MacFarlane, H. Ohno, B. Scrosati, Ionic-liquid materials 

for the electrochemical challenges of the future, Nat. Mater. 8 (2009) 621–629. 

[298] P.R. Singh, X. Zeng, Size-dependent intercalation of ions into highly oriented 

pyrolytic graphite in ionic liquids: an electrochemical atomic force microscopy study, 

J. Phys. Chem. C 115 (2011) 17429–17439. 

[299] L.G. Caņado, K. Takai, T. Enoki, M. Endo, Y.A. Kim, H. Mizusaki, A. Jorio, L.N. 

Coelho, R. Magalhães-Paniago, M.A. Pimenta, General equation for the determination 

of the crystallite size la of nanographite by Raman spectroscopy, Appl. Phys. Lett. 88 

(2006) 163106. 

[300] H. Huang, Y. Xia, X. Tao, J. Du, J. Fang, Y. Gan, W. Zhang, Highly efficient 

electrolytic exfoliation of graphite into graphene sheets based on Li ions intercalation–

expansion–microexplosion mechanism, J. Mater. Chem. 22 (2012) 10452–10456. 



                                                                                                                                     References 

189 

[301] Z. Xue, S. Zhao, Z. Zhao, P. Li, J. Gao, Thermodynamics of dye adsorption on 

electrochemically exfoliated graphene, J. Mater. Sci. 51 (2016) 4928–4941. 

[302] M.D. Levi, E. Markevich, C. Wang, D. Aurbach, Chronoamperometric measurements 

and modeling of nucleation and growth, and moving boundary stages during 

electrochemical lithiation of graphite electrode, J. Electroanal. Chem. 600 (2007) 13–

22. 

[303] J. Zhang, E. Wang, STM investigation of HOPG superperiodic features caused by 

electrochemical pretreatment, J. Electroanal. Chem. 399 (1995) 83–89. 

[304] B. Zhang, E. Wang, Effects of anodic oxidation on the surface structure of highly 

oriented pyrolytic graphite revealed by in situ electrochemical scanning tunnelling 

microscopy in H2SO4 solution, Electrochim. Acta. 40 (1995) 2627–2633. 

[305] S. Bose, T. Kuila, A.K. Mishra, N.H. Kim, J.H. Lee, Dual role of glycine as a 

chemical functionalizer and a reducing agent in the preparation of graphene: an 

environmentally friendly method, J. Mater. Chem. 22 (2012) 9696–9703. 

[306] T.N. Blanton, D. Majumdar, X-ray diffraction characterization of polymer intercalated 

graphite oxide, Powder Diffr. 27 (2012) 104–107. 

[307] R. Xie, G. Fan, Q. Ma, L. Yang, F. Li, Facile synthesis and enhanced catalytic 

performance of graphene-supported Ni nanocatalyst from a layered double hydroxide-

based composite precursor, J. Mater. Chem. A. 2 (2014) 7880–7889. 

[308] M.W. Iqbal, A.K. Singh, M.Z. Iqbal, J. Eom, Raman fingerprint of doping due to 

metal adsorbates on graphene, J. Physics. Condens. Matter. 24 (2012) 335301. 

[309] M.S. Dresselhaus, A. Jorio, A.G. Souza Filho, R. Saito, Defect characterization in 

graphene and carbon nanotubes using Raman spectroscopy, Philos. Trans. R. Soc. A. 

368 (2010) 5355–5377. 

[310] G. Srinivas, Y. Zhu, R. Piner, N. Skipper, M. Ellerby, R. Ruoff, Synthesis of 

graphene-like nanosheets and their hydrogen adsorption capacity, Carbon 48 (2010) 

630–635. 

[311] A.T.T. Koh, Y.M. Foong, D.H.C. Chua, Comparison of the mechanism of low defect 

few-layer graphene fabricated on different metals by pulsed laser deposition, Diam. 

Relat. Mater. 25 (2012) 98–102. 



                                                                                                                                     References 

190 

[312] A. Sadezky, H. Muckenhuber, H. Grothe, R. Niessner, U. P??schl, Raman 

microspectroscopy of soot and related carbonaceous materials: Spectral analysis and 

structural information, Carbon 43 (2005) 1731–1742. 

[313] M.S. Dresselhaus, A. Jorio, A.G. Souza Filho, R. Saito, Defect characterization in 

graphene and carbon nanotubes using Raman spectroscopy, Philos. Trans. R. Soc. A. 

368 (2010) 5355–5377. 

[314] G. Dovbeshko, O. Fesenko, A. Dementjev, R. Karpicz, V. Fedorov, O.Y. 

Posudievsky, Coherent anti-Stokes Raman scattering enhancement of thymine 

adsorbed on graphene oxide., Nanoscale Res. Lett. 9 (2014) 263. 

