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Abstract 
 
 

Recently, composite materials are emerging as the new class of  materials, which 

properties can be tuned as per the applications, hence, it  has  multiple functionalities.  

Therefore,  as per the future demands for  the new technologies or devices  such as  

MEMS, Sensors, Micro-fluidic devices, bio-sensors, bio-medical devices and so on, 

composites and nanocomposites materials may be a potential material, hence, a lot of 

progress has been going on globally. Out of all these composite materials, polymer-based 

composites have potential to be used in wearable, flexible sensors and electronic devices 

because of flexibility, durability and good mechanical properties.  

Polymer composites, those are the materials which comprise of two or more 

different phases of the polymer at least as one of its phase or host material. In order to 

improve the properties of the host materials, filler materials  such as CNTs, nanoparticles, 

nanorods, nanowire, and graphene  are incorporated into the host materials. Recently, 

graphene, a 2D nanomaterial is  known to be the  excellent  filler material due to their 

excellent physical, electrical, mechanical and optical  properties like very high surface 

area, high electrical conductivity and thermal conductivity, high strength etc.  Therefore, 

Graphene-polymer composites would be more ideal for making flexible and wearable 

electronics, MEMS, sensors and biomedical devices.  

Graphene oxide(GO) becomes a  promising material for several applications and 

also  a  source material to produce the reduced Graphene Oxide (rGO), furthermore, the 

chemical synthesis process is very simple, easy and economical. Furthermore, due to the 

presence of the different oxygenated functional groups, this material can be utilized for 

the development of the nanocomposites and other hybrid materials system. In this thesis 



  

work, the first part of the thesis work mainly focus on development of a simple, 

economical and eco-friendly synthesis of the GO, for this purpose, GO has been prepared 

by using the different chemical approaches such as Hummers method, modified 

Hummers method and also by using a novel improved Hummers method  which we 

called as “Volumetric Titration Method”. In our chemical approach process to synthesize 

the GO, we have not employed any toxic chemicals such as NaNO2 or NaNO3 and not 

attained the zero temperature. Thus our process is more cost-effective and eco-friendly.  

We have synthesized GO by controlled addition of KMnO4 by the volumetric 

method and all the samples were analyzed by XRD, FT-IR, Raman and TEM analysis. 

Experimental results indicated that 2-3layers of completely oxidized GO were 

successfully prepared. Furthermore, all the as-obtained GO samples were reduced by 

using hydrazine hydrate and sodium borohydride. All the analysis results from XRD, FT-

IR, Raman, FESEM and TEM confirmed that all the GO’s were successfully reduced to 

reduced graphene oxide (rGO). These samples were applied as nanofiller materials for 

GO-PDMS and rGO-PDMS nanocomposites. 

The second part of the thesis, we have studied the dispersion behavior and 

stability of the GO synthesized by our approach to fabricate the PDMS based GO/rGO 

nanocomposites. The PDMS based nanocomposites were prepared by considering three 

different thicknesses i.e., 500um, 1250um and 2000um by using the mold-casting 

technique. Two chemical approaches are adopted to  investigate the uniformly distributed 

GO or rGO in the PDMS matrix; firstly, as synthesized RGO was directly employed as 

filler material and secondly, chemically 1,4,D treated RGO was applied as filler 



  

materials. The structural analysis was carried out by using XRD analysis and the 

functionality, bonding behavior and molecular structure were studied by using the FT-IR.  

From our experimental results, we have concluded that by treating RGO with 

1,4,D, more uniform distribution of the RGO in PDMS matrix could  be obtained, as a 

result, 1,4,D treated RGO-PDMS nanocomposite showed almost 88% transparency as 

compared to the RGO-PDMS nanocomposite and host PDMS. Electrical testing was 

carried out by four-point probe and results showed that all the samples are insulating in 

nature due to the lower wt% loading of the filer material. Dielectric measurements were 

carried out by impedance analyzer and experimental results indicated that the dielectric 

constant of the 1,4,D chemically treated RGO-PDMS showed higher dielectric constant, 

which is 16 times more than host material and 1.7 times higher  as compared to the RGO-

PDMS nanocomposite. Moreover, the thermal stability of the nanocomposite materials is 

seen to be enhanced by by addition of 1,4,D treated RGO as filler material, which was 

confirmedby the thermal analysis(TGA)  results. The possible mechanisms are also 

discussed in this thesis work.  

Though, electrical conductivity the fabricated 1,4-D-rGO-PDMS nanocomposite 

is very low, an improvement in the order of 105 as compared to host PDMS is achieved. 

Therefore, our experimental results indicated that 1-4-D chemical treatment solvent 

dispersion process improves the uniform distribution of the filler-RGO material in the 

silicon elastomer and also enhances the cross-linking bond between the filler and PDMS 

matrix. As a result, the thermal stability and dielectric properties of the nanocomposites 

can be enhanced to higher order even if at very low vol.% of filler when compared to that 

of host PDMS material. In addition to this, fabricated nanocomposites showed 82% 



  

optical transparency. We believe that our this low cost and facile approach to fabricate 

these optoelectric nanocomposites can be useful for potential applications in flexible and 

wearable electronic devices, optical MEMS, sensors, energy storage devices and 

biomedical devices. 

Therefore, we believe that this thesis research work outcomes can be helpful to 

synthesize smart composite materials having multi-functionalities for MEMS, sensors 

and biomedical applications.  However, more challenges are still required to overcome 

for utilization of these polymer composites for MEMS, sensors, and electronic 

applications such as more improvement in electrical properties, flexibility testing, 

mechanical properties testing and different chemical approaches for the fabrication of the 

nanocomposites. 
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500um, 1250um and 2000um (a) PDMS-rGO samples (b) comparison of PDMS (pure) 

and PDMS-rGO samples.  

Fig. 4.6.3 Comparison plot represents the Dielectric constant of PDMS, PDMS-rGO 

samples with different thickness i.e., 1250um and 2000um. 

Fig. 5.1.1 Schematic diagram represents the preparation of PDMS-1,4-D- rGO treated  

nanocomposites. 

Fig. 5.2.1 Schematic represents the dispersion behavior of rGO in different solvent 

system (a) cyclohexane (b) Diethyl ether (c) NMP (d) 1,4-Dioxane and (e) Ethanol. 

Fig. 5.2.2 UV-spectroscopy represents the dispersion behavior of rGO in solvents (a) 1, 

4-Dioxane and (b) NMP. 



  

Fig. 5.2.3 FT-IR spectroscopy of dispersion rGO NMP and 1,4-Dioxane. 

Fig. 5.3.1 Schematic shows the flow process for the fabrication of PDMS-1,4-D treated –

rGO based nanocomposites. 

Fig. 5.3.1.1 represents the PDMS-rGO and PDMS-1,4-D-chemically treated rGO 

nanocomposites 

Fig. 5.3.2 XRD analysis of PDMS-1,4-D-rGO samples with 0.03wt% (a) 500µm (b) 1250 

µm and (c) 2000µm. 

Fig.5.3.3 Raman analysis comparison plot of PDMS-1,4-D treated rGO nanocomposite 

with 0.03wt% of 500µm, 1250µm and 2000µm. 

Fig.5.3.4 Scanning electron Microscopy (SEM) analysis (a & b) PDMS and (c) PDMS-

rGO nanocomposites. 

Fig.5.4.1 FT-IR analysis comparison of PDMS-1,4-D treated rGO nanocomposite with 

0.03wt% of 500µm, 1250µm and 2000µm. 

Fig. 5.4.2 UV-visible spectroscopy of PDMS-1,4-Dioxane chemically treated rGO  (a & 

b) PDMS and (c) PDMS-rGO nanocomposites. 

Fig. 6.2.1 XRD analysis shows comparison plot of PDMS (pure), PDMS-rGO and 

PDMS-1,4-D-rGO. 

Fig. 6.2.2 Comparison plot of Raman analysis PDMS (pure), PDMS-rGO and PDMS-1,4-

D-rGO. 

Fig.6.2.3 FT-IR analysis comparison plot of PDMS (pure), PDMS-rGO and PDMS-1,4-

D-rGO. 

Fig. 6.2.4 (a & b) TGA analysis of  PDMS-ref, PDMS-rGO and PDMS-1,4-D treated 

rGOnanocomposites. 

Fig. 6.2.5 Comparison plot represents the Dielectric constant of PDMS-rGO and PDMS-

1,4-D-rGO samples with a thickness 1250um. 

Fig.6.2.6 IV-analysis shows the (a) PDMS-rGO and (b) PDMS-1,4-Dioxane chemically 

treated rGO nanocomposites. 

Fig. 6.2.7 Photography images of (a) PDMS-ref (b) PDMS-rGO and (c) PDMS-1,4-D-

rGO and (d) UV-visible spectra of PDMS-ref,  PDMS-rGO   and PDMS-1,4-D-

rGOnanocomposites. 
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Chapter-1 
 

Introduction 

1.1 Introduction 
 

Presently, composite materials are emerging as smart materials with multiple 

functionalities and hence it can be used for several applications such as MEMS, Sensors, 

Micro-fluidic devices, bio-sensors, bio-medical devices and so on. Out of all these 

composite materials, polymer-based composites have potential to be used in wearable, 

flexible sensors and electronic devices because of flexibility, durability and good 

mechanical properties.Polymer composites, those are the materials which comprise of 

two or more different phases of the polymer at least as one of its phase or host material. 

In order to improve the host materials or for the development of new type of materials 

with multiple functionalities, filler materials are incorporated into the host materials.As 

compared to the mm or micron filler materials, nanomaterials such as nanoparticles (NP), 

nanofibres (NF), nanorods (NR), CNT’s, graphene etc.,are known to be the excellent 

filler materials due to their distinctive properties like elevated surface area, optical, 

electrical, mechanical, thermal properties[1]. As compared to their bulk counterpart, 

hence the host material properties such as electrical, mechanical, optical etc can be fine-

tuned for several applications. For example, the carbon or other polymer-fiber covered, 

carbon covered rubber, thermoplastic or thermosetting resins, silica or mica-

coveredresins, polymer blends are the samples of polymer nanocomposites[2-4]. Polymer 

nanocomposites consisting of nanoparticles (the particle is in the nano dimension range) 
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are often investigated where the reinforcement of the polymer matrix is achieved [5-7]. 

Recently, flexible transparent electrodes (FTEs) are showing potential applications in the 

field of optical and electronics such as flexible solar cells, foldable photo electronics 

etc.[8, 9].  

 
Moreover, the conductive polymers have got significant noticeas a new class of material 

contender for electronic and sensors devices as it conduct electricity whereas majority of 

the polymers are dielectric. Therefore, a wide range of possibilities are existing to apply 

these materials to develop conductive polymercentered MEMS devices, electrochromic 

pixel exhibits, biosensors that are made-up with the MEMS fabrication method and the 

microfabricated touch sensors [10, 11]. 

 

Over the past decades, it has been stated that carbonbased materials like carbon black, 

fullerenes, CNT’s and Graphenebased materials (i.e., GO and rGO), are emerging as 

potential materials and can be used as filler material for the development of 

nanocomposite materials. The annual publications of articles on GO and rGO based 

polymer composites are shown in Fig. 1.1. Out of different options for the nanofiller to 

develop nanocomposite, Graphene, GO and rGO has been very commonly considered in 

the last decade [12-14]. Therefore, GO and rGO can have the potential to be employed as 

excellent filler materials for the development of polymer-basednanocomposites.    
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Fig. 1.1 (Left) Count of published literature articles that are related to carbon 
nanomaterialsduring year 2004 – 2015 period. (Right) Count of published literature articles that 
are related to ‘graphene’ and ‘graphene with polymer’ [12]. 
 

1.2 Overview of Graphene-based Polymer nanocomposites 
 

Graphene is a 2D- hexagonal ring based carbon network that has carbon atoms in 

a ring construction and it is well-known material for vital applications. Pristinegraphene 

(a single, virginally sp2-hybridized carbon coating free of heteroatom defects) has been 

made by numerous methodslike chemical vapor deposition, mechanical exfoliation & 

cleavage and toughening a single crystal SiC in ultrahigh vacuum [15]. The above 

procedures have various shortfalls such as with extreme energy necessity, little yield and 

constraint of the instrument containing growth by chemical vapor deposition (both of 

agglomerated powders and discrete monolayer onto a substrate), micro mechanical 

exfoliation of graphite and growth on crystalline silicon carbide[16, 17]Although these 

methods can fabricate defect-free material with excellent physical properties, present 

procedures of producing graphene do not return great enough quantities for use as 

composite fillers [18, 19]. 
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Fig. 1.2 Various allotropes of carbon: (a) graphite (b) graphene (c) carbon nanotube, (d) C60, (e) 
C70, (f) C540, (g) amorphous carbon, (h) lonsdaleite and (i) diamond [20]. 
 

Out of all those different approaches, the chemical method happens to show a potential 

route to produce graphene in powder form due to more simple and cost-effective. 

However, the resultantproduct might have a large extent of oxygen functional groups and 

flaws. The chemical process involves three key phases: “graphite oxidation, exfoliation 

of graphite oxide and reduction of graphene oxide sheets” [21, 22]. 

Brodiehas first showed the synthesis of GO in 1859 by accumulating a percentage of 

potassium chlorate to a slurry of graphite in fuming nitric acid[23]. In 1898, 

Staudenmaier enhanced this procedure by consuming a combination of strong sulfuric 

acid and fuming nitric acid tailed by slow adding of chlorate to the reaction 
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combination[24]. This minor modification in the process has delivered a simple and 

improved protocol for the fabrication of greatly oxidized GO. In 1958, Hummers stated a 

different technique for the preparation of grapheme oxide by using KMnO4 and NaNO3 

in strong H2SO4. GO made by this process could be used for making big graphitic 

films[25]. Bonaccorso et al., recently reported that “GO is an atomically thin sheet of 

carbon covalently bonded with functional groups containing oxygen contain sp2 and sp3 

hybridized carbon atoms”. Generally, it is used like a precursor for the preparation of 

rGO but lately it has paid notice owing to its optical features. It has been indicated that 

GO, like rGO, exhibit saturable absorption that makes it fit for passive mode locking of 

thelaser.Reduced Graphene Oxide (rGO) acquired by means of the usage of benzylamine 

as lessening and functionalizing mediator, sodium borohydride like decreasing agent. 

Such grouping of reduction was used in the initial time as reported from the literature 

[26]. 

 

Fig. 1.3 Characterization of graphene samples produced by using melamine as exfoliating agent 
by using different techniques such as XRD, Raman and Transmission Electron Microscopy [6]. 
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Graphene has been proved as an “electrode material in electrochemical supercapacitors in 

electrical/hybrid automobiles” because of their unique with an amazingmixture of 

properties like“high surface area, lightweight, good electrical conductivity, compatibility 

with other materials, outstanding flexibility and transparency”. Further, it shows excellent 

mechanical, electrical and thermal properties [27, 28].  

A diverse method to obtain graphene sheets in mass quantities is through 

chemical oxidation of the graphite and following exfoliation in liquid form solvable 

graphene oxide[29].However, the final material obtained consists of a diversity of oxygen 

functionalities, disturbing the prolonged π-conjugated sp2 network and affects the new 

electronic features of graphene, thus making it as an insulator[18]. Though drop of 

graphene oxide produces reduced Graphene Oxide (GO) sheets and maximum ofthe 

times,the procedure is inadequate and the physical features of the material formed 

difficult to achieve pristine graphene[30]. 

 

Fig. 1.4 (a)From left side to right side: pristine graphite and exfoliated graphene as achieved by 
tip sonication for 5, 15, 30 and 60 minutes, in o-DCB (b) Picture of the ½-inch fused silica 
windows with GO and rGO coatings [26, 31]. 
 

First-class graphene and graphene-based fabrics (Eg: graphene-polymer 

compounds, graphene intercalated by metallic nanoparticles or other nanostructures such 

as fullerene and/or CNTs) can be basically achieved beginning from regular graphite. 
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Graphene is probable nanofiller that can considerably enhance the characteristics of 

polymer based composites at extremely small loading[32, 33]. 

 

Fig. 1.5“Raman spectrum of graphene. Inset (Left): TEM image of graphene (wrinkles in 
graphenesheets have been marked with arrows). (b) TEM image of CNTS. Inset (Right) evidence 
of percolation network formation in CNT”[34]. 

 

The results till now stated in the literature specify that graphene/polymer 

compounds show multifunctionality with extensively enhanced tensile power and flexible 

modulus, electrical and thermal conductivityetc[34]. Despite few challenges and the truth 

that carbon nanotubes/polymer compounds are occasionally superior in some specific 

performance, graphene/polymer compounds may have widespread possible applications 

owing to their exceptional properties and the accessibility of graphene in a big quantity at 

little charge [35].  
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Fig. 1.6 Schematic representation of Ultra capacitor [36]. 
 

