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Abstract 

The preparation, characterization and applications of graphene and its composites are 

investigated in this thesis. Solar exfoliation, a relatively simple and viable method, is 

used for the production of the reduced graphene oxide. The prepared graphene oxide is 

tested for applications in supercapacitors and electrochemical sensor for hydrogen 

peroxide, which is an important chemical species in the biological systems. Later on, 

vanadium oxide –graphene composite has been prepared and characterized. The 

prepared composite has been used as sensor for dopamine detection at nanomolar range, 

a neurotransmitter which can be vital in finding the irregularities related to Alzheimer’s 

detection. A better performance in terms of lower detection limit (0.07 µM) and 

sensitivity (25.02 µA mM-1 cm-2)  is reported. Also, Lithium ion batteries are fabricated 

using the prepared composites and the composite offers a good capacitance of around 

200 Fg-1.   The fifth chapter describes the preparation of zinc oxide - graphene 

composites. The electrochemical sensor fabricated using zinc oxide - graphene oxide 

composite was found to be sensitive towards glucose, which is important in the control 

of diabetes mellitus. Also, supercapacitors electrodes were fabricated and tested using 

above composites reveals promising performance with hghest specific capacitance of 

635 Fg-1.  

Keywords: Graphene, Solar Exfoliated Graphene, Vanadium pentoxide (V2O5), Zinc 

Oxide, Electrochemistry, Cyclic Voltammetry, Charge-discharge Chronoamperomtry, 

Impedance Spectroscopy, Biosensors, Supercapacitors, Lithium-ion Batteries 
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1 

Chapter 1 

1. Introduction 

Chapter 1 contains a brief overview of the graphene and its properties. Also the 

applications of graphene are discussed. This chapter also contains a brief discussion 

on the important composites of graphene. The electrochemical applications of these 

composites in the energy storage devices and biosensors are also discussed.  

1.1   Review of graphene and its applications 

Abundant and naturally occurring graphite, which is considered as the multi layered 

form of graphene, is known to the humans for many thousands of years. The history of 

the graphene started with the discovery by Geim and co-workers (Geim et. al. 2004). 

The very existence of a two-dimensional crystal was a new knowledge to the physicists 

across the world, since it contradicted some of the existing theories stating the unstable 

nature of two dimensional crystals (Landau, L. D. 1937).  

 

Figure. 1. 1: Representative image of a graphene monolayer showing the honeycomb 

structure with hexagonally arranged carbon atoms 
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The term ‘‘graphene’’ was recommended by the relevant IUPAC (International Union 

of Pure and Applied Chemistry) commission to replace the older term ‘‘graphite 

layers’’. The term “graphite layers” was unsuitable in the research of single carbon 

layer structure, since the term referred to a three-dimensional (3D) stacking structure. 

The IUPAC definition can be stated as “the term graphene should be used only when 

the relations, structural relations or other properties of individual layers are 

discussed” (Dreyer et al. 2010). The graphene can be described as a two-dimensional 

monolayer of carbon atoms, which is the basic building block of graphitic materials 

(i.e. fullerene, nanotube, graphite). All these forms can be built, starting from the basic 

graphene sheets. 

Properties of graphene (Singh et al. 2011) 

 

 Large theoretical specific area (2360 m2/g). 

 

 High intrinsic mobility (200,000 cm2  V-1 s-1). 

 

 Extremely high Young’s modulus (∼1.0 TPa). 

 

 Thermal conductivity (∼5000 Wm -1 K-1). 

 

 Optical transmittance (∼97.7%)  

 

 

Graphene was first prepared by Geim et al. using the scotch tape based mechanical 

exfoliation. Later, methods like chemical vapour deposition (CVD), chemical methods 

etc. were also suggested to prepare high quality graphene sheets. Even though, the bulk 

synthesis of graphene was largely affected because of the low efficiency of these 

methods. The suggested alternative was the chemical synthesis of graphene by 

oxidizing and reducing graphite (Marcano et al. 2010). Graphene oxide, the oxidized 

form of graphene needs a special mention because of this reason.  
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1.1.1 Graphene Synthesis Methods 

First ever preparation of graphene sheet employed the mechanical exfoliation of 

pyrolytic graphite. Thereafter numerous methods were proposed and experimentally 

proved by the scientists around the world. The methods for the preparation of the 

graphene can be briefly categorized into (Choi et al. 2010), 

 Exfoliation and cleavage 

 Thermal and chemical vapour deposition techniques 

 Plasma enhanced chemical vapour deposition techniques 

 Chemical and other methods 

1.1.1.1 Exfoliation and cleavage 

 Graphite is a continuum of graphene layers, each attached together by van der Waals 

force. If one can give enough energy either mechanically or chemically it could be 

possible to peel off some of the layers. Exfoliation techniques use the same for the 

synthesis of graphene layers. In the Nobel Prize winning work, the researchers 

demonstrated first ever production of the graphene single layers (Novoselov et al. 

2004). The technique used by them for peeling off the layers of the pyrolytic graphite 

is known as scotch tape method. The method yielded good quality graphene sheets with 

a considerably lower number of defects and utilized in demonstrating many properties 

of the graphene (Gass et al. 2008). However, the method was seriously lacking a large- 

scale production capacity, which could hinder any commercialization of the possible 

applications. A better method with a better production rate is achieved through liquid 

phase exfoliation of the graphite. In this method, ultrasonic assisted exfoliation was 

tried in N-methyl-pyrrolidone (NMP) (Hernandez et al. 2008). It was also observed that 

the exfoliation depends upon the interaction of the graphite and the solvent used.  

1.1.1.2 Thermal and chemical vapour deposition techniques 

Thermal and Chemical Vapour Deposition (CVD) of graphene has emerged as a 

versatile technique to grow large area graphene on substrates for various applications. 

The graphene growth on these substrates also depends on the surface segregation of 

carbon and in some cases, it was observed to be a CVD/ surface segregation process 
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(Avouris et al. 2012). In the earliest report, few layered graphene (FLG) was prepared 

through the pyrolysis of camphor on nickel substrate. The authors described the method 

as a simple and cost effective thermal method (Somani et al. 2006). The reported 

graphene sheet was made up of more than 30 layers, but paved the way to the new 

synthetic route for the production of graphene. The effect of the substrate was critical 

in most of the CVD methods, 1-2 nm thick graphene sheets were grown over Ni 

substrate, whereas the experiment was unsuccessful in the case of Si wafer (Obraztsov 

et al. 2007). Apart from the substrate properties, the reacting gas ratios, pressure and 

cooling rate acted as deciding factors.  Different cooling rates results in the segregation 

of the C atoms, which is to be controlled to achieve different thickness and 

crystallinities in the graphene layers. Further substrate free strategies were tested for 

preparing graphene sheets using CVD. MgO supported Co catalysts were employed to 

grow graphene in a ceramic boat using CH4 and Ar gases. The obtained graphene sheets 

were separated and cleaned by repeated washing with HCl and deionized water. The 

characterizations revealed the presence of rippled graphene sheets. This method has the 

advantage that it can be scaled up for the industrial production of graphene (Wang et 

al. 2009).  

1.1.1.3 Plasma Enhanced Chemical Vapour Deposition (PECVD) 

Plasma enhanced chemical vapour deposition (PECVD) is a modified chemical vapour 

deposition, which allows more flexibility in choosing the substrates and comparatively 

avoiding the use of catalysts. The first report on this method utilized a dc discharge 

PECVD which resulted in nano graphite like structure with graphene like sheets at the 

edges (Obraztsov et al. 2003). The free standing graphene sheets were reported later 

using radio frequency plasma enhanced CVD. The researchers reported this without the 

use of any catalyst or special substrate treatment (Wang et al 2004). The PECVD 

methods brought control over the method, bringing less importance to the catalyst and 

substrate parameters. 

1.1.1.4 Chemical Methods 

The large-scale synthesis of graphene was the major issue in the development of devices 

and technologies using graphene. The chemical method was suggested for catering the 
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need of the industries. Even though, many methods reported earlier can be called as a 

chemical method, for the purpose of understanding the discussion here it is restricted 

to the production of graphene by the reduction/exfoliation of graphene oxide. The 

process involved in the graphene synthesis can be summarized as a two-step process 

via,  

1) Oxidation of the graphite using strong oxidizing agent. 

2) Reduction/exfoliation of the obtained graphene oxide in the solution/solid state 

using reducing agents such as hydrazine hydrate or by thermal annealing.  

The earliest report on the oxidation of graphite to graphite oxide is dated back to 1859. 

The most famous among the reported method was put forward by Hummer et al. in 

1958. The method describes the production of graphite oxide from graphite. Graphite 

flakes were treated in sulphuric acid and sodium nitrate, which is further treated with 

potassium permanganate. This mixture was treated with water and hydrogen peroxide 

to obtain graphite oxide (Hummer et al. 1958). This method is considered as one of the 

easiest and productive method to obtain graphite oxide, which is the starting material 

for other reduction/exfoliation processes. Recently, there have been many attempts to 

develop better methods to oxidize graphite. The efforts in improving the Hummer’s 

method have to be highlighted because of the wide acceptance among the scientific 

communities. The method suggested using a mixture of (9:1 concentration), 

H2SO4/H3PO4 which is fed with 1 equivalent of graphite flake and 6 weight equivalents 

of potassium permanganate. The reaction was continued at elevated (50 ºC) for 12 

hours, which is then poured into ice containing 30% H2O2 resulting in the formation of 

graphene oxide. The slight change in the process and the ratios of the oxidants used to 

improve the efficiency of the oxidation process. The method also had the added 

advantages that, it does not produce toxic gases and greater controllability over the 

temperature (Macrano et al. 2010).  Although, other methods have been suggested and 

reported to produce graphene oxide (Jainfreg et al. 2009) an altered Hummer’s method 

has been used in this work.  

Graphene oxide (GO) obtained after the oxidation of graphite flakes shows insulating 

or high resistance. In order to restore the properties of the graphene,  exfoliation or 
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reduction is required in the sample. The methods can be broadly divided as chemical 

reduction and physical reduction.  