[315] A. Abdolmaleki, S. Mallakpour, S. Borandeh, Improving interfacial interaction of L-

phenylalanine-functionalized graphene nanofiller and poly(vinyl alcohol) 

nanocomposites for obtaining significant membrane properties: morphology, thermal, 

and mechanical studies, Polym. Compos. 37 (2016) 1924–1935. 

[316] A. Kaniyoor, R.I. Jafri, T. Arockiadoss, S. Ramaprabhu, Nanostructured Pt decorated 

graphene and multi walled carbon nanotube based room temperature hydrogen gas 

sensor, Nanoscale. 1 (2009) 382–386. 

[317] N. Kumar, S. Das, C. Bernhard, G.D. Varma, Effect of graphene oxide doping on 

superconducting properties of bulk MgB2, Supercond. Sci. Technol. 26 (2013) 95008. 

[318] N.A. Kumar, H.-J. Choi, Y.R. Shin, D.W. Chang, L. Dai, J.-B. Baek, Polyaniline-

grafted reduced graphene oxide for efficient electrochemical supercapacitors, ACS 

Nano. 6 (2012) 1715–1723. 

[319] M. Das, J. Datta, A. Dey, R. Jana, A. Layek, S. Middya, P.P. Ray, One step 

hydrothermal synthesis of a rGO-TiO2 nanocomposite and its application on a 

Schottky diode: improvement in device performance and transport properties, RSC 

Adv. 5 (2015) 101582–101592. 

[320] C. Nethravathi, M. Rajamathi, Chemically modified graphene sheets produced by the 

solvothermal reduction of colloidal dispersions of graphite oxide, Carbon 46 (2008) 

1994–1998. 

[321] K. Zhou, Y. Zhu, X. Yang, X. Jiang, C. Li, Preparation of graphene–TiO2 composites 

with enhanced photocatalytic activity, New J. Chem. 35 (2011) 353–359. 



                                                                                                                                     References 

191 

[322] C. Galande, A.D. Mohite, A. V. Naumov, W. Gao, L. Ci, A. Ajayan, H. Gao, A. 

Srivastava, R.B. Weisman, P.M. Ajayan, Quasi-molecular fluorescence from graphene 

oxide, Sci. Rep. 1 (2011) 85. 

[323] K. Krishnamoorthy, K. Jeyasubramanian, M. Premanathan, G. Subbiah, H.S. Shin, 

S.J. Kim, Graphene oxide nanopaint, Carbon 72 (2014) 328–337. 

[324] Q. Tu, L. Pang, Y. Chen, Y. Zhang, R. Zhang, B. Lu, J. Wang, Effects of surface 

charges of graphene oxide on neuronal outgrowth and branching, Analyst. 139 (2014) 

105–115. 

[325] Z.-D. Huang, B. Zhang, S.-W. Oh, Q.-B. Zheng, X.-Y. Lin, N. Yousefi, J.-K. Kim, 

Self-assembled reduced graphene oxide/carbon nanotube thin films as electrodes for 

supercapacitors, J. Mater. Chem. 22 (2012) 3591–3599. 

[326] N.A. Kumar, H. Nolan, N. McEvoy, E. Rezvani, R.L. Doyle, M.E.G. Lyons, G.S. 

Duesberg, Plasma-assisted simultaneous reduction and nitrogen doping of graphene 

oxide nanosheets, J. Mater. Chem. A 1 (2013) 4431–4435. 

[327] J. Senthilnathan, Y.-F. Liu, K.S. Rao, M. Yoshimura, Submerged liquid plasma for the 

synchronized reduction and functionalization of graphene oxide, Sci. Rep. 4 (2014) 

4395. 

[328] K. Dave, K.H. Park, M. Dhayal, Two-step process for programmable removal of 

oxygen functionalities of graphene oxide: functional, structural and electrical 

characteristics, RSC Adv. 5 (2015) 95657–95665. 

[329] K. Krishnamoorthy, M. Veerapandian, K. Yun, S.J. Kim, The chemical and structural 

analysis of graphene oxide with different degrees of oxidation, Carbon 53 (2013) 38–

49. 

[330] B.D. Ossonon, D. Belanger, Functionalization of graphene sheets by the diazonium 

chemistry during electrochemical exfoliation of graphite, Carbon 111 (2017) 83–93. 

[331] Y.N. Singhbabu, K.K. Sahu, D. Dadhich, A.K. Pramanick, T. Mishra, R.K. Sahu, 

Capsule-embedded reduced graphene oxide: synthesis, mechanism and electrical 

properties, J. Mater. Chem. C 1 (2013) 958–966. 



                                                                                                                                     References 

192 

[332] Y.C.G. Kwan, G.M. Ng, C.H.A. Huan, Identification of functional groups and 

determination of carboxyl formation temperature in graphene oxide using the XPS O 

1s spectrum, Thin Solid Films 590 (2015) 40–48. 

[333] H.C. Hsu, I. Shown, H.Y. Wei, Y.C. Chang, H.-Y. Du, Y.-G. Lin, C.-A. Tseng, C.-H. 