 
Recently, another top-down method has been developed to fabricate graphene sheets, 

involving the exfoliation of graphite in the watery phase by sonication, molecules that 

overwhelmed the robust van der Waals interaction, supporting the various graphene 

coatings in graphite[37]. In this context, many liquids have been used to generate steady 

dispersals of graphenelike surfactants in aqueous media, ionic fluids and organic 

solvents. Several applications of these graphene sheets obtained by this technique in 

various energy storage based devices with few examples like capacitors, FETs [30, 38, 

39]. 

 

 

Fig. 1.7 represents synthesis of GO by modified Hummer’s method and kinetics study [40]. 
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Yang Qiuet.al,has reported a detailed thermo-chemical and kinetic analysis of GO 

exothermic decomposition planned to discover the situations and material compositions 

that prevent explosion during storage and processing of bulk-scale GO synthesis [40]. It 

is shown that “GO becomes more reactive for thermal decomposition when it is 

pretreated with OH− in suspension and the effect is reversible by back-titration to low pH. 

This OH−effect can lower the decomposition reaction exothermic onset temperature by 

up to 50ºC, causing overlap with common drying operations (100–120°C) and possible 

self-heating and thermal runaway during processing”[6, 40-43]. 

 
 
1.3 Literature Review on polymer-basednanocomposites 
 

The exploration of the nano-world has allowed the integration of nanostructures 

into polymer matrices with hierarchical architectures. In this way either by 

compatibilization of nanofillers with different properties or by controlling the collective 

communication between particles throughout an organized network, it is likely to tailor 

dielectric, electrical, mechanical, thermal and magnetic features of 

nanocomposites[3].“Graphene-polymer nanocomposites have been prepared by three 

different routes such as Solution mixing[44][?], Melt blending[5], In-situ 

polymerization[45]”.There are several polymers such as PDMS, PANI, PMMA, PS used 

for the development of novel functional materials with improved performance for 

different applications.Among other features, elastomers offer decent heat opposition, ease 

of distortion at ambient temperatures and extraordinary elongation and elasticity before 

breaking. These features have proven elastomers as outstanding and comparatively low-

cost materials for different applications in several areas including automotive, industrial, 



  10

packaging, healthcare etc.“Elastomers can be used effectively as polymeric matrixes and 

the polymer nanocomposites that are formed exhibit significantly improved properties”[2, 

46].  In fact, the design of materials with new properties for specific applications is the 

key element in the creation of high value-added products in multidisciplinary 

technological areas such as bioscience, optoelectronics, nano-electronics and nano-

photonics. Their general characteristics involve compatibility, ease of fabrication, 

lightweight, non-corrosive and viscoelastic behavior, a small modulus of flexibility, a 

high failure strain along with very weak inter-molecular forces[47].Polymer 

nanocomposites display considerable property improvements at much lesser loadings 

than polymer compounds with established micron-scale fillers (like glass or carbon 

fibers) which finally results in lesser component weight and can streamline processing; 

moreover, the multifunctional feature improvements made probable with nanocomposites 

may generate novel applications of polymers [48, 49]. 
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To make polymer electrically conductive, it must mimic the metal, which means that 

electrons in polymers need to be open to move. “The electrical property of polymeric 

materials has become an increasingly interesting area of research because these materials 

possess a great potential for solid state devices” (Xiao et al., 2011; Dong et al., 2011; 

MacDiarmid, 2001). Conducting polymers (Reda and Al-Ghannam, 2013) are 

semiconductors and their band-gaps could be adjusted by changing the chemical kind of 

either the polymer backbone or the side groups existing in the polymeric chain. The 

overlying of the molecular orbital for the creation of the delocalized molecular wave 

functions and the partly occupied molecular orbital for a unrestricted movement of 

electrons throughout the polymeric structure are the essential needs for the polymers to 

become conductors[50, 51]. 

 

Fig. 1.8 “FT-IR Spectrum of (a) PANI, (b) CuS, (c) PANI/CuS and (d) ZnO/PANI-CuS thin 
film”[51].  
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Fig. 1.9 Electrical conductivity of normal rubber (NR) compounds as a function of graphene (GE) 
content[52]. 
 
 
 
PDMS (Silicon Elastomers)  
 

Out of the all elastomeric polymers, “PDMS is a Si-based organic polymer that 

has found wide applications in MEMS and microfluidic device fabrication, soft 

lithography, contact lens manufacturing and device encapsulation” [53]. Free-standing, 

hierarchical reticulate single-walled carbon nanotubes (SWCNT) films are embedded in 

poly (dimethylsiloxane) (PDMS) to make stretchable conductors (SWCNT/PDMS 

stretchable conductors).  
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Fig. 1.10 Overview of silicon applications as reported from literature. 

The stretchable conductors are very clear in thevisible light area and hold 

exceptional conductance under big tensile strains. Strain examinations disclose a 

distinctive strain-history dependence conduct of the resistance and resistance steadiness is 

succeeded upon repetitive elongating and freeing, implying that the SWCNT/PDMS 

stretchable conductors can be programmed to be reversibly stretched to a defined strain 

without confrontation changes. A quantitative explanation of the surge in resistance is 

determined by adopting the Wei bull distribution. Additionally, a light-emitting diode 

could be illuminated using a repeatedly prolonged SWCNT/PDMS strip as the 

connecting wire, exhibiting the utility of the stretchable conductors as interconnects for 

stretchable electronics. Because of the elevated transparency, extreme conductivity, and 

exceptional stretchability, in add-on to the facile creation, the SWCNT/PDMS stretchable 

conductors might be broadly used as interconnects and electrodes for stretchable 
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intelligent and functional devices[54]. Therefore more research activity is still required to 

implement this material for several application by employing different nanomaterials as a 

filler material. Out of those, graphene is emerging as a potential material for fabrication 

of graphene-PDMS based nanocomposite. 

 

PDMS (Silicon Elastomers) based Graphenenanocomposites 

Graphene-polymer compounds have attracted significant attention because of 

their great mechanical, electrical and thermal properties[48]. Graphene and its byproducts 

are extremely effective in strengthening polymers at significant small loadings. The 

optimal content of graphene, however, changes in different polymer systems. The 

enhancement in strength is greatly reliant on the integrated quantity of graphene, as it 

could effect the dispersal, morphology and connections within polymer matrix[55-58].  

A Graphene composite which is fabricated by using the functionalization of 

graphene sheets, in those approaches graphene sheets (rGO) can be dispersed in liquid 

and organic solvents, thatreduce the agglomeration and help to achieve greater loading of 

graphene in the compounds. Ultra sonication helps to get a consistent dispersion of 

graphene sheets; however, prolonged exposure to high power sonication induces the 

deficiencies in graphene, which may degrade the properties of the composites. 
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Fig. 1.11“Photograph of graphene transferred to different flexible substrates. (A) Monolayer 
graphene transferred to Teflon tape. (B) Multilayer (three layers) graphene on a Teflon filter by 
transfer three times. (C) Graphene on a CN/CA membrane filter. (D) Multilayer (two layers) 
graphene on a paraffin film. (E) Graphene on a polycarbonate substrate. (F) Graphene on a PVC 
substrate. The rulers are scaled in centimeters”[59]. 

 

Dendrite type polymers have been used to functionalize graphene sheets through 

π-π stacking, trailed by deposition of in-situ generated metal nanoparticles, while the 

poly(N,N-dimethylacrylamide)-b-poly(N-isopropyl acryl amide) block copolymer was 

intercalated with chemically transformed graphene sheets providing upsurge to a possibly 

biocompatible hybrid complex[60].The benefit of the polymernanocomposite is to offer 

significant additional features to thepure polymer without losing its 

processability,intrinsic mechanical properties and lightweight. Graphene has drawn 

notice as a assuring candidate to build innovative PNCs owing to its outstanding 

properties and readily accessibility of its precursor, graphite [44].  

 

Stankovich has reported similar to this method and has prepared the GNS/polystyrene 

nanocomposites. A mild single-step electrochemical approach was used to synthesize 

functionalized graphene sheets by ionic-liquid-water as solvent precursor which enhance 
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the properties of functionalized graphenenanosheets in polystyrene compounds by liquid-

phase blend route exhibit percolation threshold of 0.1vol% electrical conductivity and the 

polystyrene composite showed the conductivity of 13.84S-m-1 at 4.19vol% which is 3-

15times that of polystyrene composites filled with single-walled CNTs[61, 62]. 

 

 

Fig. 1.12“Photographs of graphene on (A) a piece of cloth and (B) regular A4 paper. A drop of 
PMMA was placed in the center of the cloth, so the edges soaked up more FeCl3 etchant than the 
middle, and is therefore darker. In the case of the paper, the entire surface was uniformly coated 
with PMMA but the graphene offers some protection from the etchant, resulting in more color 
contrast”[59]. 
 
Rafiq et al.have researched the result of FG (oxygenated graphene) content on the 

breakage durability of nylon-12. They have reported that the highest development (72 %) 

was attained with the accumulation of 0·6 wt% FG. According to the optical microscopy 

images as shown in Fig. 1.12, it can be detected that by incorporation of the FG produced 

a rise in the amount of γ-phase in semicrystalline nylon-12, representing the nucleating 

ability of the FG. The regular size of nylon crystals reduced in 0·6 wt% FG–incorporated 

nanocomposite. The reduced crystal size could help the hardiness of nylon-12. However, 

with the supplement of 1 and 3 wt% FG, the crystal size enlarged, which caused in lesser 

toughness[14]. Therefore, lower wt% is more effective for preparation of the FG-PMMA 

nanocomposites.   
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Presently, scholars in the arena of flexible electronics target to develop materials 

and patterning processes that upsurge TFT performance while lessening the charge per 

unit area.   

 

Fig. 1.13 represents the polymer-based device applications (a) stretchable ‘biostamp’ skin sensor 
and (b) glucose-sensing contact lens [62].  
 

Graphene-polymer compounds have the potential to be applied to several products like 

components of electronic equipment, energy storage media, organic solar cells, heat 

conduction composites, film packaging and biomimetic devices owing to the amazing 

properties.    
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Fig.1.14 Schematic represents the synthesis of rGO and acolloidal dispersion of rGO in different 
organic solvents[63]. 
 

Senguptaet. al have reported, summarized the manufacturing approaches of graphene-

based polymer compounds i.e., in-situ polymerization, solution compounding and melt 

amalgamation. The studies on graphene compounds based on different polymers such as 

PMMA, polypropylene, PE, PS, polyphenylene sulfide, polyaniline, polyamide, phenyl 

ethynyl-terminated polyimide etc., has been reported by Kuilla. In-situ polymerization 

and solution compounding assist to enhance the physical characteristics of composites by 

improving the dispersal of fillers as stated [57, 64-66]. 

A big transparent conductive CCG film was readily made-upby a fast, low-budget and 

simple method using spray depositionof GO–hydrazine dispersal. With this process, the 

making of the film and decrease of GO to CCG were carriedout concurrently. The 

prepared CCG films were identicaland exhibited a low sheet resistance of 2.2x103ohm-
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cm-1with84% transparency at a wavelength of 550nm. It is witnessedthat the sheet 

confrontation of CCG sheets was closely linkedto the I(D)/I(G) ratio of Raman data[67]. 

 

Fig. 1.15Schematic represents the dispersion behavior of GO and chemically converted graphene 

(CCG)[35]. 

 

Study of the Dielectric properties of polymer-basednanocomposites 

For the upcoming sensors and great energy density capacitors, it is important to make 

dielectric materials with an elevated dielectric constant, little loss, great breakdown field, 

and a low charge. The energy storage capability of the compounds could be improved by 

the exterior modification of the fillers and from the interface compatibility connecting the 

fillers and the polymer matrix. The value of energy storing density in a dielectric material 

is strongly reliant on the dielectric constant (εr) and breakdown power (Eb). However, it is 

very tough to enhance them synchronously because the improvement of dielectric 

constant is typically accompanied by a great loss, which may result in small breakdown 

strength. Inorganic dielectrics (i.e. ferroelectric ceramics) show relatively great dielectric 

constants, but they also have small breakdown strength and deprived processability. 

Polymers own a high breakdown strength and good processability, but their dielectric 
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constant is comparatively low (usually smaller than 5). Therefore, “dielectric composites 

combining ceramics and polymers have been widely studied due to their excellent 

dielectric properties, good mechanical flexibility, and easy of fabrication” [22]. To obtain 

great performance dielectric composites, it is very important to disperse ceramic 

nanoparticles into the polymer matrix consistently and to get good quality dielectric 

composites with an identical microstructure.   

Recent studies have shown that the simple mixing and solution casting of a filler in a 

polymer matrix normally resulted in deprived film quality and inhomogeneity because by 

introducing the high surface energy ceramic particles into a low surface energy polymer 

it sources extremely inhomogeneous electric fields at the interfaces, that may conduct 

charges owing to the incorrect and non-uniform dispersal. Thus, it decreases the dielectric 

breakdown power of the compounds. Therefore, the appropriate organic amendment of 

the surface of the particles may be an applicable way to prevent the agglomeration of the 

nanoparticles and improve the uniform dispersals [56, 68, 69]. 

 

Fig. 1.16 Schematic represents the dispersion of filler material in the composite matrix [32].  

Surfactants like phosphate sulfonate, silane, and carboxylate based surface 

modifiers or coupling agents are added to the polymer nanocomposites for improving the 

dispersal and also to upsurge the dielectric breakdown. It is trusted that the bridge-linked 
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action of the coupling agent can also enhance the composite uniformity and enhance the 

dielectric reaction of the composite. The selection of the coupling agent is therefore an 

important design thought, which influences the polymer matrix, surface characteristics of 

the filler, and polarization losses at the interface.  

 

Shail K. Gupta et. alhave prepared the PMMA/BaTiO3 nanocomposite sheets prepared 

by using solution processing method and the nanoparticles are homogeneously dispersed 

in the PMMA polymer matrix. They have reported that there is a surge in the dielectric 

constant with a rise in the BaTiO3 filler content in the polymer matrix as shown in Fig. 

1.17 and the dissipation factor (tanߜ) decreases with an increase in the frequency[70]. 

 

Fig.1.17 Frequency dependence of (a) dielectric constant and (b) loss tangent for PMMA/ 
BaTiO3 nanocomposites[70]. 
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Fig.1.18 Dielectric properties of the composites reported [71]. 

 

1.4 Flexible Sensors  

 Strain sensors with anelevated elastic limit, extreme sensitivity are necessary to assemble 

the growing requirement for wearable electronics and sensors. The rising demand for the 

wearable electronics such as skin-surface mountable sensors and implanted sensors, 

strain sensors (also termed ‘strain gauges’) capable of relatively high sensitivity 14 and 

high elastic limit have attracted attention globally. Highly sensitive and stretchable 

sensors have great potential for broad applications such as flexible displays, robotics, 

health-monitoring devices, and sports (e.g. performance monitoring and novice 

training)[72-76].  

Real permittivity versus log frequency  

Imaginary permittivity versus log frequency  AC conductivity versus log frequency 
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Fig. 1.19 Images of normal (A) stretched and (B)bended (C) conductive CNT-graphene-PDMS 

electrode (D) Microstructure of MWCNT (1D)/Graphene (2D) interconnection in PDMS matrix 

[54].  

 

Strain sensors have a broad range of uses in engineering, medicine and industry for 

measuring various quantities like stress, pressure, torque and vibration. Despite their 

outstanding features, conservative strain sensors like semiconductor-based strain gauges, 

show some limitations like measurement range, little sensitivity, complications to be 

embedded in material structures, low exhaustion life and sensitivity to environmental 

situations and influencing effects. Therefore, a new class of smart materials is need to 

overcome these shortfalls [34].     

An elevated strain measurement sensitivity can be touched at the percolation threshold. 

“The percolation threshold depends on different factors such as CNT aspect ratio, CNT 

type, shell quality, dispersion degree and the functionalization of the CNTs”[77]. 

Commonly, CNT networks with functionalized CNTs have greater percolation thresholds 

than non-functionalized CNTs. Analyses have indicated that percolation threshold and 

conductivity intensely depends on the type of polymer, fabrication factors, uniform 
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spatial distribution of individual CNTs and degree of alignment. Therefore, percolation 

thresholds ranging from less than 0.5wt% to over 10wt% of CNTs loading have been 

 
 
Fig. 1.20 Application in ECG signal (E) Experimental set-up to observe the ECG signal (F) 
Image of LED procedure with a CNT-graphene-PDMS electrode as an interconnection (G) ECG 
signal measured under the condition of (E) [54]. 
 

reported. It is anticipated that the accumulation of CNTs to a polymer considerably 

improves the conductivity of the composite [34].Latest improvements in strain sensors 

built on CNT thin films and CNT/polymer compounds by considering the effect of the 

fabrication factors, kind of CNTs and polymers on the strain sensor conduct and 

reproducibility.A strain sensor has been created with PEDOT: PSS according to the 

piezoelectric function that contains the variations in the electric resistance to the applied 

pressure[78, 79]. 
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Fig. 1.21 Pictures of graphene EGFETs: (a) 200 mm wafer patterned with 280 transistors[80]. 