Chemical reduction of GO is a much discussed method to restore the properties of 

graphene. During the oxidation of graphite, functional groups get attached to the 

graphitic planes. This will also allow the water molecules to occupy space in between 

the graphitic planes, resulting in the increased interplanar distance. Once the bonding 

between these planes broken by the reducing agent that results in the formation of free 

standing sheets of graphene. Hydrazine is one of the most discussed reducing agent for 

the reduction of GO. Prior to the reaction, a well dispersed solution of GO was prepared 

by the ultrasonic agitation. The solution was then mixed with hydrazine hydrate in the 

required ratio. This was kept under constant stirring in a Teflon lined glass beaker which 

is maintained at 80 ºC. The resultimg black precipitate is filtered and cleaned to obtain 

the reduced GO [rGO]. The prepared rGO shows higher surface area and electrical 

conductivity (Park et al. 2011). In general, hydrazine reduction results in high quality 

of graphene, but the inherent toxic nature of this chemical makes its important to avoid 

the use of Hydrazine as much as possible. Another redox agent, which is reported as an 

alternative to the hydrazine is vitamin C. Dispersion of GO was reacted with vitamin C 

at temperature around 95 ºC. The reaction resulted in highly reduced graphene oxide, 

which can be easily dispersed in water or other common organic solvents. This method 

also has the advantage that, vitamin C is environmentally friendly in nature (Fernandez 

et al. 2010).  Sodium borohydride is another reducing agent, which shows promising 

performance. The spray coating technique was used for the preparation of the graphene 

oxide films. It was noticed that the electrical resistance of these films was higher [6.8 

× 10-8 S m-1]. These films were dipped in NaBH4 solution to reduce it. The reduced 

films were found to be showing lesser resistance than the initial film [4.5 S m-1](Shin 

et al. 2009). Another alternate method for producing chemically reduced graphene 

oxide, is to treat them under alkaline conditions. A mixture of GO and NaOH was kept 

in a Teflon beaker and allowed to react at 120 ºC in a hydrothermal chamber.  This 

resulted in the reduction of the graphene oxide to a black reduced GO (Perera et al. 

2012). The chemical reduction of GO is already well established and there are 

numerous ways put forward to achieve reduction. But, the toxic nature of reacting 
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species, time consuming processes and problems involved in mass production hinder 

the further growth in the field.  

The reduction involving the treatments with high temperature or high energy radiation 

is an alternate way of achieving reduced graphene oxide. Dip coating technique was 

used for the preparation of GO films over the pre-treated quartz substrate. The thickness 

was adjusted by varying the number of layers and dipping time. This resulted in GO 

films, which is less conducting in nature. In order to restore the conductivity, the film 

was kept under high temperature (1000 ºC) in Ar/H2 environment. This resulted in the 

improvement in conductivity around 500 S/cm. The films also exhibited good optical 

transmittance (> 70%) (Wang et al. 2008). In a similar report, solution processed 

graphene oxide films are reduced to obtain a film, which can be used as transparent 

conductor. The authors tried to graphitize the GO films at 1100 ºC in vacuum. The 

result was promising, that the films showed less sheet resistance with more than 80% 

transparency (Becerril et al. 2008). Another approach to achieve reduced graphene 

oxide is, exfoliating with the help of microwave irradiation. GO powder obtained was 

irradiated in a domestic microwave oven for 1 minute at 700 W. This resulted in the 

exfoliation of graphene oxide with violent fuming. The results were so interesting that 

within a short time reduced graphene oxide with worm like morphology was obtained. 

This process also restored the electronic conductivity of the graphene sheets (Zhu et al. 

2010). In another paper, the authors described the exfoliation of graphene oxide by the 

concentrated solar radiation. A convex lens with diameter 90 mm was used for 

concentrating solar energy to the graphene oxide. The energy produced by this was 

sufficient for the exfoliation of graphene oxide. There are many methods which are 

described well in the literatures. But most of the literatures focussed on the reduction 

of graphene oxide, the applications of these graphene sheets are not studied. So using 

the reported procedures for the material production and using them in innovative 

applications could be a promising step the studies of graphene.  

1.1.2 Applications of Graphene 

Graphene finds applications in a variety of fields such as energy generation and storage, 

electronics, biomedical applications etc. (Chabot et al. 2014). 
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Graphene-silicon (Gr-Si) Schottky junction solar cells have been prepared and well-

studied in the past. In a recent report, Gr-Si solar cell was prepared by the CVD method, 

after construction of the solar cell, internal electric field doping was used for the 

performance enhancement (Yu et. al. 2015). Single layer graphene/ n-silicon solar cells 

have been reported earlier. The doped versions of the device reach 8.6% efficiency, 

demonstrating the applications of graphene in solar cells. These junctions formed works 

like a Schottky junction solar cell (Miao et al. 2012).   Graphene also finds application 

as a transparent conductive electrode in the solar cells. Many research groups explored 

the possibility of replacing the usual transparent conducting oxides with graphene films, 

which is prepared by different methods (Grane et al. 2012).  

Energy storage is one of the fields where graphene has made a major impact. With the 

recent advance graphene has found applications in Li-ion Batteries (LIB’s), 

supercapacitors, Lithium-sulphur batteries and Lithium air/oxygen batteries(Zhu et al. 

2014).  

1.1.2.1 Li-ion Batteries (LIB’s) 

Lithium ion batteries possess longer life and better safety compared to the other 

traditional batteries, but the lower power density compared to the electrochemical 

capacitors, which is a major problem affecting its wide utilization. The charging time 

is another important parameter, the current charging time for LIB’s stands in hours. It 

is important to have a fast charging. The charge and discharge in LIB’s achieved 

through the insertion and deintercalation of Li ions at the anode and cathode. The speed 

of the intercalation/de-intercalation reaction depends on the speed of the Li ions 

transported through the electrolyte and electrode. Developing materials with high 

electrical conductivity, faster electron transport with large surface area and shortened 

diffusion length for the Li ions is a key point in having better batteries (Zhu et al. 2014). 

The existing studies show that graphene itself cannot act as a good electrode material 

due to its low coulombic efficiency, high charge-discharge platform and poor cyclic 

stability. But when used as a matrix material/ nano composites, graphene can play a 

significant role (Atabaki et al. 2013).  
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1.1.2.2Supercapacitors 

The very high electrical conductivity and the large surface area makes graphene a 

suitable candidate for the supercapacitor applications. Graphene, in its own and as a 

composite exhibits excellent energy storage capabilities, as an electrode in 

supercapacitors. Graphene shows EDLC (Electrochemical Double Layer Capacitance) 

type performance while used as an electrode. Over the last decade, there have been 

many reports regarding the use of graphene in supercapacitors. The applications in 

supercapacitors can be categorized based on the method of reduction of the 

graphene/reduced graphene. 

1.1.2.2.1 Review of graphene electrodes through the chemical reduction of 

graphene oxide.  

Chemical reduction of graphene oxide is a simple and effective tool to obtain reduced 

graphene oxide. Because of the simplicity many methods are employed to obtain the 

reduced graphene oxide with desired quality for a supercapacitor electrode.  

Table 1.1 : Chemical reduction of graphene oxide for supercapacitor electrodes 

No Reducing 

agent 

Results Reference 

1 Hydrazine 

hydrate 

The graphitic properties are restored through 

the hydrazine reduction. Improved electrical 

conductivities are also observed. 

Electrochemical properties are evaluated using 

two electrode configurations in differet 

solvents, and improved capacitance values are 

observed.  

1) KOH – 135 Fg-1  

2) TEABF4/PC – 94 Fg-1 

3) TEABF4/AC – 99 Fg-1 

(Stoller et al. 

2008) 
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The restacking of the graphene sheets after the 

reduction is, one of the main challenges in 

chemical reduction mehod..  

2 Hydrazine 

hydrate 

The reduced graphene oxide was prepared by 

the deoxydation using hydrazine hydrate. The 

reduction time was varied. Also, the effect of 

the annealing in argon atmosphere was studied. 

A very high specific capacitance of 205 Fg-1 was 

reported. 

(Wang et al. 

2009) 

3 Hydrobromic 

acid 

Reduced graphene has been obtained by the 

reduction using hydrobromic acid. The rGO 

obtained can be re-dispersed in water, making it 

easy to process. Because of the partial 

reduction, due to the nature of the reducing 

agent, some of the functional groups remain in 

the sample. This facilitated better performance 

with the aqueous electrolyte and offered some 

pesuodocapacitive part in the total capacitance. 

The observed capacitance in 1-butyl-3-

methylimidazolium, hexafluorophosphate    

(BMIPF6) and H2SO4 are 148, 348 and 205 Fg-1 

respectively.  

(Chen et al. 

2010) 

 

1.1.2.2.2 Review of graphene electrodes through the thermal reduction of 

graphene oxide 

Thermal reduction is one of the ways to obtain reduced graphene oxide. The thermal 

reduction has the advantage, that it takes relatively less time compared to the other 

methods. Some of the earlier attempts to prepare electrodes from the graphene oxide 

through thermal and related methods are listed below. ` 
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Table 1.2: Thermal reduction of graphene oxide for supercapacitor electrodes 

No Process Results Reference 

1 Reduction of 

graphene oxide at 

10500C 

Graphite oxide reduced at 10500C and 

was tested for its capabilities as an 

electrode material under ionic and 

aqueous electrolytes. A capacitance of 75 

and 117 Fg-1 was reported for the ionic 

and aqueous electrolytes respectively.  

(Vivekchand 

et al. 2008) 

2 Exfoliation at 

2000C in vacuum  

Higher temperature required for the 

exfoliation makes it inconvenient in 

some cases. The authors took effort to 

decrease the temperature and could 

achieve the reduced graphene oxide 

around 2000C, at low vacuum conditions. 

The sample shows a capacitance of 264 

and 122 Fg-1 in aqueous and organic 

electrolytes respectively. 

(Wei Lv et 

al. 2009) 

3 Exfoliation at 

2000C in air 

Thermal exfoliation of graphite oxide 

was used, to obtain the low temperature 

treatment in air at 2000C, the sample was 

further treated in N2 atmosphere at 

elevated temperature, to obtain nitrogen 

doped graphene. The electrochemical 

properties are studied. The material 

shows a capacitance of 230 Fg-1  in KOH 

solution.  

(Du et al. 

2010) 

4 Solvothermal 

process without 

any reducing agent 

at 1500C  

The authors exfoliated graphene oxide in 

the dispersed form, in propylene 

carbonate. The reduction was carried out 

without the aid of any reducing agent. 

(Zhu et al. 

2010) 



12 
 

The method was found to be scalable. 

Also the prepared samples show a very 

high capacitance of 120 Fg-1 in two 

electrode configuration.  