Wang, L.C. Chen, Y.-C. Lin, K.H. Chen, Graphene oxide as a promising photocatalyst 

for CO2 to methanol conversion, Nanoscale 5 (2013) 262–268. 

[334] S. Woo, Y.R. Kim, T.D. Chung, Y. Piao, H. Kim, Synthesis of a graphene-carbon 

nanotube composite and its electrochemical sensing of hydrogen peroxide, 

Electrochim. Acta 59 (2012) 509–514. 

[335] J. Fan, Z. Shi, J. Wang, J. Yin, Glycidyl methacrylate-modified gum arabic mediated 

graphene exfoliation and its use for enhancing mechanical performance of hydrogel, 

Polymer 54 (2013) 3921–3930. 

[336] P. Simon, Y. Gogotsi, Materials for electrochemical capacitors, Nat. Mater 7 (2008) 

845–854. 

[337] B.E. Conway, Electrochemical supercapacitors: scientific fundamentals and 

technological applications, Kluwer Academic/Plenum Publisher, New York, 1999. 

[338] B. Conway, V. Birss, J. Wojtowicz, The role and utilization of pseudocapacitance for 

energy storage by supercapacitors, J. Power Sources 66 (1997) 1–14. 

[339] J. Xia, F. Chen, J. Li, N. Tao, Measurement of the quantum capacitance of graphene., 

Nat. Nanotechnol. 4 (2009) 505–509. 

[340] M.D. Stoller, S. Park, Z. Yanwu, J. An, R.S. Ruoff, Graphene-based ultracapacitors, 

Nano Lett. 8 (2008) 3498–3502. 

[341] S.R.C. Vivekchand, C.S. Rout, K.S. Subrahmanyam, A. Govindaraj, C.N.R. Rao, 

Graphene-based electrochemical supercapacitors, J. Chem. Sci. 120 (2008) 9–13. 

[342] Y. Wang, Z. Shi, Y. Huang, Y. Ma, C. Wang, M. Chen, Y. Chen, Supercapacitor 

devices based on graphene materials, J. Phys. Chem. C. 113 (2009) 13103–13107. 

[343] C. Liu, Z. Yu, D. Neff, A. Zhamu, B.Z. Jang, Graphene-based supercapacitor with an 

ultrahigh energy density, Nano Lett. 10 (2010) 4863–4868. 



                                                                                                                                     References 

193 

[344] M.D. Stoller, C.W. Magnuson, Y. Zhu, S. Murali, J.W. Suk, R. Piner, R.S. Ruoff, 

Interfacial capacitance of single layer graphene, Energy Environ. Sci. 4 (2011) 4685–

4689. 

[345] E. Uesugi, H. Goto, R. Eguchi, A. Fujiwara, Y. Kubozono, Electric double-layer 

capacitance between an ionic liquid and few-layer graphene, Sci. Rep. 3 (2013) 1595. 

[346] A. Mora Lazarini, M. Ortega López, Y. Matsumoto Kuwabara, J. Santoyo Salazar, V. 

Sánchez Reséndiz, R. Gutiérrez Arias, Synthesis and characterization of few layers 

graphene films for potential applications in electronics, 12th Int. Conf. Electr. Eng. 

Comput. Sci. Autom. Control (CCE), Mex. (2015) 1–6. 

[347] Z. Ding, Z. Hao, B. Meng, Z. Xie, J. Liu, L. Dai, Few-layered graphene quantum dots 

as efficient hole-extraction layer for high-performance polymer solar cells, Nano 

Energy. 15 (2015) 186–192. 

[348] E.P. Randviir, D.A.C. Brownson, J.P. Metters, R.O. Kadara, C.E. Banks, The 

fabrication, characterisation and electrochemical investigation of screen-printed 

graphene electrodes., Phys. Chem. Chem. Phys. 16 (2014) 4598–4611. 

[349] R. Pratap Choudhary, S. Sumit, K. Vaibhav, P. Bhagwan Pawar, S. Saxena, Optical 

properties of few layered graphene quantum dots, Mater. Res. Express. 2 (2015) 

95024. 

[350] S. Petnikota, N.K. Rotte, M. V Reddy, V.V.S.S. Srikanth, B.V.R. Chowdari, MgO-

decorated few-layered graphene as an anode for Li-ion batteries, ACS Appl. Mater. 

Interfaces. 7 (2015) 2301–2309. 

[351] P.A. Brooksby, A.K. Farquhar, H.M. Dykstra, M.R. Waterland, A.J. Downard, 

Quantum capacitance of aryldiazonium modified large area few-layer graphene 

electrodes, J. Phys. Chem. C 119 (2015) 25778–25785. 

[352] S.E. Shin, H.J. Choi, J.H. Shin, D.H. Bae, Strengthening behavior of few-layered 

graphene/aluminum composites, Carbon 82 (2015) 143–151. 