As reported from the current literature, several groups are working globally in the 

fabrication of graphene-based devices for several purposes. However, with new 

applications come ever-growing demands for new classes of polysiloxane materials with 

enhanced, better and even novel materials properties[68, 81, 82]. 
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1.5 Current Challenges and Issues 

Recent literature has been focused on the polymer-basedgraphenenanocomposites 

because of the excellent properties of the 2D honeycombgraphene. The  current research 

activities on the facile synthesis of graphene and GO to develop novel hybrid materials 

for various applications. The chemical approaches to prepare the Go and RGO from the 

graphite is a favorable route for producing a large-scale production of graphene. There is 

great attention to the preparation method of GO-based material composites. Graphene, 

however, has a major drawback of low dispersibility in water since low surface area as 

reported from the literature and hence, limits the applications. There exists a lot of 

chemical methods i.e., Hummer’s method and modified Hummer’s method, CVD, 

mechanical exfoliation but limits the applications because of their structure, morphology 

and defects/disordered characteristics obtained from different synthesis methods. The 

solution processing requires more time for drying and usually results in the restacking of 

graphene through the drying procedure. The superior quality of graphene is usually 

produced using method named Chemical Vapor Deposition (CVD), mechanical peeling 

and Carbonization from solid sources. These approaches are not appropriate for the mass 

synthesis of graphene used as the filler. The liquid exfoliation and drop of graphene oxide 

to fabricate Chemically Converted Graphene (CCG) in big quantities used for the 

fabrication of polymer-basedgraphenenanocomposites. 

Current status of the polymer-basednanocomposites in the near future plays a major role 

in the fields of Micro-Electronic Mechanical Systems (MEMS), Opto-electronic system, 

Flexible Electronic systems and so on. Development of these polymer nanocomposites by 
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facile methods to enhance the electrical, thermal, optical and mechanical properties is a 

current challenging issue. As per current literature, it has been seen that that one of the 

main issues in preparing the good polymer-basednanocompositeis the good dispersal of 

the graphene in a polymer host matrix.The solvent rapport of the polymer and the filler 

plays animportant role in getting decent dispersion.However, restocking happens 

regularly during addition with the polymer matrix owing to robust van der Waals forces 

between the graphene fillers and sources cracks, pores, and pin holes in the compound. 

These flaws drop the valuable properties of the graphene-polymer compounds. Good 

dispersal is vital for getting the preferred improvement in the ultimate physical and 

chemical properties of the compounds [83]. One of the main tasks is to achieve the decent 

dispersion of the graphene in a polymer matrix is to eliminate the agglomeration of 

polymer host material due to the intrinsic vander Waals forces and π-π stacking. 

Moreover, Graphene is also hydrophobic nature. There are different methods have been 

developed for the preparation of these nanocomposite structures, including solution 

mingling, melt mixing and in-situ polymerization [84-86].Another main issue is that for 

refining the electrical conductivity of the polymer nanocomposites,  higherVol% or Wt% 

filler materials are incorporated that degrade the mechanical durability and flexibility and 

hence, to develop the polymer-basednanocomposites with improved flexibility with low 

Vol/Wt (%) of filler materials in the polymer matrix. To enhance the optical transparency 

with a low percentage (%) by Volume or weight (%) since as found from the literature, 

optical transparency varies with an increase in weight of fillers in the polymer matrix. 

Obtaining a uniform or homogenous dispersion of the filler material in the polymer 

matrix with enhanced properties is a challenging issue. Furthermore, more research 
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activities are still needed to obtain a zero defect nanocomposite with an identical 

microstructure, elevated dielectric constant, great dielectric strength, and little dielectric 

loss  [38, 68, 87-89]. 

 

1.6The Motivation and Objective of the Thesis 

The main objective of this thesis work is divided into two parts, the first objective 

is to synthesize graphene oxide by using a novel chemical approach (volumetric method) 

without applying of NaNO2/NaNO3 or attending zero temperature requirement for 

obtaining a 2-3 layer fully oxidized GO in a simple, economical and eco-friendly 

approach. The second goal of this thesis work is to cultivate a uniformly distributed 

reduced graphene oxide (rGO) based PDMS nanocomposite and to investigate the 

optical, thermal and dielectric properties for future applications in transparent flexible 

and wearable sensors.  

 

 

 

 

 

 

 

 



  29

 

1.7 The Thesis Outline 

The first chapter deals with the introduction of nanomaterials, polymer-

basednanocomposites and Literature review. The second chapter of the thesis involves 

the synthesis and characterization of graphene oxide by using Conventional Hummer’s, 

Modified Hummer’s, method and our novel volumetric approach (without the addition of 

NaNO2 or NaNO3). The third Chapter of this thesis describes the chemical decrease of 

graphene oxide to reduced Graphene Oxide by the chemical reduction process. Chapter-4 

deals with the fabrication and Characterization of neat PDMS and rGO-PDMS composite 

without any chemical treatment of the NGO. Chapter 5 involves the fabrication and 

characterization of 1,4-Dioxane chemically treated rGO-PDMS nanocomposites. Also, 

the optical, thermal, dielectric and electrical properties are studied. Chapter 6 deals with 

the comparative study of the structural, bonding, thermal, optical, dielectric and 

flexibility of rGO-PDMS and 1,4-D-chemically treated rGO-PDMS nanocomposites. 

Ultimately, the summary and conclusions are outlined in Chapter 7.  
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Chapter-2 
 

Synthesis of Graphene Oxide (GO) by Modified Hummer’s 
method without NaNO2 or NaNO3 (Volumetric method) 

 
 
2.1 Introduction 
 
This chapter deals with the synthesis and characterization of graphene oxide (GO) by 

using Conventional Hummer’s method and a novel controlled process called volumetric 

titration process. The structure, morphology, bonding and molecular structure are 

investigated by using XRD, TEM, FESEM, FT-IR, Raman and UV-spectroscopy.     

 
2.2 Synthesis of GO by Conventional Modified Hummer’s Method 
 
2.2.1 Preparation 
 
Initially, sulphuric acid 23ml was taken in a glass beaker kept in ice-bath for 45minutes 

and maintained the temperature <0ºC. Then graphite powder and NaNO3 crystals were 

added and subjected to constant stirring for 45min in an ice-bath for the thorough mixing 

of the chemical reaction. Follow by the addition of KMnO4 slowly to the above solution. 

The solution color changes to greenish black from black color and maintained the 

temperature (<20ºC) during the reaction and the solution attained the room temperature 

was subjected to oil-bath with constant stirring. Further addition of 10ml H2O2 and 140ml 

of DI H2O the color changes to brown and with continuous stirring for 15min graphene 

oxide (GO) settled out was filtered and neutralized the pH by using 5% HCl, DI water 

and methanol.Vacuum conditions: Graphite precursor heated in an oven at 50ºC for 

24hrs under vacuum of 720mm of Hg. GO synthesized from graphite precursor treated 

under vacuum by a conventional method.     



  31

GO synthesis by Conventional Hummer’s Method 

 

Fig. 2.2.1 Flow diagram represents the synthesis of GO by Conventional Hummer’s Method. 

 

Fig. 2.2.1 represents the block diagram of GO synthesized by conventional 

Hummer’s Method as reported from the literature. The synthesis stepwise process in brief 

is represented in Fig. 2.2.1. 

Table: 2.2.1. Synthesis of GO preparation by Conventional Hummer’s Method 
 

 
Sl. 
No. 

 
Sample ID 

 
Graphite 

(gms) 

 
H2SO4 
(ml) 

 
KMnO4 

(gms) 

 
NaNO3/ 
NaNO2 

 
H2O2 
(ml) 

 
H2O 
(ml) 
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(gms) 
 

1. 
 

MH1-01-GO 
 

1.00803 
 

23 
 

3.00201 
 

0.50108 
 

10 
 

140 
 

2. 
 

MH1-02-GO 
 

1.00199 
 

23 
 

3.2411 
 

0.50001 
 

10 
 

140 
 

3. 
 

MH1-03-GO 
 

1.0072 
 

23 
 

3.00078 
 

0.50018 
 

10 
 

140 
 

4. 
 

MH1-04-GO 
 

0.99820 
 

23 
 

3.21750 
 

0.49731 
 

10 
 

140 
 

From the Table 2.2.1, the parameters are used to synthesize GO by Conventional 

Hummer’s method with thelow and high amount of potassium permanganate i.e., 

theoxidizing agent used in the process. GO synthesis was carried out with graphite 

precursor without vacuum and under vacuum conditions i.e., 720mm of Hg in order to 

remove the traces of moisture content from the precursor material. 

2.2.2 Structural analysis by XRD 
 

 

 

(a) (b) 

(c) 
(d) 
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Fig: 2.2.2 XRD patterns of GO with (a) low KMnO4 (without vaccum) (b) high KMnO4 (without 
vaccum) (c) low KMnO4 (with vaccum) (d) high KMnO4 (with vaccum). 
 
 

Fig. 2.2.2 shows the XRD analysis of GO synthesized from Conventional Hummer’s 

Method without vacuum and under vacuum conditions. From Fig. 2.2.2 (a) and 2.2.2 (b), 2� peak 

appears at 12.42º& 12.33º for the samples MH1-01-GO and MH1-02-GO respectively with lower 

and higher amount of KMnO4. The peak around 42.9º as sown in the Fig. 2.2.2 (a-d) obtained 

from the precursor graphite powder used in the process. From the Fig. 2.2.2 (b), there is an 

increase in the inter-planar spacing of 0.716nm when compared to low concentrations of the 

oxidizing agent, it is observed with d-spacing 0.712nm. From the Fig. 2.2.2 (c), the oxidation of 

the graphite pre-treated in vacuum to GO results with an increase in inter-planar distance of 

0.78nm when compared with MH1-01-GO and MH1-02-GO. The crystallite size of GO by 

Conventional Hummer’s Method is found to be 0.09nm and 0.1nm for MH1-01-GO & MH1-02-

GO and MH1-03-GO & MH1-04-GO with 0.115nm & 0.05nm respectively. XRD analysis 

indicates that complete oxidation of graphite to graphene oxide with a slight shift in peak towards 

the right with an increase in KMnO4.                      

 
 
 
 
 
 
 
 
 
 
2.2.3 Bonding characteristics by FT-IR spectroscopy   
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Fig: 2.2.3 FT-IR plots of GO (without vacuum) with (a) low and (b) high KMnO4 by 
conventional Hammer’s method. 
 
Fig. 2.2.3 (a) & (b) shows the FT-IR analysis of the GO samples MH1-01-GO and MH1-02-GO 

respectively with low and high KMnO4 without vacuum. Oxidation of graphite by conventional 

Hummer’s method from FTIR analysis observed the presence of different functional groups 

3427cm-1 due to the hydroxyl (-OH) groups, carbonyl (C=O) at 1384.2cm-1& 1024cm-1 and 

carboxyl (-COOH) groups. 

 
2.2.4 Raman analysis  

 
Fig: 2.2.4 Raman analysis of GO (a) low KMnO4 (MH1-01-GO) (b) high KMnO4 (MH1-02-GO 
by conventional Hummer’s method. 
 
 
Fig. 2.2.4 (a) and (b) shows Raman analysis of GO (without vacuum) samples with low 

and high concentrations of oxidizing agent i.e., KMnO4 where D-band at 1356.6cm-1 and 

G-band 1603.7cm-1 with the 2D-band at 2701cm-1& 2900cm-1. It is observed that the D-

peak shifts towards right higher wave numbers because the formation of defects and ID/IG 

(a) (b) 

(a) (b) 
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ratios are found to be 0.978 & 0.976 for the samples MH1-01-GO and MH1-02-GO 

respectively. 

 
 
Fig: 2.2.4 Raman analysis of GO (c) low KMnO4 (MH1-03-GO) (d) high KMnO4 (MH1-04-GO) 
by conventional Hummer’s method. 
 

Fig. 2.2.4 (c) & 22..4 (d) shows there is no much difference in a shift of D- peak wrt graphite 

structure when compared with the samples MH1-03-GO and MH1-04-GO respectively. There is a 

rise in the D and G band intensities with an increase in the KMnO4.     

 
 
2.2.5. Morphology analysis by TEM  
 
TEM sample preparation: GO of 0.5mg taken in 50ml of water and ultrasonication 

carried out for 10-15min. 

 

 

 

 

(c) (d) 
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Fig: 2.2.5 TEM image analysis of GO (a), (b) & (c) low KMnO4 (without vaccum) and (d), (e), 
(f)  high KMnO4 (without vaccum) by conventional Hammer’s method. 
 

From Fig. 2.2.5 (a-c) shows the TEM analysis of GO samples MH1-01-GO & 

Fig. 2.2.5 (d-f) for MH1-02-GO with low and high amounts of oxidizing agent. We can 

observe that GO with thick sheets and multilayered structure from fig. 2.2.5 (a-c) from 

HR-TEM image analysis and the SED pattern shows the incomplete oxidation of graphite 

because of the low amount of KMnO4. From fig. 2.2.5 (d-f), we can see more transparent 

graphene oxidized sheets because there is an increase in oxidation with an increase in the 

KMnO4. We can infer from the fig. 2.2.5 (d) & 2.2.5 (e) that GO with a layered structure, 

transparent, wrinkles and presence of multi-layered graphene sheets.         

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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2.2.6. FESEM analysis 

 
 
Fig: 2.2.6 FESEM image analyses of GO (a), (b) & (c) without vacuum by conventional 
Hummer’s method.   

 

Fig. 2.2.6 shows the graphene oxide synthesized by conventional Hummer’s 

method shows the FESEM image analysis of MH1-02-GO. We observed the oxidized 

GO wrinkle formation and thin sheets with layered structure morphology.      

 
 
2.3. Synthesis of GO by Modified Hummer’s Method (MHM) 
 
2.3.1 Preparation 
 
A glass-beaker containing sulphuric acid was placed in an ice-bath maintained at low 

temperature (i.e., below 0ºC). The graphite powder uniformly dispersed in the above 

solution by continuous magnetic mixing for 1hr 30min to obtain a uniform reaction 

mixture. Then potassium permanganate was slowly added and the color of the solution 

changed to dark greenish and after 15min sodium nitrite (NaNO2) added slowly in 2-

3steps. The solution color still in dark green after constant stirring for 30min and then 

turned to brown upon addition of H2O2 slowly drop by drop with a boiling solution and a 

sudden rise in temperature of 160ºC. The rise in temperature slowed down by using 

140ml of DI water to maintain room temperature (i.e., 25ºC) and the solution 

(a) (b) (c) 
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continuously stirred for 1hour 30min and allowed to stay the whole night, separated the 

settled product by filtration and neutralized to pH 7. 

Table: 2.3.1 Synthesis of GO (Vaccum) by Modified Hummer’s Method 
 

 
S.No. 

 
Graphite 
(gms) 

 
H2SO4 
(ml) 

 
KMnO4 
(gms) 

 
NaNO2 
(gms) 

 
H2O2 
(ml) 

 
H2O  
(ml) 

 
1.  

 
0.3689 

 
23 

 
1.18931 

 
0.18479 

 
10 

 
140 

 
2. 

 
0.3078 

 
7.0794 

 
0.99372 

 
x 

 
5 

 
70 

 
Table 2.3.1 shows the GO synthesis with higher and lower amounts of H2SO4 (ml), H2O2 

(ml) and H2O (ml) keeping the conventional ratio of graphite to KMnO4 (1:3) constant. 

GO synthesized by using the Modified Hummer’s Method (MHM) were studied by XRD, 

Raman, TEM and FT-IR.    

Block diagram of GO synthesis by Modified Hummer’s Method 

 
 

Fig: 2.3.1 Synthesis of GO (Vaccum) by Modified Hummer’s Method. 

Graphite/graphene oxide (GO) 
formation 

Hydrogen peroxide 
(H

2
O

2
) 10ml added 

KMnO
4 

(purified 

99.9%) 
Graphite powder 
(vaccumized), NaNO

2
 

Low/high 
Conc.H

2
SO

4 

(98%) Kept 
under ice-bath 

Added DI water 
(140ml)  
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Fig. 2.3.1 represents the block diagram of GO synthesized by using Modified Hammer’s method 

where thelow and high amount of sulphuric acid (H2SO4) used during the GO synthesis.   

 
 
2.3.2. XRD analysis  
 

 
Fig: 2.3.2 XRD analysis of GO with (a) high and (b) low H2SO4 by Modified Hummer’s method. 