5 GO dispersed and 

heated at 1500C in 

dimethylformamide 

(DMF)  

Heating at 1500C in DMF controlls the 

functionalities of the graphene oxide. The 

surface functional groups lead to extra 

pseudocapacitance, which was due to the 

interaction between the electrolyte and 

functional groups. A very high 

capacitance of 276 Fg-1   in 1M H2SO4 

was reported.  

(Lin et al. 

2011) 

6 Microwave 

reduction 

Graphene oxide has the tendency to 

absorb the microwaves. This result in the 

sudden heating leading to the expansion 

and exfoliation. The obtained product is 

worm like in structure. The 

electrochemical studies show, that the 

material has good energy storage 

properties and a high capacitance of 196 

Fg-1   in 1M KOH solution.  

(Zhu et al. 

2010) 

7 Photothermal 

reduction 

Graphene oxide was coated on the 

substrate using drop casting. The GO has 

been reduced by using the photothermal 

energy, using a camera flash. The 

reduction parameters were be tuned by 

varying the flash energy.   

(Jhung et al. 

2014) 

 

From the literature, it can be seen that graphene oxide can be reduced to graphene using 

thermal energy. Usual furnace heating is not energy efficient in nature. The low 

temperature methods need longer exposure of the material at certain temperatures to 
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achieve the same. Microwave and photothermal are other methods to achieve the 

required reduction in less time. It can be concluded that a good thermal reduction 

method for supercapacitor should be fast, energy efficient and viable.  

1.1.2.2.3 Review of graphene hydrogels as supercapacitor electrodes 

Hydrogels have the advantage that, its porosity helps in better wetting, when used as an 

electrode material. Also, this enhances the charging and discharging properties. 

Graphene hydrogels has been reported to show good electrochemical properties.  

Table. 1.3: Graphene hydrogels as supercapacitor electrodes 

No Process Results Reference 

1 Hydrogel via one 

step hydrothermal 

process.  

The preparation method is simple. Graphene 

oxide solution in a Teflon lined autoclave is 

heated at 180 0C for 12 hours. The reduced 

graphene hydrogel was be formed because of 

the temperature and pressure. The slices from 

the hydrogel are directly used as an electrode, 

without any additional binder. The material 

reported to have a good capacitance of 175 

Fg-1    . 

(Xu et al. 

2010) 

2 2-

aminoantrouinone 

grafted graphene 

2-aminoantrouinone grafted graphene was 

prepared by a chemical route, followed by 

heat treatment. This resulted in hydrogel 

formation. The electrochemical properties 

were evaluated in 1 M H2SO4. The material 

showed a high capacity of 258 Fg-1. It was 

also observed that the larger part of the 

capacitance arises from the 

pseudocapacitance obtained through the 

bridging of graphene.  

(Wu et al. 

2011) 

3 Hydrothermal 

followed by 

The method includes the formation of 

hydrogels via hydrothermal reaction. The 

(Zhang et 

al. 2011) 
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chemical 

reduction 

hydrogel was further reduced, using 

hydrazine hydrate to achieve better electrical 

properties. The electrochemical property 

studies reveal a capacitance of 220 Fg-1. Also 

good stability was  observed for the samples. 

4 Hydroquinone as 

the reducing and 

functionalizing 

agent 

The method involves a single step 

hydrothermal process, in which 

hydroquinone acts as the reducing and 

functionalizing agent. The material can be 

directly used as a supercapacitor electrode. 

Also the electrode shows a very high 

capacitance of 441 Fg-1. The electrode also 

shows excellent electrochemical stability up 

to 1000 cycles.  

(Xu et al. 

2013) 

5 Nitrogen doped 

hydrogel 

Nitrogen doped graphene was prepared in a 

Teflon lined autoclave at 200 0C. The material 

was tested for its energy storage properties in 

an organic electrolyte at a potential window 

of 3.2 V. It shows a capacitance of 48.6 Fg-1. 

(Liu et al. 

2016) 

6 Flourinated 

graphene 

hydrogel 

Flourinated graphene hydrogel was 

synthesized through a one step process using 

HF, as the fluorine source. The prepared 

electrode material from this experiment 

shows a capacitance of 227 Fg-1. 

(Au et al. 

2016) 

 

1.1.2.2.4 Review of graphene synthesized through other methods for applications 

in supercapacitor electrodes 

Apart from the widely used methods, there are unconventional and modified methods 

used for the preparation of graphene for superpcapacitor applications. This section deals 

with some of the methods reported for the preparation of graphene.  

Table. 1.4: Graphene prepared through various methods for supercapacitor electrodes 
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No Process Results Reference 

1 Electrochemical 

activation 

Partially reduced graphene oxide was 

electrohcemiacally cycled in 1M Et4NBF4 in 

acetonitrile electrolyte. The cycling helped in 

the reduction of the GO and increased the 

interplanar spacing. The increased spacing 

also exposed more active area. During initial 

cycles the capacitance was negligible. After 

few cycles the capacitance reached high 

values of 220 Fg-1. The practical limitation of 

the method is the volume expansion of the 

cells during the cell cycling.  

(Hantel et 

al. 2011) 

2 Chemical 

activation using 

(KOH) 

Graphene was dispersed in KOH solution and 

treated under elevated temperature, which 

helped in the activation of graphene. The 

electrochemical analysis reveals that the 

performance increased by 35%. A capacitance 

of 136 Fg-1 was reported. 

(Li et al. 

2011) 

3 Microwave 

exfoliated 

graphene 

activated by 

KOH.  

The authors exfoliated graphene oxide using 

the microwave assisted method. The 

exfoliated graphene was then treated using 

KOH to activate the layers. The activation 

helped in reaching the capacitance up to 166 

Fg-1.  

(Zhu et al. 

2011) 

4 Template 

activated 

calcined 

graphene 

The authors prepared the reduced graphene 

oxide, through a template assisted method. 

Polyurethane (PU) sponge was immersed in 

the GO solution and allowed to absorb it. Once 

the PU sponge absorbed the solution, it was 

subjected to calcination leading to the 

formation of the reduced graphene oxide. 

(Xu et al. 

2016) 
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Electrochemical studies show that the material 

possesses a high capacitance of 207 Fg-1. 

5 Multilayer 

graphene 

coating via 

capillary 

driven, self-

assembly 

Capillary driven self-assembly of monolayers 

technique was used for the coating of the 

graphene on substrates. These electrodes show 

good electrochemical properties and specific 

capacitance of 80 Fg-1.  

(Biswas et 

al. 2010) 

6 Silk cocoon  

derived 

graphene 

The authors observed that carbonization at 400 

0C helps in the formation of heavily nitrogen 

doped graphene. The graphene formed was 

studied extensively for electrochemical 

applications. The material shows a 

capacitance of 220 Fg-1. 

(Sahu et al. 

2015) 

 

1.2 Review of graphene based composites and its applications 

Graphene based composites can be broadly classified into graphene-polymer 

composites and graphene nanoparticle composites.  

1.2.1 Graphene based polymer composites 

Graphene and graphene oxide gained attention as filler, to improve the properties of 

polymers. In the past, carbon nanotubes have been used as a filler to  improve the 

properties. The better mechanical properties and large surface area of the graphene 

makes it a better choice over CNT’s for the composite applications.  

Incorporating graphene on to the polymer matrix is a challenging task. There are 

various challenges like, effective functionalization of graphene sheets, homogenous 

and effective mixing, controlling the stacking and folding of the graphene sheets inside 

the matrix etc. This thesis, however, focus on the review of graphene-metal oxide 

nanoparticle composites and their applications. 
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1.2.2 Graphene nanoparticle composites and its applications 

The addition of graphene or graphene oxide to nanomaterial expected to improve the 

overall properties of the material by the synergistic interaction between graphene and 

the nanoparticles. Also, graphene with a very high surface area acts as a substrate over 

which, the nanoparticle could adhere, and at the same time, it can increase electronic 

properties because of the excellent electronic conductivity of the individual graphene 

sheets. Also, the nanoparticles could avoid the restacking of the graphene sheets. In this 

section a brief discussion about the graphene nanoparticle composites is included.  

1.2.2.1 Graphene – zinc oxide composites and its applications in 

supercapacitors and biosensors 

Zinc oxide is a wide band gap semiconductor with wurtzite structure. The band gap of 

ZnO is 3.2 eV, which can be tuned by the suitable band gap engineering.  Low 

production cost and the non-toxic nature of the ZnO attracts the researchers to exploit 

the properties of ZnO, for low cost devices and other applications. ZnO finds 

applications in the fields of rubber manufacture industry, glass industry, medicine, food 

industry, as a pigment, UV coatings etc. (Pearton et al. 2005). The conductivity and 

stability of the ZnO vary with the experimental conditions and the doping level. The  

properties of  ZnO are often tuned by varying the shapes, size, doping level and making 

composites with other materials. In this section, the properties and applications of ZnO 

nanocrystals and composites with graphene for the electrochemical applications are 

discussed. The various preparation methods and applications of the graphene – zinc 

oxide composites are reported by the researchers in the literature. The method of 

preparation, size, shape, graphene and zinc oxide ratios and the oxidation levels of the 

graphene determines the properties of the composites. The composites of ZnO and 

graphene oxide finds applications in the fields of photocatalysis, bio-sensing, 

electronics, photovoltaics, energy storage etc.  

The electrochemical properties of  ZnO are well described in the earlier literatures. ZnO 

and its composites are interesting candidates for the supercapacitor applications. Cobalt 

doped ZnO nanocrystals shows very high capacitance. The nanocrystals were around 4 

nm in size and high surface area (> 200 m2g-1). The capacitance values of this doped 
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nanostrucutures reached up to 700 Fg-1 (Davis et al. 2012). This also shows that ZnO in 

its doped or composite form could be a good material for supercapacitor applications. 