[353] L. Chen, S. Chai, K. Liu, N. Ning, J. Gao, Q. Liu, F. Chen, Q. Fu, Enhanced 

epoxy/silica composites mechanical properties by introducing graphene oxide to the 

interface, ACS Appl. Mater. Interfaces. 4 (2012) 4398–4404. 



                                                                                                                                     References 

194 

[354] Y. Ni, L. Chen, K. Teng, J. Shi, X. Qian, Z. Xu, X. Tian, C. Hu, M. Ma, Superior 

mechanical properties of epoxy composites reinforced by 3D interconnected graphene 

skeleton, ACS Appl. Mater. Interfaces. 7 (2015) 11583–11591. 

[355] S.C. Tjong, Structural and mechanical properties of polymer nanocomposites, Mater. 

Sci. Eng. R. 53 (2006) 73–197. 

[356] J. Jin, Y. Lin, M. Song, C. Gui, S. Leesirisan, Enhancing the electrical conductivity of 

polymer composites, Eur. Polym. J. 49 (2013) 1066–1072. 

[357] G. Kaur, R. Adhikari, P. Cass, M. Bown, P. Gunatillake, Electrically conductive 

polymers and composites for biomedical applications, RSC Adv. 5 (2015) 37553–

37567. 

[358] H. Chen, V. V. Ginzburg, J. Yang, Y. Yang, W. Liu, Y. Huang, L. Du, B. Chen, 

Thermal conductivity of polymer-based composites: fundamentals and applications, 

Prog. Polym. Sci. 59 (2015) 41–85. 

[359] H.S. Kim, H.S. Bae, J. Yu, S.Y. Kim, Thermal conductivity of polymer composites 

with the geometrical characteristics of graphene nanoplatelets, Sci. Rep. 6 (2016) 

26825. 

[360] G.W. Lee, M. Park, J. Kim, J.I. Lee, H.G. Yoon, Enhanced thermal conductivity of 

polymer composites filled with hybrid filler, Compos.  Part A 37 (2006) 727–734. 

[361] V. Zaporojtchenko, R. Podschun, U. Schürmann, A. Kulkarni, F. Faupel, Physico-

chemical and antimicrobial properties of co-sputtered Ag–Au/PTFE nanocomposite 

coatings, Nanotechnology 17 (2006) 4904–4908. 

[362] D.R. Bortz, E.G. Heras, I. Martin-Gullon, Impressive fatigue life and fracture 

toughness improvements in graphene oxide/epoxy composites, Macromolecules 45 

(2012) 238–245. 

[363] J. Jia, X. Sun, X. Lin, X. Shen, Y. Mai, J. Kim, Exceptional electrical conductivity and 

fracture resistance of 3D interconnected graphene foam/epoxy composites, ACS Nano 

8 (2014) 5774–5783. 

[364] N.K. Naik, M. Sirisha, A. Inani, Permeability characterization of polymer matrix 

composites by RTM/VARTM, Prog. Aerosp. Sci. 65 (2014) 22–40. 



                                                                                                                                     References 

195 

[365] A.S. Singha, V.K. Thakur, Chemical resistance, mechanical and physical properties of 

biofibers -based polymer composites, Polym. Plast. Technol. Eng. 48 (2009) 736–744. 

[366] M. Barletta, S. Vesco, M. Puopolo, V. Tagliaferri, Graphene reinforced UV-curable 

epoxy resins: design, manufacture and material performance, Prog. Org. Coatings. 90 

(2016) 414–424. 

[367] M. Martin-Gallego, R. Verdejo, M.A. Lopez-Manchado, M. Sangermano, Epoxy-

graphene UV-cured nanocomposites, Polymer 52 (2011) 4664–4669. 

[368] N.N. Dao, M.D. Luu, Q.K. Nguyen, B.S. Kim, UV absorption by cerium oxide 

nanoparticles/epoxy composite thin films, Adv. Nat. Sci. Nanosci. Nanotechnol. 2 

(2011) 45013. 

[369] D.R. Paul, L.M. Robeson, Polymer nanotechnology: nanocomposites, Polymer 

(Guildf). 49 (2008) 3187–3204. 

[370] A.K. Gaharwar, N.A. Peppas, A. Khademhosseini, Nanocomposite hydrogels for 

biomedical applications, Biotechnol. Bioeng. 111 (2014) 441–453. 

[371] G.A. Snook, P. Kao, A.S. Best, Conducting-polymer-based supercapacitor devices and 

electrodes, J. Power Sources. 196 (2011) 1–12. 

[372] J.Y. Wang, F.C. Hsu, J.Y. Huang, L. Wang, Y.F. Chen, Bifunctional polymer 

nanocomposites as hole-transport layers for efficient light harvesting: application to 

perovskite solar cells, ACS Appl. Mater. Interfaces. 7 (2015) 27676–27684. 

[373] S. Chen, R. Ramachandran, V. Mani, R. Saraswathi, Recent advancements in 

electrode materials for the high-performance electrochemical supercapacitors : a 

review, Int. J. Electrochem. Sci. 9 (2014) 4072–4085. 