 
Fig. 2.3.2 shows the MH1-05-GO and MH1-06-GO samples with the high and 

low amount of H2SO4. Fig. 2.3.2 (a), XRD analysis observed oxidation of graphite with a 

higher amount of sulphuric acid with 1:3 ratio of graphite to KMnO4. It is observed the 

two peaks from fig. 2.3.2 (a) possess 2� positioned at 11.8º partially oxidized &25.9º 

from the XRD peak obtained due to the incomplete oxidation with d-spacing values 

0.75nm and 0.34nm respectively. From fig. 2.3.2 (b), it is inferred that the oxidation of 

the graphite to GO with a lower amount of H2SO4 with 10.69º obtained MH1-06-GO 

with an increase in interplanar spacing of 0.827nm when compared to MH1-05-GO.          

 
 
 
 
 
 

(a) (b) 
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2.3.3. Raman analysis  

 
Fig: 2.3.3 Raman analysis of GO (a) high and (b) low H2SO4 by Modified Hummer’s method 
(MHM). 
 

Fig. 2.3.3 shows the Raman analysis of MH1-05-GO (high H2SO4) and MH1-06-GO (low 

H2SO4) by MHM method. It is observed the rise in D-intensity with ID/IG is 0.972 because of 

increase in the defects due to the oxidation of graphite to obtain MH1-05-GO and the sample 

from fig. 2.3.3(b) observed that D-band intensity is low and ID/IG value is 0.8429 when compared 

with MH1-05-GO. There is no such shift in the D & G-band intensities for the samples MH1-05-

GO & MH1-06-GO whereas the 2D-band intensities are at 2693cm-1 and 2440cm-1& 2680cm-1 

with an increase in the IG/I2D ratios are 2.09 and 1.89 respectively.  

 
2.3.4. TEM analysis 
 

 
 

 
 
 

(a) (b) 

(a) (b) (c) 
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Fig: 2.3.4 TEM analysis of GO (a-c) high and (d-f) low H2SO4 by Modified Hummer’s method 
(MHM). 
 
 

Fig. 2.3.4 shows the structure and morphology of TEM analysis. As shown in the 

Fig. 2.3.4 (a-c), for the sample MH1-05-GO and fig. 2.3.4 (d-f) MH1-06-GO 

respectively. We can observe the sample with thick graphene sheets from fig. 2.3.4 (a & 

b) and the 2.3.4 (c) infers the sample MH1-05-GO with multi and few-layeredstructures 

from HR-TEM image analysis and the SED observed that the GO obtained from the 

synthesis with ahigh amount of H2SO4 is amorphous in nature. From the fig. 2.3.4 (d-f), 

GO obtained with alow amount of sulphuric acid are more transparent with very thin 

graphene oxide sheets with amorphous SED pattern are afew-layered structure from HR-

TEM image analysis. 

 
2.4. Synthesis of GO by Volumetric Titration- Modified Hummer’s 
Method (VT-MHM) 
 
2.4.1. Synthesis of GO in the absence of GO 
 
Preparation 

Graphite powder of 0.3161gms in 10ml of sulphuric acid was taken in a 250ml of 

glass beaker constantly stirred for 1hour and then potassium permanganate (0.25M) 

solution of 8ml was added slowly for 20min by using volumetric titration process as  

(d) (e) (f) 
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shown in Fig. 2.4.1. The color of the solution changed from black to dark greenish and 

continuous stirring for 1hour then followed by the addition of 5ml hydrogen peroxide. 

Then, 70ml of DI water was added and subjected to magnetic stirring at 30ºC temperature 

for 1hour. It was allowed to settle down GO whole night and then filtered the product by 

filtration using a Wittmann paper (45micron). Finally, the sample was collected and 

neutralized with 5%HCl, DI water and methanol. The sample dried on hot-plate and 

placed in an oven @ 50ºC for 24hrs to remove traces of moisture content. In this process 

NaNO2/NaNO3 was not added during synthesis. The complete oxidation of the graphite 

was carried out from the controlled addition of KMnO4 by using volumetric titration 

approach. Hence, our method is completely the modified form of existing Hummer’s 

method.     
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Fig.2.4.1Graphical representation of (a) Volumetric Titration method to synthesize graphene 
oxide (GO) at room temperature (without any ice-bath or addition of NaNO3) (b) schematic for 
the mechanisms of formation GO by VTM. 
 
 

Table 2.4.1 shows the list of synthesis parameters that were used for different GO 

samples prepared by volumetric titration approach.    

 

 

 

 

Stage – 1  Graphite into  graphite intercalation compound (GIC) 

Stage – 2  Conversion of the stage-1 GIC into oxidized graphite diffusion 
of the oxidizing agent into the preoccupied graphite galleries(diffusive-
controlled) 

Stage -3 conversion of stage -2  Oxidized graphite into conventional GO 
after exposure to water, which involves hydrolysis of covalent sulphates 
and loss of all interlayer registry. 

Stage - 1 

Stage - 2 

Stage - 3 

KMnO
4
 (mole)  

( 0.2M, 0.24M, 0.3M, 0.5M) 

 Graphite + H
2
SO

4
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Table 2.4.1 List of GO synthesis by Volumetric Titration-MHM 
 

 
S.No. 

 
Sample ID 

 
Graphite 

(gms) 

 
H2SO4 

(ml) 

 
Volume of 

KMnO4 
(ml) 

 
H2O2 
(ml) 

 
H2O 
(ml) 

 
1.  

 
MH3-10-GO 

 
0.17302 

 
10 

 
8.0 

 
5 

 
70 

 
2. 

 
MH3-11-GO 

 
0.1764 

 
11 

 
9.5 

 
5 

 
70 

 
3. 

 
MH3-14-GO 

 
0.3717 

 
10 

 
22 

 
5 

 
50 

 
4. 

 
MH3-15-GO 

 
0.3714 

 
21 

 
36 

 
5 

 
50 

 
5. 

 
MH3-16-GO 

 
0.1762 

 
10 

 
15 

 
5 

 
50 

 
6. 

 
MH3-17-GO 

 
0.1789 

 
20 

 
15 

 
5 

 
50 

 
2.4.2 XRD structural analysis 

 

 

(b) (a) 

(d) (c) 
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Fig. 2.4.2 XRD analysis of the GO synthesis by Volumetric Titration -MHM method (a) MH3-
10-GO (b) MH3-11-GO (c) MH3-14-GO (d) MH3-15-GO (e) MH3-16-GO (f) MH3-17-GO. 
 

Fig. 2.4.2 shows the XRD analysis of GO samples obtained from Volumetric 

Titration – Modified Hummer’s Method (VT-MHM). From the above XRD analysis we 

observe the effect of d-spacing with varying the ratio of KMnO4 and H2SO4 during the 

reaction process. The samples when compared withthe Table 2.4.1, MH3-10-GO and 

MH3-11-GO we observe the increase in d-spacing with an increase in oxidizing agent. 

Further, when the samples MH3-14-GO & MH3-15-GO are compared keeping the 

amount of graphite precursor constant, we confirm that there is an increase in inter-planar 

distance with partial oxidation at 13.55º with d-spacing of 0.653nm from the sample 

MH3-14-GO and complete oxidation with 2�= 12.1º and d-spacing is 0.73nm from 

Table 2.4.1. From Fig. 2.4.2 (e) and Fig. 2.4.2 (f), we confirm that complete oxidation of 

the samples with 2� at 13.06º & 11.6º and inter-planar spacing i.e., d-spacing values are 

0.677nm & 0.757nm respectively. 

 

 

 

 

(f) (e) 
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2.4.3 Raman spectroscopy 
 

 
Fig. 2.4.3 Ramananalysis of GO by Volumetric Titration -MHM method (a) MH3-10-GO (b) 
MH3-11-GO. 
 

Fig. 2.4.3 shows the Raman spectroscopy data analysis of samples MH3-10-GO 

and MH3-11-GO. The GO samples obtained by volumetric titration- MHM observed 

with decrease in D-band intensity of MH3-10-GO when compared with MH3-11-GO and 

the shift in D-peak towards left positioned at 1349.8cm-1and G-peak to higher wave 

numbers of 1589cm-1 and we can infer that retain in graphitic structure with the rise in 

2D-peak at 2692cm-1. We observe from fig. 2.4.3 (b) with D & G bands at 1351cm-1& 

1578.5cm-1 where there is a minor move in peak and rise in 2D-peak at 2691cm-1 and we 

can observe the increase in defects with an increase in oxidizing agent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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2.4.4 FT-IR analysis 
 

 
 

Fig. 2.4.4 FT-IRstudyof GO by Volumetric Titration -MHM method (a) MH3-10-GO (b) MH3-
11-GO (c) MH3-14-GO (d) MH3-15-GO (e) MH3-16-GO (f) MH3-17-GO. 
 

Fig. 2.4.4 shows the FT-IR analysis of GO samples obtained by Volumetric 

Titration-Modified Hummer’s method. We observe the functional groups attached due to 

the oxidation with anincrease in the oxidizing agent. The GO samples obtained 

characterized by ft-IR analysis from the above fig. 2.4.4, we infer GO obtained possess 

77% transmittance for the sample MH3-10-GO whereas the samples from Fig. 2.4.4 (b-e) 

observed with decrease in %transmittance with an increase in the KMnO4. GO obtained 

with hydroxyl (–OH) functional groups at 3426cm-1, carbonyl (C=O) at 1385.6cm-1 and 

1629cm-1 due to the C-C aromatic structure of the samples.      
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2.4.5 UV-spectroscopy 
 

 
Fig. 2.4.5 UV-spectroscopy of GO samples aqueous dispersion (a) MH3-10-GO (b) MH3-11-GO 
(c) MH3-14-GO and (d) MH3-16-GO. 
 

UV-visible spectroscopic examination of graphene oxide exhibits two 

characteristic peaks at 231nm & shoulder peak ~300nm which are associated with π to π* 

transitions of aromatic C-C and n to π* transition of C=O bonds respectively. GO 

aqueous dispersions results the effect of KMnO4 with lower concentrations undergoes the 

rearrangement reaction. UV analysis shows the partial re-conjugation of π-network 

during oxidation and GO is observed to be more stable may be due to the formation of 

epoxide and ether functional groups confirmed from theft-IR analysis. With an increase in 

KMnO4 (mol%), the absorbance (%) decreases. The GO synthesized with higher mole 

(%) of KMnO4 i.e., samples S3 & S4 confirmed the increase in extent of oxidation with 

the different functional groups such as -OH, C=O, -COOH, C-O-C and -COOR etc., 

whereas the GO with highly unstable as observed from the UV- spectroscopic analysis. 
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2.4.6 TEM analysis 
 

 

Fig. 2.4.6 TEM analysis represents MH3-10-rGO-HH (a-c) and (d-f) for MH3-11-rGO-HH 
samples.  
 

From the above TEM analysis, Fig. 2.4.6 (a) shows the flat transparent layered 

large-sizegraphene sheets and the sample Fig. 2.4.6 (b) observed with 2-3 layered 

structure from HR-TEM images and the SED pattern with semi-crystalline 

rGOnanosheets from the Fig. 2.4.6 (c), (a) and (b) observed with transparent graphene 

sheets and few-layeredgraphene sheets respectively and the SED pattern is crystalline as 

seen from Fig. 2.4.6 (c).  

 
 
 

(a)

a)
(b) (c) 

(d) (e) (f
) 
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2.5 Synthesis of GO by Volumetric Titration-MHM (VT-MHM) with 
the presence of NaNO2 
 

Preparation 

Initially 10ml of sulphuric-acid was taken in a conical flask maintained at room 

temperature. Then graphite powder was added followed by the addition of sodium nitrite 

(NaNO2) and continuously stirred for an hour then thetemperature was ~35ºC. After the 

complete uniform dispersion then KMnO4 (0.25M) was added slowly by using 

volumetric titration approach as shown in Fig. 2.4.1. The temperature was slowly raised 

to 58ºC-60ºC and further addition of KMnO4 slowly decreased the temperature to 40ºC 

and stirred for 2hrs continuously at this temperature. Then 5ml of H2O2 solution 

(30V/V%) was added slowly we observed there is a rise in temperature of 5-10Cºand 70ml 

of water with constant stirring for 1hour GO was formed and allowed to settle for 

overnight and separated the product, filtered, dried on hot-plate and heated in oven 

@50ºC under vacuum for 24hrs.  

2.5.1 X-ray Diffraction analysis 

 

Fig. 2.5.1 XRD analysis of MH3-10-GO-WN samples with varying oxidation time. 
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From the Fig. 2.5.1, XRD analysis shows GO obtained in the presence of NaNO2 

from VT-MHM with different oxidation time. GO formed on the surface of solution 

mixture was collected after an hour was subjected to characterization for XRD analysis. 

From the Fig.2.5.1, we observe the exfoliation of graphite with different oxidation time 

i.e., 1H, 3H, 6H, 12H and 24H and 48Hrs. We observe that there is no change in the 

position of 2� but as the oxidation time is increased, the peak broadened is found implies 

the number of layers decreases and very thin sheets of graphene layers is obtained.        

 

2.5.2 Raman spectroscopy 

 

Fig. 2.5.2 Raman data analysis of MH3-10-GO-WN oxidation time 12Hrs (a) 0.1 NaNO2& (b) 
0.2NaNO2. 
 

From Fig.2.5.2 Raman analysis, the sample MH3-10-WN-12Hrs shows D, G and 2D-

bands are at 1351cm-1, 1579cm-1 and 2435 & 2690 cm-1 respectively. We observe from 

Fig.2.5.2 that there is no rise in D-band intensity which shows minimum defects and rise 

in G-band observed favors graphitic structure. Fig.2.5.2. (a) & (b) shows the rise in D-

band and fall in G-band intensities infers generation of defects with an increase in the 

amount of NaNO2 during the synthesis process. The decrease in graphitic structure G-

(a) (b) 
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band towards right at 1602.5cm-1 and rise in 2D, G`-bands are at 2682cm-1, 2924cm-1 

respectively found with change in structure and morphology due to the sudden rise in 

temperature in the presence of NaNO2which enhance therate of reaction. Hence, it is 

possible that more defects/disordered are formed in this process. 

 

2.5.3 FT-IR analysis 

 

 

Fig.2.5.3 FT-IR spectral analysis of sample MH3-10-GO-WN with 0.1 and 0.2weight fraction of 
NaNO2. 
 

FT-IR analysis of MH3-10-GO-WN with 0.1NaNO2 shows the GO with functional 

groups such as major with hydroxyl (–OH), carbonyl (C-O-C) and (C=O) and minor with 

aromatic structure C=C i.e., sp2 bonded structure. As the oxidation time is increased there 

is a decrease in the extent of oxygen functional groups of the GO sample in the presence 

(a) (b) 
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of NaNO2 and the transmittance of thebulk sample is decreased when compared to the 

exfoliated sample. 

 

2.5.4 UV-spectroscopy 

 

Fig. 2.5.4 UV analysis of GO in different solvents (a) MH3-10-GO-WN-EthOH (b) MH3-10-
GO-WN-NMP. 
 

The above Fig. 2.5.4 shows the UV-spectroscopy analysis of the samples MH3-10-GO-

WN-EthOH and MH3-10-GO-WN-NMP. We observe from Fig. 2.5.4 (a) that two 

characteristic peaks obtained in which excitation of n to π transitions at 242cm-1 

and277cm-1 because of the presence of hydroxyl (OH) groups as confirmed from Fig. 

2.5.3 (a)  ft-IR analysis whereas π to π* transitions corresponds to the peak at 309cm-1 is 

obtained due to the partial reduction in ethanol dispersion by ultrasonication. The sample 

Fig. 2.5.4 (b) shows the single peak at 266cm-1 because of π to π* transitions from the 

sample MH3-10-GO-WN by complete reduction in NMP dispersions.     

2.5.5 Transmission Electron Microscopy (TEM) 

Sample preparation: GO sample in the presence of NaNO2 taken in NMP solvent and 

sonicated by using ultrasonication bath for homogenous exfoliated GO sheets dispersion. 

(a) (b) 
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The sample prepared by drop casting on si/glass substrate and evaporated the solvent at 

50ºC on hot-plate.    

 
Fig. 2.5.5 TEM analysis of GO with NaNO2 by using VT-MHM in NMP solvent system. 

 

From the above Fig. 2.5.5 TEM image analysis, GO synthesized in presence of sodium 

nitrite shows the exfoliated large graphene sheets with highly transparent with bi, tri or 

few-layered nanostructure from the HR-TEM image analysis. 