ZnO nanocrystals, which are electrochemically deposited over the titania 

nanostructures shows good capacitive properties.  The interaction between the porous 

structure of the titania template and the ZnO nanocrystals resulted in the enhancement 

of capacitance and the values reached up to 304 Fg-1 (Ray et al. 2015).  Carbon nanotube 

is another material, which made considerable enhancement through the composite with 

ZnO. CNT, was coated on the carbon paper, which was further coated with ZnO with 

the help of sputtering. The composites thus made, are tested for its energy storage 

properties. The composite was found to be showing a capacitance of 48 Fg-1 in two 

electrode configuration. Also, the stability of the electrode was studied with the 

electrochemical cycling up to 300 cycles (Aravinda et al. 2013). In another attempt, 

ZnO and CNT composites were grown over Cu-Ni alloy. The morphological analysis 

revealed that the ZnO nanoparticles grown over the CNT surface. The prepared 

composites show high capacitance of 323 Fg-1. The observed capacitance is better than 

that of the bare CNT and ZnO, indicating the enhancement in properties. Also, the good 

capacitance retention was observed up to 100 cycles (Zhang et al. 2009). In a similar 

work, the same group deposited ZnO by spray pyrolysis on to the CNT and 

electrochemical properties are studied. The capacitance reached up to 126 Fg-1. In a 

recent work, carbon sphere core shell @ ZnO nanoparticles are tested for supercapacitor 

applications. The authors employed low temperature methods and avoided annealing, 

to avoid the structural changes. Electrochemical testing shows that the material reached 

capacities up to 630 Fg-1. Also, the composites exhibited good cycling stability, keeping 

up to 70 % of its initial capacities even after 5000 cycles (Xiao et al. 2017).  In general, 

composites of ZnO with carbon allotropes found to increase the properties of the 

material in a significant way and can be a good material for supercapacitors.  

Graphene being an important allotrope of carbon, has got fantastic properties and 

established itself as a supercapacitor electrode material (Xiao et al. 2017). So it’s 

interesting to study the effect of ZnO on the performance of the graphene oxide. One 

approach is, the green synthesis of the ZnO nanocrystals, on reduced graphene oxide 

through the use of supercritical carbon dioxide. The capacitance of this composite could 
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reach up to 314 Fg-1 (Haldorai et al. 2014). The electrodeposition method avoids the 

usage of binders, which acts as poorly conducting part of the supercapacitor electrode. 

The authors used one-pot synthesis of reduced graphene oxide and ZnO through 

electrodeposition. The performance of this electrode was promising and reached very 

high capacitance value up to 291 Fg-1. The origin of the improved capacitance was 

attributed to lower internal resistance and the good contact properties of the electrode 

(Zhang et al. 2015). One pot synthesis of the composite was tried with the help of 

microwave. A mixture of zinc nitrate along with hydrazine hydrate and graphene oxide 

allowed to interact under microwave irradiation, which resulted in the formation of ZnO 

nanoparticles over the graphene sheets. The electrochemical measurements revealed 

that the composite shows high capacitance (201 Fg-1) in sodium sulphate solutions. The 

cycle life of the electrodes also found be promising, retaining high capacitance values 

up to 3000 cycles (Guo et al. 2016).  In another report, the synthesis of graphene-ZnO 

composites through solvothermal methods. This method produced graphene sheets 

which are embedded with ZnO nanoparticles having size distributions between 30 and 

70 nm. The electrochemical performance was evaluated in 6M KOH solution and 

yielded capacitance values up to 122 Fg-1. The authors also noticed that, the capacitance 

values obtained are greater than the capacitance values of the individual components in 

the composites, suggesting the synergistic improvement in the electrochemical 

properties (Saranya et al. 2016). The available literatures on the supercapacitor 

performance of the graphene-ZnO composite clearly shows that, there is synergistic 

improvement in the capacitance values through the introduction of ZnO. Developing 

better methods for the production and achieving good capacitance along with stability 

will be the key issue in the development of the graphene-ZnO composites for 

supercapacitor applications.  

Graphene oxide and ZnO are reported to be good materials for the electrochemical 

sensing of glucose. Enzymatic sensing of the glucose was tested in most of the available 

literatures and non-enzymatic sensing was not much studied. Zinc oxide nanorods 

coated on ITO glass, reported to show sensing of glucose. The sensing mechanism was 

mediated by the glucose oxidaze enzyme. The challenge in enzymatic sensing is the 

denaturing of the enzyme at elevated temperatures. A temperature above 5 0C could 
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destroy the enzyme causing detection problems. Non-enzymatic sensing could be a 

good alternative to this, where the room temperature is not going to affect any of the 

components in the sensing system (Marie et al. 2015). Zinc oxide nanoparticles 

composite with multi-walled carbon nanotubes shows non-enzymatic glucose sensing 

properties in 1M NaOH solution. The authors observed that the alkaline condition 

mediates the sensing reaction. The size and shape of the ZnO nanoparticles, carbon 

nanotube content also affects the sensing mechanism (Baby et al. 2011). There are no 

reports in the literature, regarding the non-enzymatic sensing using graphene-ZnO 

nanoparticle composites. In this thesis, efforts are taken to explore the properties of 

these materials to achieve improved performance in trace detection and sensitivity.   

Hydrazine hydrate is a chemical used in many chemical industries. Because of the 

widespread use in industries, the chances of leakage of hydrazine to the environment 

are quite high. Hydrazine is a highly poisonous substance and causes a number of 

problems in humans on prolonged exposure and believed to be carcinogenic. The 

accepted level of the hydrazine hydrate is restricted to ppm levels in foods and water. 

In order to control the hydrazine levels in the permitted levels, it is necessary to 

continuously monitor the presence of this chemical (Meneghelli et al. 2004). 

Electrochemical sensing is one of the easiest and reliable methods to achieve this. 

Different materials were tried to achieve good sensing properties in the past. Graphene 

and zinc oxide are known to be electrochemically active for hydrazine, hence allowing 

it as a hydrazine sensing electrode material. 

Zinc oxide is reported to have good electrochemical activity towards hydrazine, nano 

nail structures of ZnO was tested for its hydrazine sensing properties in the past. These 

special structures effectively allowed the interaction of the molecule with the surface 

of the electrocatalyst. ZnO shows high sensitivity of 8.56 µAcm-2 µM-1 and 

reproducibility over many cycles (Umar et al. 2008). The response time of the sensor 

was also under 5 s indicating a good sensor behaviour. The same group in another report 

discussed high aspect ratio ZnO nanowires, which show sensitivity of 12.76 µAcm-2 

µM-1 and quick response against the analyte. The electron mediation on the ZnO surface 

is the prominent factor affecting the sensing, varying the morphology of the 

nanoparticle can be a good method to tune the sensing (Umar et al. 2009).  The inherent 
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conductivity of ZnO was one of the problems in utilizing the material to its full 

potential. The idea of making composites with materials having a higher conductivity 

is a suggested method. Multi-walled carbon nanotubes (MWCNT), having good 

electronic conductivity and excellent mechanical properties was incorporated with the 

ZnO nanoparticles to achieve this. The resulting composite shows a lower detection 

limit on 0.18 µM and a quick response time under 3 seconds (Fang et al. 2009). Another 

approach was, loading the carbon on top of ZnO nanoparticles through a calcination 

route, which resulted in sensing capabilities up to 9.4 µAcm-2 µM-1. The lower detection 

limit of the same composite was found to be 0.1 µM, which is lower than that of the 

MWCNT composites. In another report, graphene-ZnO composites were prepared by 

hydrothermal method. The composite shows larger linear range and lower detection 

limit. But the paper did not mention anything about the sensitivity values. The improved 

properties are attributed to the synergistic enhancement due to the graphene and ZnO 

interaction. From the literature, it can concluded that there is enough scope for 

hydrazine sensing using  ZnO and its composites with graphene. In this thesis, emphasis 

is given to this part to find out the suitable composite concentration and other 

parameters of the electrochemical sensor.  

1.2.2.2 Graphene – vanadium oxide composites and its application 

Vanadium pentoxide (V2O5) is an easily synthesizable transition metal oxide, occurring 

abundantly in nature, with a unique layered structure, having mixed oxidation states 

(V2+, V3+, V4+and V5+) and possessing high energy density (Yang et al. 2011). V2O5 is 

a promising cathode material in lithium-ion batteries and supercapacitors (Tang et al. 

2013). V2O5 hinder enhanced device performance, owing to its poor electrical 

conductivity and bulk material properties (Van et al. 2006). The usual strategy adopted 

was to make nanosized particles which shortens the electronic path, which is combined 

with doping or making composite with materials, like CNT, graphene etc. to overcome 

the limitations.  

Amorphous hydrated vanadium pentoxide was reported in the past, (Lee et al. 1999)   

which shows excellent electrochemical properties. The authors described a simple 

preparation method, where V2O5 powder was heated in a crucible using a muffle 

furnace up to 9500C and quenched into distilled water. The quenching resulted in the 
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formation of crystalline phase in the vanadium oxide, also water was absorbed on the 

amorphous surface leading to the formation of amorphous hydrated vanadium 

pentoxide (Lee et al. 1999).  In a recent report, amorphous vanadium oxide was found 

to be a good material for sodium ion batteries (Uchekar et al. 2014). The better 

properties of the amorphous V2O5 were attributed to the fast Faradic reaction, that in 

the material stemming from a percolated diffusion network. In another attempt, to 

utilize the properties of amorphous V2O5, crystalline and amorphous V2O5 were mixed 

in different weight ratios and tested as Lithium-ion battery electrode. This improvement 

arises from the better reversibility in the amorphous regions and the mending of defect 

structures (Chang et al. 2013).  Amorphous vanadium oxide/carbon electrode was 

reported by another group for rechargeable aluminium battery applications. The 

addition of carbon, resulted in improvement of the properties of amorphous vanadium 

oxide, which may be due to the better electronic conductivity and diffusion process 

(Chiku et al. 2015). Atomic layer chemical vapour deposition [ALCVD] is another 

method reported in the literature to produce amorphous vanadium oxide. This method 

produced homogeneous amorphous and intact thin films on the substrate. The lithium 

insertion capacity was found to be better than the crystalline vanadium pentoxide (Van 

et al. 2006). In general, the electrochemical properties of the amorphous vanadium 

oxide were always found to be better than the crystalline counterpart, suggesting 

amorphous hydrated vanadium oxide as a potential candidate for the lithium ion battery 

and other applications. 

The properties of vanadium pentoxide were reported to be modified with the addition 

of graphene. Mostly the improvement in the properties came from the better surface 

area and electrical properties offered by graphene in the composite, which compensate 

the inherent problems in the vanadium oxide. Graphene modified nanostructures of 

vanadium pentoxide hybrids are reported by the researchers (Liu et al. 2015). A 2% 

addition of graphene in vanadium pentoxide results in capacitance of 438 mAh g-1, 

which is almost equal to its theoretical capacitance (443 mAh g-1). This hybrid also 

exhibits, the increased rate capability and longer cyclic stability. The authors attributed 

the improved performance to the combined effect of graphene on the structural stability, 

electronic conduction, vanadium redox reaction and lithium-ion diffusion supported by 
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various experimental studies (Liu et al. 2015). The free standing composite films of 

graphene and vanadium oxide was prepared by the simple filtration of the aqueous 

solutions of vanadium oxide and graphene sheets. This allowed the control over the 

graphene concentration, by simply varying the concentration in the filtrate solution. 