[374] I. Shown, A. Ganguly, L.-C. Chen, K.-H. Chen, Conducting polymer-based flexible 

supercapacitor, Energy Sci. Eng. 3 (2014) 2–26. 

[375] S. Li, M.M. Lin, M.S. Toprak, D.K. Kim, M. Muhammed, Nanocomposites of 

polymer and inorganic nanoparticles for opticaland magnetic applications, Nano Rev. 

1 (2010) 1–19. 

[376] S. Masi, S. Colella, A. Listorti, V. Roiati, A. Liscio, V. Palermo, A. Rizzo, G. Gigli, 

Growing perovskite into polymers for Growing perovskite into polymers for easy-

processable optoelectronic devices, Sci. Rep. 5 (2015) 7725. 



                                                                                                                                     References 

196 

[377] Rajesh, T. Ahuja, D. Kumar, Recent progress in the development of nano-structured 

conducting polymers/nanocomposites for sensor applications, Sensors Actuators B 

Chem. 136 (2009) 275–286. 

[378] D.D.. Chung, Materials for thermal conduction, Appl. Therm. Eng. 21 (2001) 1593–

1605. 

[379] Y. V. Suvorova, S.I. Alekseeva, M.A. Fronya, I. V. Viktorova, Investigations of 

physical and mechanical properties of polymeric nanocomposites (Review), Inorg. 

Mater. 49 (2013) 1357–1368. 

[380] A.J. Crosby, J.-Y. Lee, Polymer nanocomposites: the “Nano” effect on mechanical 

properties, Polym. Rev. 47 (2007) 217–219. 

[381] J.R. Potts, D.R. Dreyer, C.W. Bielawski, R.S. Ruoff, Graphene-based polymer 

nanocomposites, Polymer 52 (2011) 5–25. 

[382] T. Kuilla, S. Bhadra, D. Yao, N.H. Kim, S. Bose, J.H. Lee, Recent advances in 

graphene based polymer composites, Prog. Polym. Sci. Vol. 35 (2010) 1350–1375. 

[383] M. Zappalorto, A. Pontefisso, A. Fabrizi, M. Quaresimin, Mechanical behaviour of 

epoxy/silica nanocomposites: experiments and modelling, Compos. Part A 72 (2015) 

58–64. 

[384] B.B. Johnsen, T.R. Frømyr, T. Thorvaldsen, T. Olsen, Preparation and characterisation 

of epoxy/alumina polymer nanocomposites, Compos. Interfaces. 20 (2013) 721–740. 

[385] S. Sethi, B.C. Ray, An assessment of mechanical behavior and fractography study of 

glass/epoxy composites at different temperatures and loading speeds, Mater. Des. 64 

(2014) 160–165. 

[386] S. Sethi, D.K. Rathore, B.C. Ray, Effects of temperature and loading speed on 

interface-dominated strength in fibre/polymer composites: an evaluation for in-situ 

environment, Mater. Des. 65 (2015) 617–626. 

[387] B.C. Ray, D. Rathore, Durability and integrity studies of environmentally conditioned 

interfaces in fibrous polymeric composites: critical concepts and comments, Adv. 

Colloid Interface Sci. 209 (2014) 68–83. 



                                                                                                                                     References 

197 

[388] R.K. Prusty, D.K. Rathore, M.J. Shukla, B.C. Ray, Flexural behaviour of CNT-filled 

glass/epoxy composites in an in-situ environment emphasizing temperature variation, 

Compos. Part B 83 (2015) 166–174. 

[389] H. Gu, S. Tadakamalla, X. Zhang, Y. Huang, Y. Jiang, H.A. Colorado, Z. Luo, S. Wei, 

Z. Guo, Epoxy resin nanosuspensions and reinforced nanocomposites from polyaniline 

stabilized multi-walled carbon nanotubes, J. Mater. Chem. C 1 (2013) 729–743. 

[390] D.K. Rathore, R.K. Prusty, D.S. Kumar, B.C. Ray, Mechanical performance of CNT-

filled glass fiber/epoxy composite in in-situ elevated temperature environments 

emphasizing the role of CNT content, Compos. Part A 84 (2016) 364–376. 

[391] G. Mittal, V. Dhand, K.Y. Rhee, S.-J. Park, W.R. Lee, A review on carbon nanotubes 

and graphene as fillers in reinforced polymer nanocomposites, J. Ind. Eng. Chem. 21 

(2015) 11–25. 

[392] H. Kim, A.A. Abdala, C.W. MacOsko, Graphene/polymer nanocomposites, 

Macromolecules 43 (2010) 6515–6530. 

[393] K. Hu, D.D. Kulkarni, I. Choi, V. V. Tsukruk, Graphene-polymer nanocomposites for 

structural and functional applications, Prog. Polym. Sci. 39 (2014) 1934–1972. 