 

2.6 Conclusions 

Graphene oxide synthesized by different chemical methods using Conventional 

Hummer’s method and Modified Hummer’s method by varying the amount of oxidizing 

agent i.e., potassium permanganate &sulphuric acid and studied the effect of structure 

and morphology by XRD analysis, defects by Raman analysis, functionality by FT-IR 

analysis with low and high amount of oxidizing agent. The effect of anincrease in the 

oxidizing agent increase the extent of oxidation and increase in the defects formation 

with the layered morphology as observed from SEM,transparent wrinkled morphology, 

thick sheets may be due to un-oxidized GO synthesis as confirmed from the TEM 
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analysis and highly unstable by UV-spectroscopy. In order to minimize the disorder or 

defects in the GO synthesis, we have developed a novel approach of GO synthesis 

process without usingNaNO2/NaNO3 during the oxidation reaction which evolves the 

toxic gases such as NO2 and N2O4 and also our process was carried out without 

maintaining zero temperature. The effect of KMnO4 on the extent of oxidation was 

investigated by using different mole ratios of KMnO4 (0.25M) solution. XRD analysis 

reveals that increase in oxidation with an increase in the oxidizing agent alters the spacing 

and an increase in inter-planar spacing are observed for the sample with 0.24mole ratio 

having spacing value of 0.74nm and decrease in interlayer distance further addition of 

KMnO4 solution. The characterization techniques used for the study of the samples by 

using FT-IR, Raman, SEM, TEM, UV-spectroscopy analysis. Further studied the effect 

of NaNO2 during the synthesis of GO by using VT-MHM and analyzed by different 

characterization techniques and the TEM analysis shows highly transparent large 

graphene sheets are obtained utilized for various applications. Hence, the synthesis of GO 

in the absence of toxic gases during synthesis with high transparency was observed from 

the FT-IR analysis and highly stable material from UV-analysis and minimum 

defects/disordered structure from Raman and transparent graphene sheets from TEM 

image analysis is a commercially viable and economical way of a synthesis route for 

many industrial applications. Therefore, the GO synthesis by using volumetric titration 

method in the absence of GO with fewer defects/disordered structure is a facile and 

commercially viable method useful for wide applications.                
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Chapter-3 

 
Synthesis of Reduced Graphene Oxide (GO) 

 
3.1. Introduction 
 
This chapter deals with the reduction of GO by using different reducing agents such as 

hydrazine hydrate (NH2-NH2.H2O) and sodium borohydride (NaBH4). The as-

obtainedrGO samples were investigated by XRD, FT-IR, Raman, SEM, TEM and UV-

spectroscopy. Here, we discussed the reduction process of the GO samples obtained from 

Hummer’s, modified Hummer’s and our novel approach volumetric titration method and 

characterization of the corresponding reduced graphene oxide (rGO) samples obtained by 

the reduction process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  57

 
3.2. Synthesis of reduced Graphene Oxide (rGO) by different Reducing 
Agents 

 

 
 

Fig. 3.2.1 Flow diagram represents a synthesis of RGO by using different reducing agents. 

Reducing agents 
NH

2 
 = NH

2
 (or) 

NaBH
4
 (or) NH

3
 

added 

Parameters 

1. Temperature – 85
o

C  
2. cooling time – 120min 
3. Sonication- 80min 
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3.2.1. The experimental procedure of reduction process by using Sodium 
borohydride (NaBH4) 
 

Table: 3.2.1. Reduction of Graphene oxide by sodium borohydride (NaBH4) 
 

 
Sl.No

. 

 
Sample code 

Amount of 
GO (gms) 

Sodium 
borohydride 

(gms) 

DI water 
(ml) 

Temperatur
e 

(ºC) 
 
1. 

 
MH1-01-RGO-NB 

 
9.375 

 
0.075 

 
9.4 

 
80 

 
2. 

 
MH1-02-RGO-NB 

 
9.375 

 
0.075 

 
9.4 

 
80 

 
3. 

 
MH1-03-RGO-NB (V) 

 
0.1507 

 
0.76 

 
150 

 
70 

 
4. 

 
MH1-04-RGO-NB (V) 

 
0.15171 

 
0.77 

 
150 

 
70 

 
 
The GO (MH1-01-GO and MH1-02-GO) powder in gms was taken in a round bottom 

flask contains DI water such that GO:DI water are in the ratio of 1:1 and subjected to 

ultrasonication for homogeneous dispersion by using BRANSON 450 sonicatorfor an 

hour. A clear brown color solution was obtained and then adjusted the pH to 11 by using 

5% sodium carbonate (Na2CO3) solution. Then 0.00075gms of sodium borohydride in 

1.875ml of DI water prepared and added to the above solution which was maintained the 

pH value at 11. Now, the solution kept in an oil-bath @80ºC and continuously stirred for 

1.5hr. Then after the black color of thesolution obtained and subjected to centrifugation, 

neutralized to pH 7 by using 5% HCl, water and methanol.Finally, the product dried on 

hot-plate and in an oven @50ºC for 24hrs to remove traces of moisture content. 
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3.2.2. Experimental procedure of reduction process by using Hydrazine 
monohydrate (NH2-NH2.H2O) 
 
Table: 3.2.2. Reduction of Graphene oxide by Hydrazine monohydrate (NH2-NH2.H2O) 

 
 

Sl.No. 

 
 

Sample code 

 
Amount of 
GO (gms) 

 
Hydrazine 

monohydrate (ml) 

 
DI water 

(ml) 

 
Temperature 

(ºC) 
 
1. 

 
MH1-01-RGO-HH 

 
0.06225 

 
0.31125 

 
16 

 
90 

 
2. 

 
MH1-02-RGO-HH 

 
0.0245 

 
0.1225 

 
6.2 

 
90 

 
3. 

 
MH1-03-RGO-HH 

 
0.20437 

 
1.0 

 
50 

 
90 

 
4. 

 
MH1-04-RGO-HH 

 
0.2 

 
1.0 

 
50 

 
90 

(Assumption: GO:HH = 1:5) 

GO samples (i.e.,MH1-01-GO& MH1-02-GO)of 0.06225gms was taken in a 

round bottom flask which contains 0.31125ml of reducing agent hydrazine 

monohydrate(78-82%) was added then subjected to 30min ultrasonication and placed in 

an oil-bath on hot-plate maintained at 90ºC under condenser mantle for 24hrs for cooling 

and a black color reduced graphene oxide solution was obtained. Finally, the black 

product reduced graphene oxide settled out filtered by centrifugation (3500rpm, 15min), 

by using vacuum filtration unit, neutralized to pH 7 and dried the sample at 50ºC on hot-

plate.    

 
3.3. Characterization of rGO by using sodium borohydride and hydrazine 
monohydrate  

 

GO synthesized from Hummer’s method subjected to reduction by using sodium 

borohydride. The list of samples is shown in the above Table 3.2.2. 
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3.3.1. XRD analysis  
 

 

Fig. 3.3.1 XRD pattern of rGO under vacuum conditions (a) MH1-03-RGO-NB(V) and (b) MH1-
04-RGO-NB(V). 
 

Fig. 3.3.1 (a) shows the XRD analysis of reduced graphene oxide (RGO) of MH1-

03-RGO-NB(V) and MH1-04-RGO-NB(V) obtained GO from Hummer’s method under 

vacuum conditions. From the Fig. 3.3.1 (a), the peak at 25.8 from MH1-03-GO and Fig. 

3.3.1 (b) shows the reduced peak with 2� at 26.1º of the sample MH1-04-GO are 

obtained due to the reduction by using sodium borohydride as a reducing agent. 

 
Fig. 3.3.1 XRD data analysis of RGO under vacuum conditions (c) MH1-03-RGO-HH (V) and 
(d) MH1-04-RGO-HH. 

(a) (b) 

(c) (d) 
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The Fig. 3.3.1 (c) and (d) shows of MH1-03-RGO-HH and MH1-04-RGO-HH 

partially reduced graphene oxide by hydrazine monohydrate with the peaks positioned at 

24.93º & 20.83º and 24.93º & 24.56º respectively are obtained.  

 

3.3.2. Raman analysis 

 

 
 
 
 

Fig. 3.3.2 Raman analysis of (a) MH1-01-RGO-NB (b) MH1-02-RGO-NB (c) MH1-03-RGO-NB 
(V) and (d) MH1-04-RGO-NB (V). 

 

Raman analysis from the Fig. 3.3.2 shows reduced graphene oxide samples 

obtained from GO synthesized by Hummer’s method without vacuum and under vacuum 

conditions. We can infer from the above results that there is a rise in the D and G-band 

intensities such that with alow amount of oxidizing agent upon reduction increase the 

smaller sp2 domain with an increase in the ID/IG ratio. Furthermore with ahigher amount 

(a) (b) 

(c) (d) 
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of KMnO4 during the synthesis of GO upon reduction with sodium borohydride results 

with low ID/IG ratios with a rise in a2D-band peak at 2682cm-1 and 2688cm-1 respectively 

from the Fig. 3.3.2 (b) and (d) analysis.      

 
3.3.3. TEM analysis 
 
MH1-01-RGO-NB   MH1-03-RGO-HH 

 
 
MH1-04-RGO-HH 

 
Fig. 3.3.3 TEM Image analysis of (a) MH1-01-RGO-NB (b, c) MH1-03-RGO-NB (V) and (d, e) 
MH1-04-RGO-NB (V).  
 

From the above TEM image analysis of the reduced graphene oxide obtained by 

the reduction using the reducing agents of sodium borohydride (NaBH4) and hydrazine 

monohydrate (NH2-NH2.H2O). We can infer from the above analysis such that the 

reduction of samples by hydrazine hydrate are highly transparent wrinkled structure and 

morphology with multi to few layered graphene sheets are obtained. Hence, the samples 

of fig. 3.3.3 (a-e) found with multilayered structure from HR-TEM images and 

amorphous from SED pattern were observed.   

(b) (a) (c) 

(d) (e) 
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3.4. Characterization of rGO obtained from GO synthesized by 
Modified Hummer’s method 
The samples obtained by the reduction process of GO synthesized from modified 

Hummer’s method were analyzed by different characterization techniques and discussed.  

 
3.4.1. Structural analysis by XRD 

 

 
Fig. 3.4.1 XRD analysis of rGO (a) MH1-05-RGO-HH and (b) MH1-06-RGO-HH (c) MH1-05-
RGO-NB and (d) MH1-06-RGO-NB. 
 
From the fig. 3.4.1 (a) and (b) shows acomplete decrease of graphene oxide synthesized 

in the presence of higher amount of sulphuric acid (H2SO4) where the reduced peak of 

MH1-05-RGO-HH retained at 25.95º. Higher the extent of oxidation implies lowers the 

reduction ratio and obtained with complete reduction and from the Fig. 3.4.1 (a), the 

broad peak upon reduction results the amorphous structure. In comparison to thesynthesis 

of GO with lower sulphuric acid content observed from the fig. 3.4.1 (b), the reduction of 

(a) (b) 

(d) (c) 
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MH1-06-RGO-HH by hydrazine hydrate found with the peak at 26.31º where the 

completely reduced product with increased crystalline nature of reduced graphene oxide 

compound is obtained.   

 

3.4.2. FT-IR analysis 

 
Fig. 3.4.2 Comparison plot ofFT-IR data analysis of MH1-05-RGO-NB and MH1-06-RGO-NB.  
 
From the Fig. 3.4.2, it is shown that comparison plot of MH1-05-rGO-NB and MH1-06-

rGO-NB with different functional groups after reduction. 

3.4.3. Raman analysis 

 

(a) (b) 
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Fig. 3.4.3 Raman data analysis of (a) MH1-05-RGO-HH (b) MH1-05-RGO-NB (c) MH1-05-
RGO-HH and (d) MH1-06-RGO-NB. 
 

From the above Raman analysis, Fig. 3.4.3 (a) and (b) results that reduction of 

MH1-05-GO using NaBH4 and NH2-NH2.H2O observed with low ID/IG ratios of 0.966 & 

0.9124 respectively. The reduction of GO by using hydrazine hydrate in presence of 

lower acid (H2SO4) ratios when compared with the higher amount of acid conditions we 

observed from the Fig. 3.4.3 (a & c) with the lower ID/IG ratios of 0.77 for the sample 

MH1-06-RGO-HH and 0.966 for MH1-05-RGO-HH respectively whereas the IG/I2D 

ratios for the samples from the Fig. 3.4.3 (a-d) found to be 1.63, 3.2194, 1.553 and 2.302 

respectively.        

 
3.4.4. TEM analysis 
 
MH1-05-RGO-HH 

 
 
MH1-06-RGO-HH 

(a) (b) (c) 

(c) (d) 
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Fig.3.4.4 TEM analysis of (a, b, c) MH1-05-RGO-HH and (d, e) MH1-06-RGO-HH. 
 
Fig. 3.4.4 (a), (b) and (c), TEM image analysis for the reduced samples of MH1-05-

RGO-HH observed with highly transparent rGOnanosheets with amorphous structure 

since the GO obtained from modified Hummer’s method shows the defects formation as 

confirmed from the Fig. 3.4.3 (a) Raman analysis. Whereas the sample MH1-06-RGO-

HH observed with the wrinkled structure and morphology, transparent sheets and 

obtained with multi to few-layered reduced graphenenanosheets with amorphous 

structure from the Fig. 3.4.4 (d)& (e) SED pattern as observed from the TEM analysis.   

 
3.4.5. SEM analysis 
 
MH1-05-RGO-NB 

 
 

From the above Fig. 3.4.5 (a-c) of MH1-05-RGO-NB, the reduction of GO by 

using sodium borohydride observe with the layered by layer structure and morphology 

from the Fig. 3.4.5 SEM analysis. The exfoliation of graphenenanosheets with 

(d) (e) 

(a) (b) (c) 
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thewrinkledstructuree due to the higher oxidation reactions with therise in temperatures 

(i.e., >150ºC) observed and confirmed by the experimental results.     

 
MH1-06-RGO-NB 
 
We can observe from the Fig. 3.4.5 (b) SEM analysis, the reduction of GO by sodium 

borohydride in presence of low sulphuric acid contents shows the largely reduced 

graphene oxide nanosheets with alayered structure and wrinkled morphology.     

 

 
Fig.3.4.5 SEM analysis of (a) MH1-05-RGO-HH and (b) MH1-06-RGO-HH 

3.5. Reduction of GO synthesized by Volumetric Titration-Modified 
Hummer’s method using hydrazine monohydrate 
 
3.5.1. XRD analysis 

 

(a) (b) 

(a) (b) 
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Fig. 3.5.1 XRD analysis of RGO samples of Volumetric Titration -MHM method (a) MH3-10-
RGO-HH (b) MH3-11-RGO-HH (c) MH3-16-RGO-HH (d) MH3-17-RGO-HH. 

 

From the Fig. 3.5.1 XRD analysis, the reduction of GO synthesized by 

Volumetric Titration-Modified Hummer’s method (VT-MHM) with varying mole ratios 

of KMnO4 i.e., 0.2, 0.24, 0.3 and 0.5. We observe that with an increase in the mole ratio 

of GO synthesis and trailed by the complete decrease of GO using hydrazine 

monohydrate as a reducing agent found that there is not much difference in the d-spacing 

and the crystallite size is decreased when compared with the existing Hummer’s method. 

We can observe the complete reduction of GO for the sample MH3-16-RGO-HH from 

the Fig. 3.5.1 (c) such that the ratio of sulphuric acid to oxidizing agent favors complete 

oxidation and reduction to obtain stable reduced graphene oxide. 

3.5.2. Raman analysis   

 

(c) (d) 

(a) (b) 
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Fig. 3.5.2 Ramandataof RGO samples by Volumetric Titration-MHM method (a) MH3-10-RGO-
HH (b) MH3-11-RGO-HH. 
 

From the Fig. 3.5.2 (a) and (b) shows the Raman analysis for the 

reduced samples of MH3-10-RGO-HH and MH3-11-RGO-HH. We infer 

that the ID/IG& IG/I2D ratios are at 1.24 & 2.05 respectively for the sample 

MH3-10-RGO-HH such that the rise in D-band intensity implies with the 

increase in the number of sp2 domains indicates the increase in the 2D-band. 

The decrease in the G-band intensity infers the partial reduction as 

confirmed from the above Fig. 3.5.2 (a) XRD analysis. Similarly, as 

observed from the above Fig. 3.5.1 (a) Fig. 3.5.1 (b) little hump due to the 

partial reduction observed from the XRD analysis. Fig. 3.5.2 (b) infers the D 

& G-bands at 1336.7cm-1& 1578.5cm-1 with a sharp 2D-band obtained at 

2677.2cm-1 because of the sp2 bonded reduced graphene oxide obtained by 

the reduction using hydrazine monohydrate as a reducing agent. As observed 

that the ratios of ID/IG& IG/I2D from the Fig. 3.5.2 (b) we infer the few 

layered reduced graphene structure is obtained.       
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3.5.3. UV-spectroscopy analysis    

 
 
Fig. 3.5.3 UV-spectroscopy of RGO samples in aqueous dispersion (a) MH3-10-RGO-HH (b) 
MH3-11-RGO-HH.  
 