Graphene concentrations of 25% delivered highest capacitance value. This also shows 

that the addition of graphene will have some synergistic effects on the vanadium 

pentoxide, which will increase the lithium storage properties of the material (Qian et al. 

2012). Ultralong single crystalline vanadium pentoxide/graphene composite was 

prepared through a green synthesis using an autoclave. This material shows a very high 

capacitance nearing the theoretical capacity of the vanadium pentoxide. Also, the 

material shows good rate capacities, which are attributed to the good kinetic properties 

of the composite material (Liu et al. 2011).  

The literature review clearly shows that amorphous hydrated vanadium pentoxide is a 

good candidate for electrochemical applications. Also, it can be seen that the properties 

of vanadium pentoxide in lithium ion storage are greatly enhanced by the addition of 

graphene or graphene oxide owing to the synergistic enhancement in the kinetic 

properties. In this thesis, efforts are taken to incorporate the properties of these two 

materials to produce a better composite and studied its properties as an electrode 

material for lithium ion battery applications.   

Dopamine is well known important catecholamine neurotransmitter in the mammalian 

central nervous system, whose detection is critically important, as it is effective in the 

determination of diseases related to human nervous system, such as Parkinson’s disease 

(Qian et al. 2012) and schizophrenia (Adams et al. 2012). Vanadium pentoxide was 

reported to have shown the properties of electrochemical sensing (Suresh et al. 2014). 

Lithium doped vanadium oxide nanoribbons were prepared using a hydrothermal 

method (Zhuo et al. 2011). The prepared nanoribbons were, few micrometres in length 

and 200 nm in width. Glassy carbon electrode (GCE) surface was coated with this 

material along with the nafion® as a binder. The modified electrodes were used in 

phosphate buffer solutions for dopamine sensing applications. These modified 

electrodes show a detection limit of 1× 10-7 M and a wide linear range. In another 

report, composites of vanadium oxide and polyaniline was used for the detection of 
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dopamine. The preparation method involved the oxidative polymerization of the aniline 

monomers in the presence of a vanadium oxide colloidal solution leading to a composite 

containing polyaniline over the vanadium oxide. GCE was modified with this 

composite and used as dopamine sensor. The composite shows a wide linear range 

between 6.6 µ M and 1.1 × 10−4 M concentrations. Also, the detection limit of the 

electrode was found to be 3.9 × 10−5 M (Suresh et al. 2014). Nickel doped vanadium 

oxide was investigated for the dopamine sensing by the same group. Ni doped materials 

were used for modifying GCE and used as an electrode, for the dopamine oxidation. 

This electrode shows a sensitivity of 132 nA µM-1. Also, the wide linear range [6.6 – 

96.4 µM] and better lower detection limit [28 nM] makes this electrode a better 

candidate as a sensor.  

The studies on the dopamine sensing properties of vanadium pentoxide is limited in the 

literature. The reported results show that vanadium pentoxide is a good candidate for 

dopamine sensing. Amorphous hydrated vanadium pentoxide is not reported for its 

electrochemical sensing properties towards dopamine. In this thesis, efforts are taken 

to study the dopamine sensing properties of the amorphous hydrated vanadium 

pentoxide. Also, the effect of graphene loading on the sensing properties is also studied.  
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1.3 Objectives 
 

 To prepare and characterize graphene oxide and reduced graphene oxide. 

 

 To test reduced graphene for the applications in sensor for non-enzymatic 

hydrogen peroxide and as an electrode for supercapacitor.  

 

 

 To prepare and characterize graphene – zinc oxide composites. Testing and 

application of graphene – zinc oxide composite as an electrochemical sensor of 

glucose. Investigation of above composite for the supercapacitor applications. 

 

 To prepare and characterize graphene – vanadium oxide composites. To test 

application of these composites towards non-enzymatic dopamine sensor and 

cathode of Lithium ion battery. 
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Chapter 2 

 

Experimental methods 

2.1 Characterization techniques 

2.1.1 X-Ray Diffraction (XRD) 

X-ray diffraction is a non-destructive testing method, utilizing X-rays for  

understanding the crystal structure of the materials. X-rays have a wavelength (0.5 – 

2.5 Aº) comparable to the magnitude of interatomic distances. The X-ray photons 

interact with the electrons, some of them will be deflected. This results in the 

interference of the deflected rays. Fig. 2.1 represents the interaction of X-rays inside 

the crystal.  

 

 

 

Figure 2.1: Schematic representation of the reflection of X-rays from the atomic 

planes. 
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Bragg’s law can be written as, 

𝑛= 2d sin𝜃 

 

Where, d is the distance between two planes,  is the X-ray wavelength, 𝜃 is the angle 

which incident photon makes with the surface of the crystal. Different d-spaces satisfies 

the Bragg’s condition at different angles, resulting in the XRD spectrum of the sample, 

which is like a fingerprint of the sample. XRD is a major technique to differentiate 

between the materials and to understand the material quality. For a polycrystalline 

material, powder diffractometer is the ideal instrument to study the properties. Once the 

pattern is recorded by the instrument, the spectrum can be compared and matched with 

the available standard libraries and a conclusion about the material can be attained. The 

Figure 2.2 schematically represents the elements of a powder diffraction pattern 

(Cullity, 1956). Rigaku MiniFlex600 is used for the XRD analysis of the samples in 

this work. All the samples are powdered and  mounted on glass grove with the help of 

special adhesive and tested to obtain the crystallographic data.  

 

 

Figure 2.2: Schematic representation of a powder XRD system. 

The crystallite size of the material can be approximated from the XRD data using 

Debye-Scherrer formulae,  
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Particle Size = (0.9 x λ)/ (d cosθ) 

where, λ = 1.54060 Å (in the case of CuKα1) so,  Θ = 2θ/2 (in the example = 20/2) and  

d = the full width at half maximum intensity of the peak (in Rad). The dominating peak 

is used for the calculation of the crystallite size.  

2.1.2 Raman Spectroscopy  

Raman spectra is an important tool to differentiate and measure the quality of different 

carbon species such as graphene, carbon nanotubes (CNT’s), fullerenes and graphite. 

The investigations of carbon species using Raman spectroscopy were started long back 

(Wang et al. 1990). In graphene the occurrence of G and D bands can distinguish the 

number of layers and the quality of the graphene produced. The G band is usually 

observed around 1580 cm-1.  

The underlying principles of Raman spectroscopy were first reported by C.V. Raman. 

Raman spectroscopy works on the principles of Raman Effect. The majority of the 

radiation is scattered elastically and known as Rayleigh scattering. When an inelastic 

scattering occurs for an incident radiation at the vibrating molecules, the frequency of 

a small part of the scattered radiation is different from the incident monochromatic 

radiation. The wavelength shifted (Raman scattered) radiations can be either in the 

shorter side or longer side. The longer wavelength shift is known as Stokes shift and 

the shorter wavelength shift is known as anti-Stokes shift. The Fig. 2.3 schematically 

represents the Rayleigh scattering, Stokes Raman scattering and anti-Stokes Raman 

scattering. In this case, the photons excite electron to a virtual energy level and on 

deexcitation, they emit a scattered photon. The Stokes scattering is commonly observed 

compared to the anti-Stokes Raman scattering. Mostly the Raman spectroscopy relies 

on Stokes scattering for deducing information about the sample.  

The measurement of the inelastically scattered radiation is the key part in a Raman 

measurement. The current Raman spectrometers use laser as the monochromatic light 

source. With the help of laser it is possible to get sufficient intensity of the Raman 

scattered light out of the material which was not possible earlier.  
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The Raman spectroscopy has a major advantage over other spectroscopic techniques, 

owing to the fact that, it can be used for qualitative and quantitative analysis of the 

samples. The measurement of frequency of the sample can be used for the qualitative 

analysis, whereas the measurement of intensity can be used for the quantitative analysis 

of the sample.  

 

 

Figure 2.3: Schematic representation of the Raman scattering.  

2.1.3 Scanning Electron Microscopy (SEM) 

In SEM, electrons are produced, either using thermionic or field emission. The field 

emission produces electron beams with higher current density and can be operated 

without high temperature and results in better imaging. Field emission SEM’s are 

preferred over the normal SEM’s because of the higher resolution. The electron beams 

are focussed using an array of electromagnets. Compared to the optical microscopes, 

where the lenses with fixed focus is employed, the  electromagnetic lenses offer a lot 

more control over the focussing of the beam used. The focus can be controlled by 

controlling the current passing through the electromagnet, which enables us to fine tune 

the imaging technique. SEM finds applications in a vast variety of the fields including 

life sciences, materials science, semiconductors and microelectronics and earth 

sciences.  
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2.1.4 Energy Dispersive X-ray Analysis (EDAX) 

Energy Dispersive X-ray Analysis is a technique used to analyze the elemental 

composition of the material. During the interaction of electrons with the sample, X-rays 

are produced, which consist of vital informations regarding the elemental composition. 

An associated detector could find out the intensity of these X-rays, which can be used 

for the determination of the composition. EDAX can give the atomic percentage and 

weight percentage of the atoms present.  

2.1.5 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscope (TEM) finds application in many fields, such as 

nanotechnology, life sciences, gemmology etc. TEM analysis could reveal the size, 

shape, morphology and crystalline size of the material. TEM utilizes a beam of 

electron for the analysis of the material. Compared to an ordinary microscope, TEM 

has a higher resolution, since it uses electrons. A relation between the wavelength 

and the voltage can be established (λ ≈ (15/V) 1/2  nm ). Also, the wavelength of the 

electron can be controlled by the accelerating field. Because of the high energy of 

the electron, high depth of field, high resolution and high magnification are possible 

inside a TEM.  

An electron gun generates electrons, either by field emission or thermionic 

emission. Electromagnetic lenses bend the electron beam for focusing. A projector 

lens, vacuum system and electronic system are designed to act as the 

electromagnetic lens. The electron beam from an electron gun is focused on the 

specimen with an electromagnetic condenser lens by varying the current to the lens. 