[394] S.M. Notley, D.R. Evans, Aqueous processing of graphene-polymer hybrid thin film 

nano-composites and gels, Adv. Colloid Interface Sci. 209 (2014) 196–203. 

[395] R. Verdejo, M.M. Bernal, L.J. Romasanta, M.A. Lopez-Manchado, Graphene filled 

polymer nanocomposites, J. Mater. Chem. 21 (2011) 3301–3310. 

[396] H. Lu, Z. Chen, C. Ma, Bioinspired approaches for optimizing the strength and 

toughness of graphene-based polymer nanocomposites, J. Mater. Chem. 22 (2012) 

16182–16190. 

[397] X. Qi, C. Tan, J. Wei, H. Zhang, Synthesis of graphene-conjugated polymer 

nanocomposites for electronic device applications, Nanoscale 5 (2013) 1440–1451. 

[398] W.K. Chee, H.N. Lim, N.M. Huang, I. Harrison, Nanocomposites of 

graphene/polymers: a review, RSC Adv. 5 (2015) 68014–68051. 

[399] D. Cai, M. Song, Recent advance in functionalized graphene/polymer 

nanocomposites, J. Mater. Chem. 20 (2010) 7906–7915. 



                                                                                                                                     References 

198 

[400] M. Zhang, Y. Li, Z. Su, G. Wei, Recent advances in the synthesis and applications of 

graphene-polymer nanocomposites, Polym. Chem. 6 (2015) 6107–6124. 

[401] T.K. Das, S. Prusty, Graphene-based polymer composites and their applications, 

Polym. Plast. Technol. Eng. 52 (2013) 319–331. 

[402] J. Wei, T. Vo, F. Inam, Epoxy/graphene nanocomposites - processing and properties: a 

review, RSC Adv. 5 (2015) 73510–73524. 

[403] Y. Li, R. Umer, A. Isakovic, Y.A. Samad, L. Zheng, K. Liao, Synergistic toughening 

of epoxy with carbon nanotubes and graphene oxide for improved long-term 

performance, RSC Adv. 3 (2013) 8849–8856. 

[404] D.-D. Zhang, D.-L. Zhao, R.-R. Yao, W.-G. Xie, Enhanced mechanical properties of 

ammonia-modified graphene nanosheets/epoxy nanocomposites, RSC Adv. 5 (2015) 

28098–28104. 

[405] X.-J. Shen, Y. Liu, H.-M. Xiao, Q.-P. Feng, Z.-Z. Yu, S.-Y. Fu, The reinforcing effect 

of graphene nanosheets on the cryogenic mechanical properties of epoxy resins, 

Compos. Sci. Technol. 72 (2012) 1581–1587. 

[406] L. Pan, J. Ban, S. Lu, G. Chen, J. Yang, Q. Luo, L. Wu, J. Yu, Improving thermal and 

mechanical properties of epoxy composites by using functionalized graphene, RSC 

Adv. 5 (2015) 60596–60607. 

[407] S. Chatterjee, J.W. Wang, W.S. Kuo, N.H. Tai, C. Salzmann, W.L. Li, R. Hollertz, 

F.A. Nüesch, B.T.T. Chu, Mechanical reinforcement and thermal conductivity in 

expanded graphene nanoplatelets reinforced epoxy composites, Chem. Phys. Lett. 531 

(2012) 6–10. 

[408] X.J. Shen, L.X. Meng, Z.Y. Yan, C.J. Sun, Y.H. Ji, H.M. Xiao, S.Y. Fu, Improved 

cryogenic interlaminar shear strength of glass fabric/epoxy composites by graphene 

oxide, Compos. Part B 73 (2015) 126–131. 

[409] L. Chen, P. Zhao, H. Xie, W. Yu, Thermal properties of epoxy resin based thermal 

interfacial materials by filling Ag nanoparticle-decorated graphene nanosheets, 

Compos. Sci. Technol. 125 (2016) 17–21. 

[410] Y.X. Fu, Z.X. He, D.C. Mo, S.S. Lu, Thermal conductivity enhancement of epoxy 

adhesive using graphene sheets as additives, Int. J. Therm. Sci. 86 (2014) 276–283. 



                                                                                                                                     References 

199 

[411] D. Liu, W. Zhao, S. Liu, Q. Cen, Q. Xue, Comparative tribological and corrosion 

resistance properties of epoxy composite coatings reinforced with functionalized 

fullerene C60 and graphene, Surf. Coatings Technol. 286 (2016) 354–364. 

[412] K.C. Chang, M.H. Hsu, H.I. Lu, M.C. Lai, P.J. Liu, C.H. Hsu, W.F. Ji, T.L. Chuang, 

Y. Wei, J.M. Yeh, W.R. Liu, Room-temperature cured hydrophobic epoxy/graphene 

composites as corrosion inhibitor for cold-rolled steel, Carbon 66 (2014) 144–153. 

[413] S. Liu, L. Gu, H. Zhao, J. Chen, H. Yu, Corrosion resistance of graphene-reinforced 

waterborne epoxy coatings, J. Mater. Sci. Technol. 32 (2016) 425–431. 