Fig. 3.5.3 (a) and (b) show UV spectroscopy of MH3-10-RGO-HH and MH3-11-

RGO-HH. We can observe the two peaks where n to π and π to π* transitions at 208nm 

and 283nm respectively from the Fig. 3.5.3 (a) in aqueous solution whereas Fig. 3.5.3 (b) 

we found the peak at 326nm with π to π* transitions. We observed the highly transparent 

and large size reduced graphene oxide nanosheets.      

 
3.6. Conclusions 
 
Reduction of GO synthesized by Hummer’s method and modified Hummer’s method. 

Here, the samples obtained from different synthesis methods are subjected to the 

reduction process by using different reducing agents like Hydrazine hydrate and sodium 

borohydride by varying the parameters such as temperature and the ratio of GO to the 

reducing agent. Characterization study of samples by using XRD, FT-IR, Raman 

spectroscopy and studied the structure, functionality, disorder/defect ratio i.e., ID/IG and 

IG/I2D. Out of all the samples, GO synthesized by using novel approach subjected to 

reduction by hydrazine monohydrate and characterization of these samples with less 

(a) (b) 
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disordered structure by using Raman analysis. Finally, the rGO sample obtained by 

reduction of GO synthesized by volumetric titration method dispersed in aqueous 

solution was analyzed with the help of UV-spectroscopy to study absorbance of rGO in 

aqueous solution.       
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Chapter-4 
 

Fabrication of PDMS and PDMS-rGONanocomposites 
 
 

4.1. Introduction 
Out of several polymers, PDMS (Polydimethylsiloxane), a silicone-based elastomer 

possesses excellent properties such as flexibility, biocompatibility, thermal steadiness, 

optical transparency, low price, low permeability, low flexibility and easy in micro-

patterning due to low glass transition temperature. Therefore, PDMS is generally used in 

microfluidic MEMS and bio-medical applications. Moreover, PDMS is also most 

commonly used for microfluidic device and bio-medical applications due to its optical 

transparent properties. However, the wide applications of PDMS are restricted due to its 

limiting electrical properties and mechanical durability; hence it is not widely applied in 

several device applications like MEMS, Sensors and Biomedical devices. 

Anotherapproach is the addition of filler materials such as nanoparticles, carbon-

based nanostructure materials e.g., graphene, graphenenanoribbons and other chemically 

modified carbon nanomaterials. Recently several reported work has been mentioned that 

CNT/graphenenanoplatelets and metal oxide can be used as filler materials for fabrication 

of nanocomposites because of their remarkable properties. In this chapter, graphene-

based PDMS nanocomposites fabricated by mold casting process is described. The first 

part mainly deals with neat PDMS samples and second part involves the fabrication and 

characterization of rGO-PDMS nanocomposites. 

 
 
 
 



  73

4.2. Fabrication of Flexible PDMS material 
 

4.2.1. Experimental procedure 

Poly dimethyl Silicon Elastomer (PDMS) substrates of different thickness of 500, 1250, 

2000 and 4000µm samples are prepared by mold casting. Silicon elastomer of 

0.002056gms was taken in the plastic beaker (100ml) followed by the slow addition of 

hardener 0.0002056gms in the ratio of 1:10 such that 0.002056gms (Si. Elastomer: 

hardener = 1:10) mixed thoroughly by mechanical stirring for 40min and then poured into 

a Teflon mould of (2cm x 2cm) dimensions and thickness of 500um was prepared. 

Similarly 1250, 2000 and 4000µm thickness of pure flexible PDMS substrates were 

fabricated and the list of samples are shown in the Table. 4.2.1 below.   

Table: 4.2.1 List of pure flexible PDMS samples of different thickness 

 
 
Sl.No. 

 
Wt. of (Si. Elastomer 

+ hardener) (gms) 

 
Ratio of (Elastomer + 

hardener) 

 
Thickness 

(µm) 

Curing 
Temperature 

(ºC) 
 

1.  
 

 
0.002056 

 
1:10 

 
500 

 
80 

 
2.  

 

 
0.00514 

 
1:10 

 
1250 

 
80 

 
3.  

 
0.00822 

 
1:10 

 
2000 

 
80 

 
       4. 

 

 
0.016448 

 
1:10 

 
4000 

 
80 

 
Experimental work 
 

 
 



  74

4.2.2. Photo Image Analysis 
 

 

   
 

 

    
Fig. 4.2.2 Photographimages of pure flexible PDMS substrates of different thickness of 500µm, 
1250µm and 2000µm, and 4000µm respectively.  
 

From the above image analysis, we can observe the highly transparent PDMS 

substrates of different thickness. The degree transparency decreases with an increase in 

the thickness and the bubbling obtained during fabrication. Fig. 4.2.2 (c) and (d) pure 

PDMS of 2000µm and 4000µm thickness surface morphology, transparency and cross-

sectional area observed with uniformly cured samples at a curing temperature of 80ºC on 

a hot-plate. Fig. 4.2.2 (a-d) shows the comparison of transmittance wrt to the different 

thickness of PDMS samples. 

 

 

t - 4000µm t - 2000µm 

t - 1250µm t - 500µm 

(a) (b) 

(c) (d) 
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4.3. Characterization of flexible PDMS substrates  

Flexible PDMS substrates are fabricated by using mold casting technique. The 

characterization analysis of these substrates is discussed by using XRD, FT-IR, Raman 

spectroscopy and UV-visible spectroscopy.   

Block Diagram for the Fabrication of Flexible PDMS material 
 

 
 
 
 

Fig. 4.3 Flow diagram used for the fabrication of Flexible PDMS material. 
 

4.3.1. Structural analysis by XRD  
 

 
Fig.4.3.1 XRD analysis of pure PDMS samples (a) 500µm (b) 1250 µm and (c) 2000µm. 

 
From the Fig. 4.3.1 (a-c) shows the XRD analysis of pure PDMS substrates with 

500um, 1250um and 2000um. The pure PDMS samples with peak positioned for 

500um at 12.55º, 12.91º and 23.59º for PDMS thickness of 1250um whereasflexible 

PDMS 2000um material is found with 24.3º& 38.71º respectively. 

 

Flexible PDMS  
nanocomposite 

Elastomer + hardener  
mechanical stirred 

l Hardener 

(a) (b) (c) 
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4.3.2. Raman spectroscopy 

 
Fig.4.3.2 Raman spectroscopyof pure PDMS sample with 2000µm thickness. 

 
Raman analysis from the above analysis shows the strong peak corresponding to the 

2901.6cm-1 and 2962.9cm-1 from the pure PDMS material.    

4.4. Thickness-dependent properties of pure PDMS 
 
4.4.1. FTIR analysis 

 
Fig.4.4.1 Comparison plot of FT-IR analysis of pure PDMS samples 500µm, 1250 µm and 2000µm. 

 
From the above analysis, Fig. 4.4.1 displays FT-IR analysis of the pure PDMS samples of 

500µm, 1250µm and 2000µm. The peak at 2961.9cm-1 due to the C-H stretching of –

CH3whereas the functional group of 1260.5cm-1 because of the CH3 symmetric 

deformation of Si-CH3; Si-O-Si stretching vibration gives a peak at 1005.4cm-1 and 

777.6cm-1 due to the Si-C stretching and CH3 rocking motion.   
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4.4.2. UV-visible spectroscopy 
 

 
Fig.4.4.2 UV-visible analysis of pure PDMS samples (a) 500µm (b) 1250 µm and (c) 2000µm. 

 
From the above figure, UV-spectroscopy results in transparency in the range 

of ~96-98% with pure PDMS samples with the thickness of 500um and 

1250um. We observe the transparency decrease with an increase in the 

thickness.    

 
4.5. Fabrication of PDMS-rGONanocomposites (without Chemical 

treatment) 
 

4.5.1. Experimental procedure 

Silicon Elastomer (PDMS Sylgard 184) of 2.21665gms was taken in a (50ml, PP) beaker. 

Now then 0.00516gms of reduced GrapheneOxide(rGO) synthesized by Volumetric 

Titration-Modified Hummer’s Method (VT-MHM) added to the elastomer and stirred for 

45min and then followed by the addition of hardener to the above uniformly dispersed 

polymer mixture. Finally, the mixture stirred for 30min to obtain a homogenous viscous 

suspension and then poured into a Teflon mold (2cm x 2cm) dimensions with the 



  78

thickness of 500um, 1250um and 2000um. The PDMS-rGO based nanocomposites were 

placed under vacuum in a desiccator for 30min to remove bubbles and the curing 

temperature was maintained at 80ºC for 40min. Finally, the cured rGO dispersed samples 

removed from the Teflon mold by using a sharp knife carefully and stored in a desiccator 

to remove traces of moisture content. 

Table 4.5.1 List of PDMS-rGO (0.23wt%) nanocompositesamples prepared without chemical 
treatment. 

 
 

Sl.No. 

 
 

Weight (%) 

 
Wt. of rGO 

(gms) 

 
Wt. of Si. 

Elastomer (gms) 

 
Wt. of 

Hardener 
(gms) 

 
Thickness 

(µm) 

 
 

1.  

 
 

0.23 

 
 

0.00516 

 
 

2.0353 

 
 

0.18135 

 
500 

 
1250 

 
2000 

 
 

2. 

 
 

0.13 

 
 

0.000478 

 
 

0.18495 

 
 

0.02055 

 
500 

 
1250 

 
2000 

 

Table 4.5.1 shows the list of samples of PDMS based rGOnanocomposites fabrication by 

using solid phase dispersion in silicon elastomer with different weight percentage (%). 

Photo-image analysis of PDMS-rGO nanocomposites 

 
 
Fig 4.5.1 Photo image analysis of PDMS-rGO samples with a surface cross-sectional area of 
thickness (a & b) 1250um and (c & d) 2000um. 

(a) 

(b) 

(c) 

(d) 
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From the above Fig. 4.5.1, we can observe that the rGO nanoparticles are distributed 

randomly in the PDMS matrix and very few small air-bubbles are generated during the 

fabrication process can be seen in the surface morphology of from the above Fig. 4.5.1 

(a) and (c) respectively. We can infer that rGO with 0.23wt% is distributed in the 

polymer matrix and the cross-sectional view of different thickness is shown from the Fig. 

4.5.1 (b) and (d) respectively. 

4.5.2. Structural analysis by XRD 
 

4.5.2.1. Weight percentage (0.23%)  

 
Fig.4.5.2.1 XRD analysis of PDMS-rGOnanocomposites with 0.23wt% (a) 500µm (b) 1250 µm 
and (c) 2000µm. 

 

The Fig. 4.5.2.1 shows the XRD analysis of PDMS-rGO based nanocomposites of 

0.23wt% with adifferent thickness of 500um, 1250um and 2000um respectively. Fig. 

4.5.2.1 (a) observed that the peak value 2� at 12.5º corresponds to the PDMS and the fig. 

4.5.2.1 (b) infers we could observe the peak shift towards right and found that there is an 

increase in the 2� value from 23.59º to 26.33º for the PDMS-rGOnanocomposite as 

compared to pure PDMS of 1250um thickness and the distribution of rGO confirmed that 

the bonding between the rGO and PDMS and the peaks at 29.06 º & 38.98º shows the 

composite formation wrt pure PDMS. We can observe the 2� peak at 24.28º from the 

Fig. 4.5.2.1 (c) the broadened in comparison to PDMS-rGO-1250um nanocomposite.      

(a) (b) (c) 
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4.5.2.2. Weight percentage (0.13%) 

 
Fig.4.5.2.2 XRD analysis of PDMS-rGOnanocomposites with 0.13wt% (a) 500µm (b) 2000µm. 

 

The above XRD analysis from the Fig. 4.5.2.2 (a) &(b) shows the PDMS-rGO 

with 0.13wt% of rGO in PDMS matrix of different thickness 500um and 2000um 

respectively. The PDMS-rGO for 500um thickness observed with neither shift and no 

additional peaks are found when compared to pure PDMS nanocomposite since the thin 

samples prepared to contain 0.13weight% of rGO is too small for the composite 

formation. The Fig. 4.5.2.2 (b) infers the composite formation with the peak at 29.45º 

where the shift in thepeak when compared to pure PDMS nanocomposite for 2000um.  

4.5.3. Raman analysis 

 
Fig.4.5.3 Raman analysis of PDMS-rGOnanocomposites with 0.23wt% for (a) 1250µm and (b) 

2000 µm thickness. 
 

(a) (b) 

(a) (b) 
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Raman spectroscopy from the above analysis results the peak corresponding to 

489.3cm-1 where as 701.8cm-1, 1254.1cm-1, 1352.4cm-1, 1595.9cm-1, 2914cm-1 and 

2963cm-1 respectively for 1250µm in Fig. 4.5.3 (a). The peak at 499.8cm-1; 717.5cm-1; 

2471.1cm-1; 2900.3cm-1 and 2964.8cm-1 for the PDMS-rGO thickness of 2000µm in Fig. 

4.5.3 (b) respectively. 

4.6. Thickness-dependent properties of PDMS-rGOnanocomposite 
 

4.6.1. FTIR analysis 

 

Fig.4.6.1 FT-IR analysis with 0.23wt% of varying thickness i.e., 500µm, 1250µm and 2000µm 

(a) PDMS-rGOnanocomposites and (b) PDMS (pure) & PDMS-rGOnanocomposites samples. 

 

PDMS-rGO without chemical treatment from the FT-IR spectroscopy analysis from 

the Fig. 4.6.1 shows a comparison of PDMS-rGOnanocomposites of different thickness 

500µm, 1250µm and 2000µm respectively. The intensified peak at 2958.8cm-1 due to the 

C-H stretching of –CH3; 1260.5cm-1 functional group that corresponds to the CH3 

symmetric deformation of Si-CH3 obtained from the pure PDMS material present without 

interacting the polymer and distributed rGO molecules whereas intensified peak at 

1008.6cm-1  shift in peak towards right when compared with pure PDMS samples from  

 

(a) (b) 
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the Fig. 4.6.1 because of the Si-O-Si stretching vibrations and 783.8cm-1 from the Si-C 

stretching and CH3 rocking motion in PDMS-rGOnanocomposites.      

The FT-IR spectrum from the above analysis shows PDMS-rGOnanocomposites 

without chemical treatment that shows the peak at 2959cm-1 is due to the C-H stretching 

of –CH3 and aromatic C=C gives a peak at 1613cm-1, CH3 asymmetric deformation of Si-

CH3 gives a peak at 1414cm-1; the peak at 1260cm-1 is due to the CH3 symmetric 

deformation of Si-CH3; Si-O-Si stretching vibration gives peak at 1030cm-1 which is 

highly intense peak. Peak at 782cm-1 is due to Si-C stretching and CH3 rocking motion. 

There is no peak corresponding to C=O indicating the absence of DMF solvent. Hence, it 

is confirmed that DMF is completely evaporated when the sample is post cured at 150ºC 

for 4hrs. 

4.6.2. UV-spectroscopy 

 
Fig. 4.6.2UV-spectroscopyComparison of Transmittance with different thickness i.e., 500um, 1250um and 2000um (a) 
PDMS-rGO samples (b) comparison of PDMS (pure) and PDMS-rGO samples.  

 
From the above Figure, the Transmittance (%) of the PDMS and PDMS-rGO samples 

observed that the decrease in transparency of PDMS-rGOwrt to pure PDMS 

nanocomposite because of the dispersion of the filler material i.e., rGO in the polymer 

(a) 
(b) 
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matrix. We can infer that the (%) transmittance even reduced with a rise in the thickness 

of PDMS nanocomposites since the bending of the rays due to the filler material or  may 

be due to the size of the filler i.e, may be anagglomeration of the particles in the matrix. It 

is found from the above figure, UV-spectroscopy results the PDMS-rGO shows ~80%, 

42% & ~38% transmittance with a thickness of 500um, 1250um and 2000um of PDMS-

rGO samples respectively.    

 
4.6.3. Dielectric properties 

 
 

 

Fig. 4.6.3 Comparison plot represents the Dielectric constant of PDMS, PDMS-rGO samples 
with different thickness i.e., 1250um and 2000um. 
 

 

From the above figure, the PDMS and PDMS-rGO samples of 1250um thickness 

were compared. We observe the rise in dielectric constant with the addition of rGO as 

filler material of 0.23wt% which is synthesized by volumetric method. 