Air is removed from the system containing the lenses and specimen by using a high 

efficiency vacuum system to obtain a clear image since electrons are deflected by 

collisions with air molecules. The specimen scatters electrons passing through it, 

and the beam is focused by magnetic lenses to form an enlarged, visible image of 

the specimen on a phosphorescent screen. Depending on the nature of the specimen, 

a diffraction pattern usually consists of a series of rings (for specimens consisting 

of many randomly oriented microcrystals) or a discrete lattice of sharp spots (for 

specimens with a single crystalline domain). Each sharp spot in the diffraction 
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pattern is an image of the electron source. Selected area diffraction mode is similar 

to XRD, but with a higher resolution so it is possible to index nano structures (CaO 

and Wang 2011, Quinten et al. 2010). 

2.1.6 UV-Visible Spectroscopy 

Ultra Violet and visible (UV-Vis) absorption spectroscopy is the measurement of the 

attenuation of a beam of light with a wavelength in the range, after it passes through a 

sample or after reflection from a sample surface. When light passes through a sample, 

 

Figure 2.4:  schematic representation of the UV-Visible spectrometer 

some amount of light will be transmitted and some amount will be absorbed. The 

amount of light absorbed can be calculated by finding out the difference between the 

intensities of the incident and absorbed radiations. This value of absorption intensities 

can be plotted against the wavelength of the light to obtain the absorption spectra of the 

sample of interest. The absorption coefficient, α can be written in terms of the initial 

intensity (I0), the final intensity (I) and the thickness of the medium (t) as, 

𝐼() = 𝐼0()𝑒−𝛼()𝑡 

The absorption coefficient depends upon on the wavelength of the incident light. If the 

energy of the incident beam is less than the energy bandgap, almost all the energy is 

transmitted, since there are no transitions occurring. If the energy of the incident photon 

is equal to the energy band gap, it will be absorbed by the material and can be seen as 

an absorption maximum in the spectra. In this work, UV-Visible studies were carried 

out using Ocean Optics UV2000 UV-Vis spectrophotometer. Fig. 2.4 Represents the 

schematic of the UV-Visible spectrometer used.  
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2.1.7 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a powerful technique to characterize materials to understand the chemical 

bonding and molecular structure of the material, which can be considered as a 

fingerprint of the material. The proper analysis of these bonding can lead to the  

 

Fig. 2.5: Schematic representation of the parts of an FTIR spectrometer 

identification of the material. Fig. 2.5 schematically represents an FTIR spectrometer. 

An IR radiator source, monochromator and the IR detector are the main components of 

an FTIR spectrometer. IR radiators are heated to emit radiations in the IR region. Two 

IR beams from the same source will be passing through the sample and reference 

cavities. An optical chopper focusses these beams alternatively on the detector. Using 

a series of prism or grating arrangement the beam from the sample will be focussed on 

the detector. The detector generates corresponding electrical signals, to take the data 

out of the instrument.  

2.2 Electrochemical characterizations 

Electrochemistry can be considered as the response of a chemical system towards an 

electrical signal. There are two processes happening at the electrodes, namely 

 Oxidation: Loss of electron during a reaction causes oxidation 

 Reduction: Gain of electron during the reaction 

Commonly these reactions are called as redox reactions. The study of these reactions 

throw  light on the electrochemistry of the system.  
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2.2.1 Cyclic Voltammetry (CV) 

The advancement in the field of voltammetry can be related to the early progress in the 

field of polarography (electrochemical process at the mercury electrode). These initial 

studies in this field brought Nobel Prize for Heyrovský in the field of chemistry 

(Heyrovský et al. 1966). Cyclic voltammetry is a widely used technique in the 

electrochemistry. CV is equally powerful in giving details about the thermodynamics 

and kinetics of the system at the same time. CV was used as a method to study the 

thermodynamics of the reaction in the initial stages of the development of the field. 

Thereafter, with the arrival of new studies on the time dependent properties, power to 

deal with the kinetics of the reaction is explored. Even in complex systems like a 

modified electrode, where the electrode interaction is complex, CV will be able to show 

the underlying trends.  

Further developments in the field give rise to the scanning of potential and cyclic 

voltammetry (Nicholson et al. 1964). Today CV has grown to a stage, that it can be 

applied to a variety of fields from pure electrochemistry to the biological sciences and 

a properly interpreted data, along with other characterization techniques to throw light 

on the underlying principles. Also to understand the mechanism behind an 

electrochemical reaction, cyclic voltammetry can be combined with other techniques 

such as diffraction techniques, quartz crystal microbalance, UV-Visible spectroscopy 

etc.  

2.2.2 Chronoamperometric (CA) measurements 

Chronoamperometry is a controlled potentiometric technique. It involves applying a 

step potential from a point where no faradic reaction occurs, to a potential at which, 

surface concentration of reactive species is zero. In a reaction, the rate can be considered 

as diffusion controlled ie, the diffusion of the analyte from the electrolyte to the 

electrode. Hence, the current depends upon the concentration of the analyte. If current 

is plotted against time, one could observe that it is maintained constant, as long as the 

analyte concentration remains the same. Once, the analyte is starting to deplete the 

current also decreases. Such a mechanism can be used for finding out the concentration 

of the analyte in a solution, which is the basis of chronoamperometric sensor.  
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2.2.3 Constant Current Charge-Discharge Measurement 

The constant current charge-discharge is used to check the performance and the cyclic 

life of the electrochemical energy storage systems. Even though, the current can be 

varied within, a constant current charging and discharging cycle is preferred over the 

other. Once the set voltage is reached, the device is allowed to discharge. The capacity 

of the device can be calculated from the charge-discharge behaviour of the material. At 

the discharge cycle it can often be noticed that, there will be an ohmic drop in the 

voltage. The ohmic drop can be related to the equivalent series resistance of the circuit. 

Further, the resistance value can be deducted from the ohmic drop using Ohm’s law.  

2.2.4 Electrochemical Impedance Spectroscopy (EIS) 

Electrode kinetics of a complex electrochemical system can be studied using non-steady 

state measuring techniques. Reaction rate constants, diffusion coefficients, charge 

transfer resistance and double layer capacity affect the proceeding of the reaction to a 

new steady state. In this regard impedance spectroscopy represents a powerful method 

for investigation of electrical properties of materials and interfaces of conducting 

electrodes. By definition, if a monochromatic alternating voltage U (t) = Um sin(ωt) is 

applied to an electrode then the resulting current is I (t) = Im sin(ωt – ϑ), where ϑ is the 

phase difference between the voltage and the current and Um and Im are the amplitudes 

of the sinusoidal voltage and current, respectively. Then the impedance is defined as 

𝑍 =  𝑈 (𝑡)/𝐼 (𝑡)  =  |𝑍| 𝑒j𝜗  =  𝑍1  +  j𝑍11  

with                              J   =   (-1)1/2 

where Z 1and Z11 are the real and imaginary part of  impedance Z, respectively. 

The measurement of the impedance spectroscopy consists of the application of a small 

signal, which can be a time dependent potential or current. Keeping the amplitude of 

the signal as low as possible, helps in avoiding frequency mix products. The equivalent 

circuits can be drawn from the obtained impedance plot, by considering it, as a 

combination of linear solution resistance and capacitive interfaces. This equivalent 

circuit will be much helpful in understanding the mechanism involved in the reaction.  



36 
 

Equivalent circuits: Any electrochemical cell can be represented in terms of an 

equivalent electrical circuit that comprises the combination of resistances, capacitances 

or inductances, as well as mathematical components. Representing the electrochemical 

cell in such a way, will be helpful in understanding the underlying mechanisam and 

tweaking the material properties, to obtain better electrochemical cells. An ideal 

electrode consists of double layer capacitance element and solution resistance in series. 

Different models have been proposed for the fitting and analysis of the equivalent 

circuits. In this thesis, EC-Lab® software is used for the fitting and analysis of the 

circuit.  

Some of the basic elements used in the impedance analysis is given in Table 2.1 

Table. 2.1: Common electrical elements 

Component Current Vs Voltage Impedance 

Resistor E = IR Z = R 

Inductor E = L (di/dt) Z = jwL 

Capacitor I = C (dE/dt) Z = 1/ jwC 

 

Serial and parallel combinations of circuit elements:  For an effective modelling of the 

electrochemical cell, more than one elements may be required. In this case, the elements 

can be arranged serially or parallaly to obtain better fit models.  

Some of the physical parameters, which are part of any electrochemical cells are like, 

solution resistance, double layer capacitance, polarization resistance etc. The solution 

resistance is an integral part of most of the electrochemical cells, which arises from the 

resistance offered by the electrolyte and the electrode-electrolyte interfaces. The double 

layer capacitance is another parameter, when an electrode is immersed on the 

electrolyte, the charged ions will be adsorbed on the electrode surface. This layer and 

the charged electrolyte will be separated, by an insulating layer leading to capacitive 

nature. While modelling such an electrode, this double layer has to be replaced with a 

capacitive element. Similarly, other processes happening on the electrodes also have to 

be incorporated, with the fitted equivalent circuit to obtain better results. 
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The coatings on electrodes have to be analysed carefully using impedance 

spectroscopy, in order to have a better idea about the electrochemistry. As a starting 

step, a purely capacitive cell model consisting of resistance and capacitor can be 

considered. But the real electrodes usually does not follow such a simple model, in 

these case more complex models have to be utilized. Randles cell is one of the widely 

used cell models. It includes, solution resistance, double layer capacitor and a charge 

transfer resistance. Usually, this model is used as a stepping stone for building other 

complex models.  

 

Fig. 2.6: (a) Randles cell: equivalent circuit with mixed kinetic and charge-transfer 

control (b) Nyquist diagram of mixed circuit. 

The kinetics of the electrochemical reaction in Randels cell is determined by the 

diffusion process at the electrode. The Fig. 3.6(a) shows, the equivalent circuit of such 

a cell with mixed kinetic and charge-transfer control. The Nyquist plot for such a circuit 

is given in Fig. 2.6(b). Here, the plot is characterized by a semicircular region and the 

straight line region, which refers to the capacitive part of  the circuit.  

2.3. Electrochemical applications 

2.3.1 Supercapacitors 

Supercapacitors, also called as electrochemical capacitors or ultracapacitors, are high 

power energy storage devices, that can be charged to the maximum and discharged in 

seconds. Supercapacitors can be considered as a device between the conventional 



38 
 

capacitors and batteries. Fig. 2.7 shows the Ragone’s plot for various energy storage 

devices. It can be seen that they have high energy density compared to the normal 

capacitors and high power density compared to the batteries and fuel cells. This makes 

it important in some of the hybrid vehicles and power supplies. Supercapacitors can be 

deployed to deliver high power density whenever it is required along with a 

battery/supercapacitor to run a battery powered vehicle. This makes it is important to 

have better supercapacitors for cleaner and greener energy systems. Supercapacitors 

have high power densities [> 10kW/kg], long cycle life and long shelf life and there are 

efforts going around the globe to increase its capacities.  