[414] S. Liu, H. Yan, Z. Fang, Z. Guo, H. Wang, Effect of graphene nanosheets and layered 

double hydroxides on the flame retardancy and thermal degradation of epoxy resin, 

RSC Adv. 4 (2014) 18652–18659. 

[415] X. Wang, L. Song, W. Pornwannchai, Y. Hu, B. Kandola, The effect of graphene 

presence in flame retarded epoxy resin matrix on the mechanical and flammability 

properties of glass fiber-reinforced composites, Compos. Part A 53 (2013) 88–96. 

[416] B. Yu, Y. Shi, B. Yuan, S. Qiu, W. Xing, W. Hu, L. Song, S. Lo, Y. Hu, Enhanced 

thermal and flame retardant properties of flame-retardant-wrapped graphene/epoxy 

resin nanocomposites, J. Mater. Chem. A 3 (2015) 8034–8044. 

[417] K. Sethuraman, P. Prabunathan, M. Alagar, Flexible-capron toughened 

epoxy/graphene nanocomposites for high k dielectric and ultraviolet radiation-resistant 

applications, RSC Adv. 4 (2014) 30485–30491. 

[418] R.K. Nayak, D. Rathore, B.C. Routara, B.C. Ray, Effect of nano Al2O3 fillers and 

cross head velocity on interlaminar shear strength of glass fiber reinforced polymer 

composite, Int. J. Plast. Technol. 20 (2016) 334–344. 

[419] R.K. Nayak, A. Dash, B.C. Ray, Effect of epoxy modifiers (Al2O3/SiO2/TiO2) on 

mechanical performance of epoxy/glass fiber hybrid composites, Procedia Mater. Sci. 

6 (2014) 1359–1364. 

[420] R.K. Nayak, K.K. Mahato, B.C. Routara, B.C. Ray, Evaluation of mechanical 

properties of Al2O3 and TiO2 nano filled enhanced glass fiber reinforced polymer 

composites, J. Appl. Polym. Sci. 133 (2016) 44274. 



                                                                                                                                     References 

200 

[421] H. Yang, C. Shan, F. Li, Q. Zhang, D. Han, L. Niu, Convenient preparation of tunably 

loaded chemically converted graphene oxide/epoxy resin nanocomposites from 

graphene oxide sheets through two-phase extraction, J. Mater. Chem. 19 (2009) 8856–

8860. 

[422] T. Ramanathan, A.A. Abdala, S. Stankovich, D.A. Dikin, M. Herrera-Alonso, R.D. 

Piner, D.H. Adamson, H.C. Schniepp, X. Chen, R.S. Ruoff, S.T. Nguyen, I.A. Aksay, 

R.K. Prud’Homme, L.C. Brinson, Functionalized graphene sheets for polymer 

nanocomposites, Nat. Nanotechnol. 3 (2008) 327–331. 

[423] L.Z. Guan, Y.J. Wan, L.X. Gong, D. Yan, L.C. Tang, L.B. Wu, J.X. Jiang, G.Q. Lai, 

Toward effective and tunable interphases in graphene oxide/epoxy composites by 

grafting different chain lengths of polyetheramine onto graphene oxide, J. Mater. 

Chem. A 2 (2014) 15058–15069. 

[424] R.K. Prusty, S.K. Ghosh, D.K. Rathore, B.C. Ray, Reinforcement effect of graphene 

oxide in glass fibre/epoxy composites at in-situ elevated temperature environments: 

An emphasis on graphene oxide content, Compos. Part A 95 (2017) 40–53. 

[425] A. Ashori, H. Rahmani, R. Bahrami, Preparation and characterization of 

functionalized graphene oxide/carbon fiber/epoxy nanocomposites, Polym. Test. 48 

(2015) 82–88. 



 

  

9 Dissemination 

Internationally indexed journals 

1. Sumanta Kumar Sahoo and Archana Mallik, Simple, Fast and cost-effective 

electrochemical synthesis of few layer graphene nanosheets. Nano, 2015, 10, 

1550019. 

2. Sumanta Kumar Sahoo and Archana Mallik, Synthesis and characterization of 

conductive few layered graphene nanosheets using an anionic electrochemical 

intercalation and exfoliation technique. J. Mater. Chem. C, 2015, 3, 10870-10878. 

3. Sumanta Kumar Sahoo, Satyajit Ratha, Chandra Sekhar Rout and Archana Mallik, 

Physicochemical properties and supercapacitor behavior of electrochemically 

synthesized few layer graphene nanosheets. J Solid State Electrochem. 2016, 20, 

3415-3428. 

4. Sumanta Kumar Sahoo and Archana Mallik, A review on graphene and its 

advancement of electrochemical exfoliation for scalable approach. Crit. Rev. Solid 

State Mater. Sci. (Under revision, Manuscript No. BSMS-2016-0044). 