 

(a) (b) 
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4.7. Conclusions 
 
Flexible PDMS and PDMS-rGO samples were fabricated by using mould casting 

technique. Here, the fabrication of rGO synthesized by the Volumetric Titration method 

used as the filler material in the PDMS polymer matrix. The PDMS-rGO samples are 

prepared by the solid phase dispersal of the rGO nanoparticles in the PDMS matrix and  

characterized by FT-IR, XRD, Raman examination and studied the corresponding 

structural, bonding and defects/disordered structure. The PDMS-rGOnanocomposite 

optical properties by using UV-spectroscopy and finally, the dielectric properties are 

studied for both neat PDMS and PDMS-rGOnanocomposites.        
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Chapter-5 
 

Fabrication of Chemically treated PDMS-1, 4-D-rGO 
Nanocomposites 

 
5.6. Introduction 

 

Electrically conductive polymer composites have shown a lot of attention in recently and 

some progress has been achieved by the accumulation of conductive fillers like carbon 

black and carbon nanotubes (CNTs) into non-conductive polymer matrices for enhancing 

the electrical conductivity of the host polymer material. Further, due to cost-effective in 

the production of chemically modified graphene, it has been applied for fabrication of 

composites for electronic, photovoltaic solar cells and field effect transistors. Similarly, 

graphene-based compounds have also been examined for energy storage, chemical and 

biochemical sensing applications. A substantial number of reports have been also 

indicated that the thermal stability of polymers can be enhanced by using graphite 

nanoparticles (GNPs) and various CMGs as filler; even graphene oxide (GO) has the 

ability to improve the total composite thermal stability in comparison to the neat polymer, 

despite being thermally unbalanced itself. 

Therefore, the current trend as per recently reported work has suggested that the 

solution-phase process has the ability to produce higher yield exfoliated graphene sheets 

with minimal defects for fabricating of PDMS based nanocomposites for flexible optical 

and electronic applications[14, 47, 90-92]. 
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The fabrication process of 1,4-Dioxane chemically treated rGO-PDMS based 

nanocomposites 

 
Fig. 5.1.1Schematic diagram represents the preparation of PDMS-1,4-D-rGO treated  
nanocomposites. 
 
 

5.7. Study the dispersion behavior of chemically treated rGO in 
different solvent system 
 

5.7.1. Experimental procedure 
 
Different solvents were used and studied the ultrasonication for uniform dispersion of 

rGO in the solvent system. The solvent (10ml) was taken in a beaker (100ml) with the 

addition of 0.5mgs/ml of rGO and subjected to ultrasonication for 1hour for 

homogeneous dispersion of solution. Similarly, dispersion behavior of rGO was studied 

by using different solvents. i.e.,  

Assumption: 0.5mg/ml of rGO in solvents 
1. Cyclohexane 
2. Diethyl ether 
3. 1,4-Dioxane 
4. N-methyl-2-pyrollidine 
5. Ethanol 

 

PDMS frGO 
stirring 

1hr 

Hot-platePDMS 
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Fig. 5.2.1 Schematicrepresents the dispersion behavior of rGO in different solvent system (a) 
cyclohexane (b) Diethyl ether (c) NMP (d) 1,4-Dioxane and (e) Ethanol. 
 

 

The above Fig. 5.2.1 shows the schematic for the dispersion behavior of rGOin a 

different solvent systems such as Cyclohexane, diethyl ether, 1, 4-Dioxane, NMP and 

Ethanol. From the above experimental results we observed the evaporation of solvent 

upon sonication for an hour. The homogenous dispersion of solution used for the 

fabrication of PDMS based chemically treated rGO to obtain uniform nanocomposites for 

optoelectronic device applications.    

 

 

 

    Ethanol 1,4-Dioxane 

      NMP Diethyl ether Cyclohexane 

(a) (b) (c) 

(d) (e) 
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5.7.2. UV-spectroscopy 

From the Fig. 5.2.2, the schematic shows the samples of rGO in 1,4-Dioxane and rGO-

NMP solvents and these are subjected to characterization and the dispersion behavior of 

rGO synthesized by volumetric titration–MHM method are studied by using UV-

spectroscopy.   

 

Fig. 5.2.2UV-spectroscopyrepresents the dispersion behavior of rGO in solvents (a)1, 4-Dioxane 
and (b) NMP. 
 

From the above fig. 5.2.2 shows UV-spectroscopy of rGO in different solvents i.e., 1, 4-

Dioxane and NMP. We observe the peak at 226.4cm-1 and 247.7cm-1 for the samples 4.3.1 (a) and 

4.3.1 (b) respectively.  

5.7.3. FT-IR spectroscopy 

 

Fig. 5.2.3 FT-IR spectroscopy of dispersion rGO NMP and 1,4-Dioxane. 

(a) 
(b) 
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From the above figure analysis, there is no change in the chemical structure but there is a 

homogenous dispersion of the reduced graphene oxide (rGO) in different solvent systems 

i.e., NMP and 1,4-Dioxane.  

5.3. Fabrication of 1,4-Dioxane  treated PDMS-
rGONanocomposites 

 
5.3.1. Experimental procedure 

Pre-calculated amount  of reduced Graphene oxide (rGO) was added to 1, 4-Dioxane in 

the ratio of (0.5mg/1ml) and then sonicated by using an ultrasonication bath (Branson 40 

KHz) for 1h at 30ºC at low amplitude to avoid the breakage of reduced graphene oxide 

sheets and heat generation during the sonication process. In order to uniformly disperse 

rGO in PDMS matrix, the above RGO dispersed in 1,4-D solution was added dropwise to 

the 10parts of  the poly-dimethyl silicon elastomer.  Finally, 1part of hardener was added 

to the above solution mixture and mechanical mixing was carried out to obtain a uniform 

frGO PDMS composite. Once, the uniform distribution of fRGo was achieved, the above 

solution was poured into a Teflon mold having 2x2cm2 in size and kept in a desiccator for 

30min in order to remove moisture and bubbling from the nanocomposite. Finally, it was 

cured at 800C for 1h to obtain the functionalized-rGO-PDMS nanocomposite. The curing 

temperature was maintained at 800C for better bonding between the PDMS matrix and 

filler material (RGO) and also for enhancing the flexibility of the nanocomposite. The 

final cured frGO-PDMS composite was removed by using a tweezer from the mold.  The 

lateral dimension and thickness were measured by using a Verniercalliper which 

confirmed 2cm in length and 2cm in width.  The thickness of the sample was estimated 
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and found to  be ~1250µm. The low-cost fabrication process for formation of the 

nanocomposite was graphically illustrated in the schematic below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3.1 Schematic shows the flow process for the fabrication of PDMS-1,4-D treated –

rGO based nanocomposites. 
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Fig. 5.3.1.2 represents the PDMS-rGO and PDMS-1,4-D-chemically treated rGOnanocomposites 
 

5.3.2. X-ray Diffraction Analysis 

 

Fig. 5.3.2 XRD analysis of PDMS-1,4-D-rGO samples with 0.03wt% (a) 500µm (b) 1250 µm and (c) 
2000µm. 

 
From the above Fig. 5.3.2, XRD analysis shows 1,4-Dioxane treated rGO-PDMS 

nanocomposites with 0.03wt% by means of liquid phase dispersion of different thickness 

i.e., 500um, 1250um and 2000um. The PDMS based 1,4-Dioxane treated rGO from the 

Fig. 5.3.2 (a) 500um infers the uniform dispersion of rGO by physicochemical 

Without chemical treatment 

rGO-PDMS 1,4-D-rGO-PDMS 

O
--O—H-

PDM
S 

Chemical treated 

(a) (b) (c) 
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interactions and bonding characteristics with the lower weight (%) such that the 

diffraction peaks are found with the 2� values at 12.47º corresponds to the PDMS matrix 

and the broad peak 20.92º where as 29.45º due to the PDMS-rGO composite formation 

because of the interactions betweenrGO and polymer matrix. The PDMS-

rGOnanocomposite with 0.03% for 1250um thickness in comparison to 500um XRD 

analysis is observed with the broad peak at 29.45º whereas 2000um from the Fig. 5.3.2 

(c) shows the diffraction peak at 28.41º because of the homogenous dispersion implies 

with an increase in the distribution of rGO and polymer molecules interactions.   

 
5.3.3. Raman spectroscopy  

 

Fig.5.3.3 Raman analysis comparison plot of PDMS-1,4-D treated rGOnanocomposite with 
0.03wt% of 500µm, 1250µm and 2000µm. 
 
 
Raman analysis shows the PDMS-1,4-D treated rGOnanocomposites with the major 

sharp peak associated with PDMS (pure) flexible nanocomposite. From the above figure, 

we can observe the shift in peak because of the chemically treated rGO dispersion in the 

polymer nanocomposite.    
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5.3.4. Scanning Electron Microscopy 

 

(a)  (b)                                  (c) 

Fig.5.3.4 Scanning electron Microscopy (SEM) analysis (a & b) PDMS and (c) PDMS-rGOnanocomposites. 
 
From the above figure (a & b), the SEM analysis shows the PDMS (pure) flexible 

nanocomposite with a layered structure. Fig. 4.3.4 (c), shows the rGO distributed in the 

PDMS matrix. The morphology observed with the rGO agglomerated in the polymer 

matrix. 

5.4. Thickness-dependent properties of PDMS-1,4-Dioxane treated 
rGOnanocomposite 

 
5.4.1. Fourier-Transform Infrared spectroscopy  

 

Fig.5.4.1 FT-IR analysis comparison of PDMS-1,4-D treated rGOnanocomposite with 0.03wt% 
of 500µm, 1250µm and 2000µm. 
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The above Fig. 5.4.1 FT-IR analysis shows PDMS-1,4-Dioxane treated rGO based 

nanocomposites with the hydroxyl group at 3642.3cm-1 and thebroad peak at 3111cm-1 -

2797cm-1 corresponds the functional group 2662.5cm-1; 2500cm-1; 2158.63cm-1; 

1952.56cm-1 and 1781.5cm-1.    

5.4.2. UV-visible spectroscopy 

 
Fig. 5.4.2 UV-visible spectroscopy of PDMS-1,4-Dioxane chemically treated rGO  (a & b) 
PDMS and (c) PDMS-rGOnanocomposites. 
 
UV-visible spectroscopy of PDMS-1,4-D chemically treated rGOnanocomposite with 

0.03wt% with different thickness i.e., 500um, 1250um and 2000um respectively. We 

observe that there is an increase in the transmittance of 1,4-D chemically treated rGO 

distribution in the PDMS matrix when compared with the rGO (without chemically 

treated) distribution in the polymer matrix.   
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5.5. Conclusion 
 
PDMS-1,4-Dioxane nanocomposites are fabricated by using mold casting technique of 

different thickness i.e., 500um, 1250um and 2000um. Here, in this chapter the detailed 

fabrication of chemically treated nanocomposites are discussed in detail. The dispersion 

behavior of rGO in the different solvent system is studied and then the homogenous 

dispersion of solution obtained studied by UV-spectroscopy. The fabrication of 

chemically treated rGO based PDMS nanocomposites and characterization of the samples 

using XRD, Raman-spectroscopy, FT-IR analysis. Therefore, studied the dielectric and 

optical properties. The transmittance of PDMS-1,4-D chemically treated 

rGOnanocomposites of different thickness i.e., 500um, 1250um and 2000um are 

compared by using UV-spectroscopy. The neat PDMS shows highly transparent (98%) 

and decreases in (%) transmittance with the accumulation of rGO as filler nanomaterial in 

the PDMS matrix and transmittance reduced with a rise in the thickness due to the 

incorporation of rGO filler material in PDMS-rGO based nanocomposites. Moreover, the 

uniform dispersal of the rGO filler material in the polymer matrix is obtained and 

thickness dependent optical properties are studied by using UV-spectroscopy analysis.          
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Chapter-6 

Comparative study of PDMS-rGO based Nanocomposites 
(without and with chemical treatment using 1,4-Dioxane) 

 
6.1 . Introduction 
The fabrication of PDMS (pure) and PDMS-rGO without chemical 

technique by using mould casting prepared samples in the chapter-4 were 

compared with PDMS-1,4-Dioxane chemically treated rGO based 

nanocomposite of 1250um from the chapter-5 and analyzed by using 

XRD, Raman, FT-IR, UV-spectroscopy, dielectric and IV-analysis.      

6.2 . Characterization of rGO-PDMS composite and 1,4-D-rGO- 
PDMS composite 

 
6.2.1. Structural analysis by XRD analysis  
 

 
Fig. 6.2.1 XRD analysis shows comparison plot of PDMS (pure), PDMS-rGO and PDMS-1,4-D-rGO. 
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Fig. 6.2.1 shows the XRD patterns of PDMS, PDMS-rGO and PDMS-1,4-D-

rGOnanocomposites respectively. As shown in Fig. 5.5.1, (for the PDMS XRD pattern), 

the corresponding 2� values are at 12.5°, 22.2° and 38.20 which are same as reported  

earlier for the PDMS40.  For PDMS-rGO, the corresponding 2� values are at 25.90 and 

38.60 respectively.  As shown from the above Fig. 5.5.1, there is a shifting in peak 

position from 22.20 to 25.90 occurs for PDMS-rGO which is owing to the incorporation 

of rGOnanosheets in the polymer matrix. For PDMS-1,4-D-rGO, the corresponding 2� 

value is at 28.270 and only one peak is seen, the possible reason is  due to the cross-

linking bond formation between the filler and PDMS matrix.  

 
6.2.2. Raman spectroscopy 

 

 
Fig. 6.2.2 Comparison plot of Raman analysis PDMS (pure), PDMS-rGO and PDMS-1,4-D-rGO. 
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Raman spectroscopy of PDMS, PDMS-rGO and PDMS-1,4-D-rGO nanocomposites 

are shown in Fig. 6.2.2. For the spectrum PDMS-1,4-D-rGO, the predominant peaks at 

1731cm-1& 2692cm-1 correspond to the G and 2D band of the reduced graphene 

oxide(rGO).  As shown in the above figure, the G band moved to the higher wave number 

side after 1,4-D-rGO dispersed in PDMS while 2D band position remains unchanged. 

The blue shift of the G band occurs mainly because of charge doping with electron-

withdrawing components of PDMS.The other peaks correspond to the PDMS polymer 

matrix nanocomposite as shown in Figure 4b ( themiddle figure is one for PDMS ref[93-

95].  

 
6.2.3. Fourier Transform-Infrared spectroscopy (FT-IR) 

 

 
Fig.6.2.3 FT-IR study comparison plot of PDMS (pure), PDMS-rGO and PDMS-1,4-D-rGO. 

 
Fig. 6.2.3 depicts the FTIR spectra of rGO, PDMS-rGO and PDMS-1,4-D-rGO 

nanocomposites respectively.  The broadband appears at 3660cm-1 for PDMS-1,4-D-rGO  

mainly due to  the vibrations of Si-OH groups that is because of the hydroxyl groups 
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absorption, the band Si-H group peak appears at 2158.6cm-1 which confirms the 

hydrosilanes  groups present in the sample further indicating the bond formation between 

PDMS base and 1,4-D-rGO  and  acts as a crosslinker.  The peak appears at 1790cm-1 

corresponds to C=C aromatic stretching between 1,4-D-GO and PDMS due to Si(OOR) 

stretching in functional polymers and further it may increase the orientation of filler in 

the composite to enhance the properties of the material. Moreover, the  Si-O-Si  

stretching  at  1008cm-1   and C-H stretching shakings in the range 2500cm-1 to 2662cm-1 

arealso found in the 1,4-D-rGO-PDMS nanocomposites. Thus, from the FT IR analysis 

we conclude that the filler along with solvent (1,4-D) characteristic interactions modify 

the surface bonding of the molecular structure whichenhances the nanocomposite 

flexibility because of weak cross-linking regions. Therefore, both FT-IR and Raman 

outcomes clearly indicate the sturdy interaction between the chemically treated 1,4-D-

reduced grapheneoxide(1,4-D-rGO) and PDMS matrix[96, 97].  