 

Figure 2.7:  Ragone plot for various energy storage device (Ko et al. 2000) 

Based on the energy storage mechanism supercapacitors can be divided into two 

categories, namely non faradic and Faradic supercapacitors. Non faradic capacitor 

stores charge in an electric double layer, that is set up by the charge separation, at the 

interface between the high surface area electrode and an electrolyte. Fig. 2.8 

schematically represent the charge storage mechanism in a non - faradic capacitor.  

Graphene, CNT etc.  are examples for materials exhibiting non faradic charge storage 

mechanism. Faradic exhibit an electrode reaction along with the electrochemical double 
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layer capacitance. Usually faradic capacitors possess high capacity compared to the 

non-faradic capacitors, but lacks long cyclic life. Usually materials exhibiting faradic 

and non-faradic properties are used for making composites in search for synergistic 

effect and improving the properties (Conway 1999).  

 

 

Figure 2.8 Schematic of an electrochemical double layer capacitor. 

 

Figure 2.9 Schematic representation of three electrode configuration 

The capacitance of a material can be tested using two different methods viz. three 

electrode configuration and two electrode configuration. Three electrode configuration 

is usually seen in electrochemical research and consist of a working electrode, reference 

electrode and counter electrode dipped in an electrolyte and connected to a workstation. 
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Fig. 2.9 schematically represent the three electrode configuration used for the 

measurement of capacitance of a sample.  This method could clearly reveal the material 

property and its usability as an electrode material in supercapacitors. The drawback of 

the method is that the method overestimates the capacitance to twice or more. So, the 

method can be used for estimating the capacitance at a laboratory scale and proposing 

its applications. Whereas, the two electrode configuration, exactly mimic a normal 

capacitor (Stoller et al. 2010).  

 

Figure 2.10 (a)Schematic of a supercapacitor using two electrode assembly (b) parts 

of a two electrode assembly and (c) assembled supercapacitor for testing 

The schematic representation of a two electrode supercapacitor configuration is given 

in Fig. 2.10 (a). The main components of this configuration are, the current collector, 

electrodes, separator and the electrolyte. All these components will be tightened inside 

two stainless steel plates using Teflon screws. Fig. 2.10 (a) and (b) represents the parts 

of a real supercapacitor and assembled prototytpe for testing.  

 Current collector: The current collector acts as the substrate for pasting the 

active material as well as connecting the material to the outside circuit. 

Normally, materials like carbon paper or carbon fabric is used as the current 
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collector. The capacitance offered by the current collector will be negligible 

compared to the active material present.  

 Separator: Separator is an ionic conducting membrane that separates the 

positive and negative electrode. The separator will be impregnated with the 

electrolyte and it avoids any electronic short circuit between the two electrodes. 

 Electrolyte: Electrolyte is one of the key parts of the supercapacitors. They act 

as the ionic conducting medium and supply the ions. They can be either aqueous 

based electrolytes or organic liquid based electrolytes. Acids, alkaline solutions 

are part of aqueous electrolytes. The operation voltage for this aqueous based 

electrolytes are limited, but possess a higher charge storage capacity. The 

organic and ionic electrolytes offer a wider range of operating potential, 

compared to aqueous based electrolytes but possess a lower capacity. There are 

are still research interests in the field, to replace the electrolyte solutions by solid 

or gel polymer based electrolytes, to overcome the complexity arising in 

handling the solution inside the capacitors.  

 Electrode material: This is one of the most important parts of the supercapacitor. 

The capacity, cycle life, power density and energy density of the capacitor can 

be tuned to some extend by varying the electrode material properties. The 

electrode material can be faradic, non-faradic or hybrid in nature. The electrode 

material, usually consists of conducting agent, binder and the active material. 

The capacitance of an electrode may be greatly affected by higher internal 

resistance. In such case, so as to reduce the internal resistance of the system, a 

conducting agent will be added to the electrode material. Carbon black is usually 

used as a conducting agent. Binder makes sure that, there is proper adhesion 

between the active material and the surface of the current collector. It also 

stabilizes the electrode from peeling off during the operation. The peeling off 

of the electrode material can cause a major drop in capacity or the failure of the 

supercapacitor. Polymers like PVDF in N-methyl pyroledene is a commonly 

used binding agent. Together, the binding agent and the conducting agent 

constitute 10-30% of the total weight of the working electrode. Active material 

constitutes the largest portion (70-90%) of the working electrode. The active 

material can be of faradic or non-faradic in nature depending upon the charge 
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storage mechanism. The electrode is prepared by mixing binder, active material 

and conducting agent in the respective ratios and making a fine slurry and 

coating it over the current collector.  

 

2.3.2 Electrochemical Sensors 

The commercial miniaturized electrochemical sensors were available in the mid-80s 

showing an increasing research in the field and owing to the demand from the biological 

and environmental sciences. Today they have grown in such a way that, electrochemical 

sensors are part of wearable electronics like watches and pedometers. The field is still 

demanding for accurate and reliable sensors to cope up with the advancement in the 

other fileds like artificial intelligence.  

The important components in an electrochemical sensor are, the electrolyte and 

electrode material. By varying these two in different ways, selectivity and sensitivity 

can be tuned.  

A typical electrochemical sensor consist of 

 Working electrode  

Working electrode is the one, in which the sensing reaction occurs. The reaction 

can be either oxidation or reduction, and depending on that, the current flow 

will be in the respective direction. Usually, a modified electrode act as the 

working electrode. Modified electrode is the one, in which there is one 

unreactive conducting material (such as platinum, gold, or glassy carbon 

electrode) and one active material along with a binder. The electrode reaction 

depends on the properties of all these materials and how they are interacting 

with each other.  

 Reference electrode 

Reference electrode has a fixed potential and does not vary with the analyte or 

other fluctuations in the system. The commonly used reference electrodes 

include, standard hydrogen electrode (SHE), saturated calomel electrode (SCE) 

and silver-silver chloride electrode. 
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 Counter electrode (Auxiliary electrode) 

In the electrochemical system the current is not allowed to pass through the third 

electrode, known as the counter electrode. This is to ensure that, there is no 

fluctuation in the potential of the reference electrode. The counter electrode 

should be selected in such a way that, the electrode should not react with the 

electrolyte or analyte or dissolve in the electrolyte. Usually, platinum is used as 

the counter electrode, because of its less reactivity towards electrolytes.  

 Electrolyte 

The electrolyte is the solution in which, all the three electrodes are dipped and 

the reaction taking place. The analyte is added directly to this electrolyte and 

mass transport and diffusion take place from the electrolyte to the working 

electrode. Usually, the electrolyte is chosen is such a way that, the electrode or 

analyte does not react with the solution and does not make any changes in the 

signal output. The ions present in the electrolyte does not contribute to any 

electrode interaction. Most of the electrochemical reactions are pH sensitive in 

nature. In that case buffer solutions are used to prevent any fluctuations in the 

electrolyte pH.  Ammonia buffer, Phosphate buffer, etc. are the examples of the 

buffer solutions. The buffer solution is also selected depending on the analyte 

to be sensed.  

 Electrochemical workstation/ measurement setup. 

The workstation is basically the controlling unit, which applies the potential and 

measures the current. The studies, described here are carried out on the Bio-

Logic SP-150 instrument.  

 

.2.11 (a) Schematically represent the setup used for the sensor measurement with the 

respective parts marked (b) image of the Bio-Logic system used for the 

measurements. 
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The schematic representation of an electrochemical sensor is shown in the Fig. 2.11. 

The sensing mechanism is usually based on the oxidation or reduction of the analyte 

during the reaction. The amperometric response (the change in current with respect to 

the change in concentration of analyte), and potentiometric response (change in the 

potential with respect to the change in concentration of the analyte) are the commonly 

used techniques for the determination of the analyte. Throughout the study, 

amperometric sensing is used for the sensing in this thesis. The analyte used can be, 

hazardous molecules to biomolecules provided there should be an electrochemical 

reaction or electron transfer at the working electrode, which can be recorded as a signal.  

2.3.3 Lithium-ion Batteries 

A battery is a device that converts the chemical energy into electric energy by means 

of an electrochemical oxidation-reduction (redox) reaction. During charging and 

discharging, opposite reactions take place at the electrodes, during which conversion of 

electrical energy to chemical energy and vice versa occurs. A battery can be considered 

as consisting of one or more cells, which is a basic electrochemical unit. The 

development of batteries in the initial stages started with dischargeable batteries and 

later rechargeable batteries, where the redox reaction is used to charge and discharge 

the batteries. Even though, the anode and cathode interchanges in a redox reaction, 

conventionally the anode and cathode is fixed according to the discharge pattern in 

batteries. Recently, there have been discussions regarding this use of terms anode and 

cathode in batteries. In this thesis, the conventional anode and cathode terms are used 

and they are defined as, 

 

 The anode or negative electrode-the reducing or fuel electrode-which gives up 

electrons to the external circuit and is oxidized during the electrochemical 

reaction. 

 The cathode or positive electrode-the oxidizing electrode-which accepts 

electrons from the external circuit and is reduced during the electrochemical 

reaction. 
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The batteries can be broadly classified into four and they are, 

 Primary batteries 

Primary batteries cannot be recharged by common methods. Once the battery is 

fully discharged, they are discarded. Depending on the electrolyte they can be 

dry or wet cell. Dry cell is used in many portable electronics devices, toys, etc. 

because of its low cost and ease of use.  

 

 Secondary or rechargeable cells or batteries 

These are cells which can be recharged to its initial state by passing a current in 

the opposite direction of the discharge. The main advantage of these kind of 

batteries is that, they can be reused again. These kind of batteries are mainly 

used in applications like hybrid vehicles, UPS power supply, mobile devices 

etc. 

 Reserve batteries 

This battery is intended to store for a long time without any discharge. A molten 

salt battery used in missiles is an example for reserve battery. To activate the 

battery, the solid salt should be melted to conduct and discharge the battery. 

These batteries are very important in the defence related applications.  

Lithium ion batteries [LIB’s] belongs to the secondary batteries. It consist of electrodes 

made up of compounds, which can take part in the lithium ion intercalation reaction. 