5. Sumanta Kumar Sahoo, B. C. Ray and Archana Mallik, Role of electrochemically in-

house synthesized and functionalized graphene nano-fillers on the structural 

performance of epoxy matrix composites. Phys. Chem. Chem. Phys. (2017). doi: 

10.1039/C7CP01615H. 

6. Sumanta Kumar Sahoo and Archana Mallik “Scalable synthesis of few-layer graphene 

nanosheets by electrochemical exfoliation and its energy storage application.” (To be 

submitted). 

 

Conferences 

1. Sumanta Kumar Sahoo and Archana Mallik, Poster Presentation at International 

conference on advances and recent trend in electrochemistry (ELAC-2013), Ramoji 

Film city, Hyderabad organized by ISEAC, BARC, Mumbai, India from 16
th

 – 20
th

  

January, 2013. 

2. Sumanta Kumar Sahoo and Archana Mallik, Oral Presentation at Tenth 

international symposium on advances in electrochemical science and technology 

(iSAEST-10), Chennai, India  organized by CSIR-Central Electrochemical Research 

Institute (CSIR-CECRI), Karaikudi, India from 28
th

–30
th

 January,2013. 



                                                                                                                                Dissemination 

202 

3. Sumanta Kumar Sahoo and Archana Mallik, Oral Presentation at National 

Conference on Processing and Characterisation on Materials (NCPCM-2014), NIT 

Rourkela, India from 5
th

-6
th

 December, 2014. 

4. Sumanta Kumar Sahoo and Archana Mallik, Poster presentation at Research 

scholar week, NIT Rourkela, 12
th

 May, 2015. 

5. Sumanta Kumar Sahoo and Archana Mallik, Poster presentation at International 

conference on diamond and carbon materials (ICDCM), Bad Homburg, Germany, 6
th

 -

10
th

 September, 2015. 

6. Sumanta Kumar Sahoo and Archana Mallik, Oral Presentation at NMD ATM 

2015, held at Coimbatore, India from 13
th

-16
th

 November, 2015. 

7. Sumanta Kumar Sahoo and Archana Mallik, Poster Presentation at International 

Conference on Frontiers in Materials Science & Technology (ICFMST-2015), 

National Institute of Science and Technology, Berahampur-761008, Odisha, India 

from 10
th

-12
th 

 December, 2015. 

 

Awards & recognition 

1. Best oral presentation at iSAEST-10, Chennai, India. 

2. Best departmental researcher award at Research scholar week, NIT Rourkela, 12
th

 

May, 2015. 

 

 



                                                                                                                           Curriculum Vitae 

203 

10 Curriculum vitae 

CURRICULUM VITAE 
SUMANTA KUMAR 

SAHOO 
Objective 

 

 
To affiliate myself with an esteemed organization and apply my cognition for 

the growth of the organization and bear witness as an asset by achieving 

perfection in the area of work assigned to me. 

 

Education 

Degree Subject University/Board 
Mark 

obtained 
(%) 

Year 

Ph.D. Metallurgical and 

Materials 

Engineering 

NIT Rourkela, India 

-- 2011-17 

M.Tech. Nanoscience and 

Technology 

Anna University, 

Tamilnadu, India 
74.58 2008-10 

M.Sc. Physics  

(Opt.- Electronics) 

Berhampur University, 

Odisha, India 
78.2 2006-08 

B.Sc. Physics  

(Opt.- Electronics) 

Utkal University, 

Odisha, India 
54.06 2003-06 

+2 Sc. Science 

 

C.H.S.E., Odisha, India 
53.67 2000-02 

10
th

 General studies B.S.E., Odisha, India 65.87 2000 
 

Present Status 

 
Ph.D. Scholar 

Electrometallurgy and 
Corrosion Laboratory, 
Dept. of Met. & Mat. 
Engg., 
National Institue of 
Technology Rourkela -
769008, India. 

Research Interest 
Contact Information  

 Graphene based nanomaterials and its applications 

 Analytical aspect of electrochemistry 

 Supercapacitor performance of nanomaterials 

 Field emission of nanostructured materials 

 

Communication: 

Sumanta Ku. Sahoo 

C/O- Sachindra Nath 
Sahoo 
At- Saheb Nagar 
(Rampur). 
Po- Chhatia - 754 023 
Dt.- Jajpur 
Odisha, India. 

E-mail ID: 

sumanta39@gmail.com 

sumantakumarsahoo@ 
live.com. 

Phone No. 

+91-9437406903 (M) 

+91-674-2492445 (H) 

Home page: 

sumantasahoo.weebly.c
om 

Personal Details 

 
Name : Sumanta Kumar Sahoo 

Parents (Father) : Sachindra Nath Sahoo  

             (Mother) : Puspalata Sahoo  

Nationality : Indian 

Date of Birth : 25
th

 December, 1984 

Gender : Male 

Marital Status : Un-married 

Languages Known : Odia, Hindi, English 

 