 
6.2.4. Thermo gravimetric (TGA) analysis 
 

 

 
Fig. 6.2.4 (a & b) TGA analysis of  PDMS-ref, PDMS-rGO and PDMS-1,4-D treated 

rGOnanocomposites. 
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Thermogravimetric study was done to understand the weight loss of the nanocomposites 

with variation in the temperature at the heating rate of 10ºC/min by using a Perkin Elmer 

instrument (SDT Q600 V20.9 Build 20) and the corresponding percentage (%)weight loss 

of the cured PDMS, PDMS-rGO and PDMS-1,4-D-rGO nanocomposite are plotted with 

temperature  as shown in Fig.6.2.4 (a). As shown in Fig 6.2.4 (a), the nanocomposites 

decomposition occur primarily in four different  stages  such as in the temperature range 

25ºC-259ºC for stage-I, 259ºC-480ºC for stage-II, 480ºC-613ºC for stage-III and  613ºC-

800ºC for  stage-IV respectively. The degradation starts in the first stage due to the 

homolytic scission of chemical bonds in the network for PDMS-rGO and PDMS-1,4-D-

rGO samples respectively with a maximum weight loss of 2-3% in the stage-I45.  In stage 

II, only 15% weight loss occurs because of the elimination of water molecules and the 

bonding between the PDMS matrix and carbonyl (C=O) groups of the rGO due to the 

chemical treatment by dispersion process. In stage-III, the region (480ºC-613ºC) where 

both the PDMS-rGO and PDMS-1,4-D-rGO loss weight linearly and a maximum 45% 

weight loss is seen at 6130C.  In the last stage  (4th stage > 6130C), one interesting 

phenomenon is occurring (as shown in Fig. 6.2.4 (a) for the PDMS-1,4-D-rGO 

nanocomposite in comparison to the PDMS-rGO that the weight loss is very rapid for the 

PDMS-rGO  and a maximum  weight loss of  75% occurs at 8000C. In contrast to this 

only 55% of weight loss occurs for the PDMS-1,4-D-rGO nanocomposite at the same 

8000C. Moreover, the weight loss is saturated beyond 8000C for the PDMS-1,4-D-

rGOnanocomposite whereas still weight loss is happening for the PDMS-

rGOnanocomposite[41, 42, 98]. 
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 It is also seen that from the Fig. 6.2.4 (a), both PDMS host and 1,4-D-rGO-

PDMS nanocomposite are following the similar decomposition pattern with a maximum 

weight loss of 50-55% at high temperature. Our experimental results from TGA analysis 

indicated that a higher thermal stability PDMS-1,4-D-rGO nanocomposite is obtained by 

chemical treatment of rGO with 1,4-Dioxane. Further, it suggested that a robust 

interfacial bonding between the filler material and polymer matrix owing to the uniform 

distribution of 1,4-D-rGO in the PDMS matrix by the  chemicaltreatment is mainly 

responsible for the enhancement in the thermal stability of 1,4-D-rGO-PDMS 

nanocomposites, same results are also reported earlier from TGA analysis.  

Therefore, PDMS-1,4-D-rGO nanocomposite is more thermally stable at high 

temperature and don’t degrade much at high temperature. The possible reason for this 

unique behavior of 1,4-D-rGO-PDMSnanocomposite is owing to the solid interaction 

between the filler material and PDMS matrix as confirmed from the FTIR results (Fig. 

6.2.3) and also due to the uniform distribution of 1,4-D-rGO in the polymer matrix as a 

result of chemical treatment by dispersion technique. 

To understand more details about the thermal properties heat flow analysis was 

performed for PDMS, PDMS-rGO and PDMS-1,4-D-rGO cured nanocomposites and 

shown in Fig. 6.2.4 (b).  As shown in Fig.6.2.4 (b), PDMS-1,4-D-rGO shows higher 

stability in comparison to rGO-PDMS nanocomposite. A peak shift towards high 

temperature by 50C is noticed for 1,4-D-rGO-PDMS from the PDMS host whereas a peak 

shift towards lower temperature by 8.40C is seen for PDMS-rGO sample from the host 

PDMS. In case of PDMS-1,4-D-rGO, a segmental movement of the constrained polymer 

chains occurs because of the global network structure between the filler and the PDMS 
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matrix due to uniform distribution of the 1,4-D-rGO in PDMS matrix,   thus there is an 

increase in the thermal stability. On the other side, in the case of PDMS-

rGOnanocomposite, we observed less thermal stability because of the relative 

immobilization of the remaining amorphous PDMS segments between the rigid 

crystalline lamellae, the peak deviates and the relaxation is broadened significantly[45, 

99, 100]. 

 
6.2.5. Dielectric properties 

 
Fig. 6.2.5Comparison plot represents the Dielectric constant of PDMS-rGO and PDMS-1,4-D-
rGO samples with a thickness 1250um. 
 

Further, to understand the electrical properties of nanocomposites, electrical 

testing was performed and variation of the dielectric constant with frequency for the 

fabricated rGO-PDMS and 1,4-D-rGO-PDMSnanocomposites is shown in Fig. 6.2.5 (a) 

and variation of loss factor (tan ) with frequency is shown in Fig. 6.2.5 (b).   A common 

trend that can be noticed for both the rGO-PDMS and 1,4-D-rGO-PDMS samples in Fig. 

6.2.5 (a) by the addition of rGO or 1,4-D-rGO in PDMS matrix and the dielectric 

constant  increases dramatically  to that of the host PDMS(dielectric constant in the range 

of 2.32-2.40) which is consistent with the earlier reported results. Further, compared with 

the rGO-PDMS nanocomposite(22), a relatively high dielectric constant(38) is achieved 
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in 1,4-D-rGO-PDMS nanocomposite even at very low vol. % of the filler which is 

remarkably lower than the percolation threshold as reported earlier. The improvement in 

the dielectric constant for 1,4-D-rGO-PDMS nanocomposite is mainly attributed to the 

identical distribution of the rGO in PDMS matrix after chemical treatment with 1,4,D. 

Secondly, the surface adsorption process has a tendency to make the rGO slightly more 

nonconductive which can prevent some extent to form the continuous conductive path in 

the PDMS matrix as a result dielectric constant increases. Thirdly, due to the 

establishment of microcapacitor networks in the PDMS which consisting of nanoplatelets 

detached by a thin insulating PDMS layer, the dielectric constant increases drastically in 

case of1,4-D-rGO-PDMSnanocomposite. On the other hand, the above-mentioned 

phenomena are not happening in case of the rGO-PDMSnanocomposite, moreover due to 

the agglomeration of the rGO in PDMS matrix, the properties of the rGO are not anymore 

retained like individual rGO sheet in the PDMS matrix.   Hence, certainly the dielectric 

constant of rGO-PDMS is lower than that of the 1,4-D-rGO-PDMSnanocomposite. 

However, compared to the host PDMS, the dielectric constant is significantly higher for 

even rGO-PDMS nanocomposite. In addition to this, it is also seen from the Fig. 6.2.5 (a) 

that dielectric constant of the rGO-PDMS and 1,4-D-rGO-PDMS decreases with a rise in 

frequency at low frequency range (< 104 Hz) whereas it remains stable and becomes 

constant once frequency increases beyond 104Hz indicating the dielectric constant are 

nearly independent of frequency and attain a constant value.  The frequency dependence 

of dielectric constant at low frequency can be explained on the basis of Maxwell-

Wanger-Sillars(MWS) polarizationor interfacial polarization, which occurs due to the 

addition of charge carriers at an interface between two materials. Though, we have 
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employed conductive 1,4-D-rGO as filler materials for formation of the nanocomposite, 

due to very low vol. % of the filler material they never touch to each other as a result 

insulating spacer layer can exist between them in the PDMS matrix[101-103].  

Indeed, due to this reason, the free charges present in graphene pile up at the interface 

between graphene and space layer which in returns provides strong MWS polarization. 

Furthermore, chemical treatment by dispersion of rGOin 1,4-Dioxane solvent improves 

the dissemination of filler in the PDMS matrix which further increases the interface area 

between 1,4-D-rGO and PDMS and correspondingly enhances the interfacial 

polarization.  Thus the dielectric constant of the fabricated 1,4-D-rGO-PDMS is always 

higher at low-frequency range in comparison to that of rGO-PDMS nanocomposite as 

shown in Fig. 6.2.5 (a). In addition to this unusual dielectric response at lower frequency 

range, it is also seen from the Fig. 6.2.5 (a) that dielectric constant gradually decreases 

for both the nanocomposites as the frequency increases and becomes stable beyond 104 

Hz. However, one interesting point to mention here that, the dielectric constant of the 1,4-

D-rGO-PDMSnanocomposite is always higher that of rGO-PDMS nanocomposite 

whether at low or high-frequency range indicating that not only the interfacial 

polarization but also existence of the spacer layer between the filler and PDMS matrix is 

responsible for enhancing the dielectric constant in the 1,4-D-rGO-PDMSnanocomposite.  

This characteristic of nanocomposite may be useful while fabricating capacitance based 

MEMS and sensors devices[3, 68, 70].  

To clearly understand the conductivity of the nanocomposites, four-point probe method 

was performed at room temperature for both 1,4-D-rGO-PDMS and rGO-PDMS 

nanocomposites. As expected from the dielectric analysis results, it was found that the 
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conductivities of the two samples are very low ( rGO-PDMS = 5.8×10-9Sm-1and 1,4-D-rGO-

PDMS = 8.0×10-9Sm-1). Thus, it is apparently understandable from these results that there is 

a slight enhancement in the electrical conductivity of the 1,4-D-rGO-PDMS 

nanocomposite that is good deal with the dielectric analysis outcomes as discussed 

earlier. However, there is a significant progress in the electrical conductivity in 

comparison to the host PDMS(PDMS ~ 10-14 Sm-1). The low conductivity of the 1,4-D-

rGO-PDMS nanocomposite is found mainly owing to the nonexistence of the conductive 

path in the insulating PDMS matrix because of very low vol. % of the filler(1,4-D-rGO) 

was employed in PDMS matrix,  which is very lower than the threshold value as reported 

earlier in  the PDMS matrix. The primary intention of choosing very low vol. % of the 

filler was to retain the mechanical durability and flexibility of the fabricated 

nanocomposites as a result the electrical conductivity has to be compromised in return.  

Therefore the overall summary of our work, chemical treatment of rGO with 1,4-Dioxane 

promoted the uniform distribution of the reducedgraphene oxide in the PDMS matrix and 

also improved the cross-linking bond between the filler and PDMS matrix. Further, due 

to this uniform distribution of the 1,4-D-rGO in PDMX matrix the fabricated 

nanocomposites show higher optical transparency, higher thermal stability at high 

temperature and improved electrical properties. Therefore our experimental work 

demonstrated a novel optoelectronicnanocomposite material with higher thermally 

stability at a higher temperature for several applications like Micro-fluidic devices, 

sensors, actuators, bio-medical devices and Optical-MEMS[9, 13, 104, 105].  
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6.2.6. I-V analysis 
 

 
Fig.6.2.6 IV-analysis shows the (a) PDMS-rGO and (b) PDMS-1,4-Dioxane chemically treated 
rGOnanocomposites. 
 

From the above figure, IV-analysis shows the PDMS-rGO and PDMS-1,4-Dioxane 

treated rGO based nanocomposites. We observe the linear curve with voltage (V) vs 

current (µAmps).   

6.2.7. UV-visible spectroscopy 

 

Fig. 6.2.7 Photo image analysis of PDMS-rGO and PDMS-1,4-D-rGO nanocomposites. 
 

 

 

2cm x 2cm                 2cm x 2cm                 

(a) 

(b) 

(a) (b) 
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Fig. 6.2.7 Photography images of (a) PDMS-ref (b) PDMS-rGO and (c) PDMS-1,4-D-rGO and 
(d) UV-visible spectra of PDMS-ref,  PDMS-rGO   and PDMS-1,4-D-rGOnanocomposites. 
 

Fig. 6.2.7 (a-c) show the photographic images of the PDMS, PDMS-rGO and PDMS- 

1,4-D-rGO respectively. As shown in Figure 6a-c, the 1, 4-D-rGO based PDMS shows 

better transparency due to uniform distribution of the 1,4-D-rGO in the polymer matrix. 

Further, UV-analysis (as shown in Fig. 6.2.7 (d) indicates that 1,4-D-rGO-PDMS 

nanocomposite shows 82% of optical transparency. The rGO-PDMS nanocomposite 

shows only ~42% optical transparency.  As per existing reported work and as per our 

knowledge based on the current literature,  we have first time reported a PDMS based 

nanocomposite with 82% optical transparency by incorporating very low vol. % of 

chemically treated rGO as filler in PDMS matrix [43, 106-109]. 

6.2.8. Conclusion 
 

In summary, we have demonstrated an optically transparent, thermally stable at a higher 

temperature and improved electrical properties nanocomposites first time by dispersing 

uniformly very low vol. % (very lower than percolation threshold) chemically treated 

reduced graphene(1,4-D-rGO) in silicon elastomer (PDMS).  Synthesis of Graphene 

Oxide (GO) was done by using modified Hummer’s method and hydrazine monohydrate 

was used to reduce GO to reduced graphene oxide. Uniform distribution of the reduced 

Graphene Oxide(rGO) in PDMS matrix was obtained by chemical treatment with 1,4-
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Dioxane,  Further, hydroxyl groups those are present after the solvent dispersion process 

is more responsible for the cross-linking bond between rGO and PDMS matrix as 

confirmed by FT IR analysis. FT IR, TGA and Raman analysis confirmed the 

nanocomposite formation successfully.  At 0.018 vol. % loading of 1,4-D treated rGO as 

filler, UV spectroscopy showed 82% optical transparency of the 1,4-D-rGO-PDMS 

nanocomposites. In addition to this, improved thermal stability at high temperature is 

achieved for 1,4-D-rGO-PDMS nanocomposite which was confirmed by the TGA 

analysis.  Moreover, 1,4-D-rGO-PDMS nanocomposites exhibited very high-value of 

dielectric constant (dielectric constant = 38), which 16 times higher than of host PDMS 

and 1.7 times higher than rGO-PDMS nanocomposites. Furthermore, electrical 

conductivity studied through the four-point probe and it showed very low conductivity of 

the 1,4-D-rGO-PDMS nanocomposites. Though, electrical conductivity the fabricated 

1,4-D-rGO-PDMS nanocomposite is very low, an improvement in the order of 105 as 

compared to host PDMS is achieved.  Therefore, our experimental results indicate that 1-

4-D chemical treatment solvent dispersion process improves the uniform distribution of 

the filler-RGO material in the silicon elastomer and also enhances the cross-linking bond 

between the filler and PDMS matrix. As a result, the thermal stability and dielectric 

properties of the nanocomposites can be enhanced to higher order even if at very low 

vol.% of filler when compared to that of host PDMS material. In addition to this, 

fabricated nanocomposites showed 82% optical transparency. We believe that our this 

low cost and facile approach to fabricate these optoelectricnanocomposites can be useful 

for potential applications in flexible and wearable electronic devices, optical MEMS, 

sensors, energy storage devices and biomedical devices.   
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Chapter-7 

 
Summary and Conclusions 

 
Studies on the synthesis of GO as reported in the recent literature is that GO is 

synthesized from the graphite as source material where the oxidation of graphite to 

graphene oxide is carried out in a consistent process by using Hummers and Modified 

Hummers method. It has been reported that the GO is the promising material for several 

applications and a source material to produce the reduced Graphene Oxide (rGO), hence, 

it is easy and faster to obtain than graphene. In this thesis work, we have studied the 

preparation of GO by different chemical approaches with a novel improved Hummers 

method, where no toxic chemicals such as NaNO2 or NaNO3 were involved. Moreover, 

we have established a new facile, cost-effective, commercially viable novel approach of 

volumetric titration-modified Hummer’s method, which is more assuring for the 

development of Graphene Oxide and subsequently graphene-based composite materials. 

Our approach indicated that fully oxidized and 2-3 layers graphene oxide can be obtained 

which is confirmed from the HRTEM, XRD, Raman and UV spectroscopy analysis.  

 

The second part of the thesis, we have studied the dispersion behavior and stability of the 

GO synthesized by our approach to the fabrication of flexible PDMS based GO/rGO 

based nanocomposites. Here, the PDMS based flexible nanocomposites were developed 

by considering three different thicknesses i.e., 500um, 1250um and 2000um by using the 

mould-casting technique. Two approaches were investigated; firstly, as synthesized RGO 

was directly employed as filler material and secondly, chemically treated (1,4,D) RGO 
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was applied as filler materials. The structure and morphology determined by using XRD 

analysis and the functionality and bonding behavior studied from the FT-IR analysis, the 

defects or disordered structure determined using Raman analysis, structure and 

morphology studied from SEM shows the layered structure and TEM analysis results 

shows the thin graphene sheets obtained from the number of layers from the HR-TEM 

image analysis and the crystalline studied from the SED pattern of TEM analysis.  

From our experimental results, we concluded that by treating RGO with 1,4,D, more 

uniform distribution of the RGO in PDMS matrix can be obtained with almost 88% as 

compared to the pure PDMS. Electrical testing results showed that all the samples are 

insulating in nature. Dielectric measurements results indicated that the dielectric constant 

can be improved by the addition of chemically treated RGO as compared to the PDMS 

host materials. Moreover, the thermal stability of the composite materials can be more 

improved by the addition of RGO as confirmed from the thermal analysis results from 

TGA.   

 
Therefore, these thesis research outcomes guided towards to synthesize 

significantly useful smart materials by incorporating carbon nanomaterials (Graphene) 

for several applications. However, more challenges are still required to overcome for 

utilization of these polymer composites for MEMS, sensors, and electronic applications.  
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