These batteries are also called rocking batteries, since the lithium ions rock back 

between the anode and cathode during charging and discharging. Usually, the positive 

electrode will be a metal oxide such as lithium cobalt oxide (LiCoO2), lithium 

manganese oxide (LiMn2O4) etc. The commonly used negative electrode is graphitic 

carbon. These materials are also layered in structure, making it possible to insert or 

extract the lithium ions from the material effectively.  

 

 

The main advantages and disadvantages of the LIB’s are listed below, 
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Advantages 

 Sealed cells; no maintenance required 

 Long cycle life 

 Broad temperature range of operation 

 Long shelf life 

 Low self-discharge rate 

 Rapid charge capability 

 High rate and high power discharge capability 

 High coulombic and energy efficiency 

 High specific energy and energy density 

 No memory effect 

 

Disadvantages 

 Moderate initial cost 

 Degrades at high temperature 

 Need for protective circuitry 

 Capacity loss or thermal runaway when overcharged 

 Venting and possible thermal runaway when crushed 

 Cylindrical designs typically offer lower power density than NiCd or NiMH 
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2.3.3.1 Lithium intercalation and working of a Lithium-ion battery 

 

Figure 2.12: Schematic of the lithium intercalation process in a cell.  

 

LIB’s operate by reversible reactions incorporating and removing the lithium ions from 

the electrode through a reversible electrode reaction, without significant structural 

changes in the host materials. Usually, materials with layered structures are preferred 

as an electrode material, to improve the lithiation and de-lithiation process. Metal 

oxides are the prefered candidates for the positive electrodes and the graphitic carbon 

species are used as the negative electrode. During oxidation of the positive electrode 

(charging), lithium ions from the positive electrode intercalate to the negative electrode. 

Fig. 2.12 schematically represents the lithium the reaction mechanism. Here, LiMOx 

represents the positive electrode material and the other electrode is the carbonaceous 

negative electrode. As far as lithium ion batteries are concerned, the use of crude Li 

metal is discarded and this helps in lesser risk, because of the lesser reactivity and better 

cyclic life. Even though, a half cell arrangement where, the capacity of the electrode is 

measured against the lithium metal is employed in the estimation of the capacity of the 

material.   
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Positive electrode material 

Commercially, lithiated metal oxides are used as the positive electrode material. The 

capacity of the material to insert lithium ions can change the charge storage capacity of 

the material. Along with that, the reversible nature of the reaction also important. The 

inability to reverse the reaction, can badly affect the longer cyclic life of the reaction. 

The cell voltage and energy density of the cell depend upon the potential, at which the 

lithium exchange reaction occurs with respect to the lithium metal. Also, there should 

be adequate electronic conductivity and Li+ ion mobility inside the material to ensure 

the proper charge-discharge process. The requirements for a good positive electrode 

material is listed out below, 

 High free energy of reaction with lithium 

 Can incorporate large quantities of lithium 

 Reversibly incorporates lithium without structural change 

 High lithium ion diffusivity 

 Good electronic conductivity 

 Insoluble in the electrolyte 

 Prepared from inexpensive reagents 

 Low cost synthesis 

 

 

 

 

 

 

 

 

 



49 
 

2.3.3.2 Coin cell fabrication 

 

Figure 2.13:  represents the parts of the coin cell.  

The parts of a coin cell are schematically represented in the Fig. 2.13. The coin cell 

described in this work was prepared in the following way. Initially, the required amount 

of the composite was measured and taken. A slurry was prepared by mixing and 

grinding active material, carbon black and polyvinylidene fluoride (PVDF) in 90:10:10 

ratios in an agate mortar. N – Methyl – 2 -  pyrrolidone (NMP) was used as the solvent 

for the preparation. The prepared slurry was cast onto an aluminium foil, by doctor 

blade technique. The foil was then left to dry in vacuum at 120 ºC. The test cells were 

constructed using coin cell assembly (CR2032). All the cell fabrication process was 

done in the argon inert atmosphere within a glove box [Fig 2.14]. Li anode/ Separator 

/ Composite cathode, configuration was employed throughout the study. The glass fibre 

membrane was used as the separator and commercially available electrolyte [1 M LiPF6 
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with EC/DMC (1:1 volume ratio)] was used for the entire measurement. The prepared 

coin cells were cycled between 1.5 V to 4.3 V to test the performance.  

 

 

Figure 2.14:  Glovebox used for the battery preparation.  
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Chapter 3 

 

Preparation, Characterization and Applications of 

Graphene Oxide and Solar Exfoliated Graphene  

 

This chapter contains the preparation of graphene oxide using chemical methods and 

exfoliation of graphene oxide, using solar light and its structural characterization using 

XRD, Raman and TEM. The electrochemical energy storage using supercapacitor 

electrode and sensing of hydrogen peroxide is also discussed in the chapter. 
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3.1 Preparation of Graphene Oxide and Solar Exfoliated Graphene 

3.1.1 Introduction 

Preparation of Graphene oxide and its conversion to reduced graphene oxide is a viable 

method for making graphene for applications where it is required in bulk quantities. 

Graphene was first obtained by the Geim and Novoslev using the famous scotch tape 

method which one of the mechanical exfoliation methods. There are different graphene 

preparation methods such as chemical vapour deposition, chemical methods, epitaxial 

method and creation of colloidal suspension. The graphene prepared by all these 

methods finds application in energy storage, electronic sensors etc. 

Among the methods employed, chemical methods need a special mention because of 

its ease of execution, high efficiency and cost effectiveness. Chemical methods include, 

the oxidation of the graphite to graphite oxide and the successive reduction to graphene, 

using physical or chemical reduction methods. The physical reduction methods include, 

the reduction using high temperature, microwave, laser light, solar light irradiation, etc. 

These methods are environmental friendly, since it does not use any hazardous 

chemical, where as in the chemical reduction methods, the commonly used chemicals 

like hydrazine hydrate, sodium borohydride etc. are hazardous. The chemical methods 

followed by physical reduction could be the best alternative for the bulk production of 

graphene within short time. In this work, graphene oxide is synthesised using a 

chemical method called modified Hummer’s method. The hazardous chemicals were 

avoided for the reduction of the graphene oxide to graphene; instead a low temperature 

energetically favourable method is used for the simultaneous reduction. This method 

leads to a rapid formation of reduced graphene oxide. 

 

3.1.2 Experimental details 

3.1.2.1 Preparation of graphene oxide 

The graphite oxide samples are prepared using the modified Hummer’s method 

(Hummers et al. 1958). In brief, weight equivalents of graphite flakes and NaNO3 are 

mixed with 46 mL of concentrated H2SO4 in an ice bath for about 30 min.  Thereafter, 

3 weight equivalents of KMnO4 is added with the solution for a certain time to avoid 

excess heating. The solution is then stirred at room temperature till it becomes a thick 
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paste. Later, 46 ml of water is slowly added to the solution. After 30 minutes, 140 ml 

of de-ionized water and 10 ml of H2O2 (30%) are poured into the mixture in sequence. 

This solution is filtered and washed with 3% HCl and distilled water several times till 

the sample pH is neutral. The sample is then collected and dried at 60ºC for 12 hours 

to obtain dried graphene oxide. 

3.1.2.2 Preparation of Solar Exfoliated Graphene  

The simultaneous reduction and exfoliation of graphene oxide to graphene is achieved 

using focussed solar irradiation (Eswaraiah et al. 2011). In brief, 100 mg of the sample 

is taken in a small container and solar energy is focussed on it using a convex lens. The 

exfoliation begins due to a sudden rise in temperature by focusing solar radiation, which 

imparts the high energy required for exfoliation. The rapid exfoliation is accompanied 

by changes in colour and volume expansion. The exfoliated product is separated and 

then collected for further studies. 

3.2. Characterization of the solar exfoliated graphene 

3.2.1 SEM and TEM analysis 

 

 

Figure 3.1:  SEM images of the (a) graphene oxide and (b) solar exfoliated graphene. 

 

Fig. 3.1 (a) represents the SEM image of obtained graphene oxide. It can be seen that 

the layers are aggregated in GO. This may result in the lesser surface area of the sample. 

Fig. 3.1 (b) shows the SEM image of the obtained solar graphene. After the exfoliation, 

individual layers are seen to be separated from each other’s clearly indicating a better 
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surface area. The wrinkled morphology of the solar graphene is clearly visible in the 

image. Fig. 3.2 (a) and (b) shows the TEM image of the obtained graphene, layered 

structure can be easily observed. It is clear that there are nanosized pores in the obtained 

graphene sheets. These pores are formed during the solar exfoliation process due to the 

rapid reaction. The pores play an important role in the proper wetting of the surfaces 

while in contact with the electrolytes and can avail all the stacked surfaces for the 

adsorption of the materials (Wang et al. 2013).   

 

 

Figure. 3.2: (a) and (b) TEM images of the solar exfoliated graphene showing the 

porous and layered structure.  

 

 

3.2.2 EDAX analysis 

 

Energy Dispersive X-ray Spectra (EDAX) was used for the determination of oxygen 

content in the prepared sample. The marked area in the SEM images shows the region 

in which the EDAX analysis has been done (Fig. 3.3).  Table. 3.1 shows the carbon and 

oxygen ratios in the sample. It was found that the solar exfoliation reduced the oxygen 
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Figure. 3.3: SEM and corresponding EDAX patterns of (a) graphene oxide and (b) 

solar exfoliated graphene 

 

content by around 11.37 atomic percentages. Upon exfoliation, the carbon to oxygen 

ratio has been increased to 3.74 from 2.05. Similar observations were noticed by 

Ganguly et al. in the thermal deoxygenation of Graphene oxide (Bose et al. 2011). This 

helped in concluding the fact that, the solar exfoliation of the Graphene oxide is 

successful in reducing the oxygen content. FTIR analysis also throws light into the 

successful reduction of Graphite oxide. The existing oxygen content may exist as other 

functional groups attached to the Graphene structure. These observations were also 

supported by the FTIR data. 

 

Table 3.1: Carbon and oxygen ratios in the graphene oxide and solar exfoliated 

graphene oxide.  

 

 Carbon % Oxygen % C/O ratio 

Graphene Oxide 65.55 31.96 2.05 

Solar Graphene 77.14 20.59 3.74 
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3.2.3 XRD analysis 

 

Figure. 3.4: XRD patterns of the (a) Graphite, (b) Graphite oxide and solar graphene 

samples. 

 

Figure 3.4 (a) shows the XRD pattern of graphite. The crystalline peak at 26.4º in 

graphite corresponds to the reflections from (002) plane. This corresponds to an 

interplanar spacing of 0.327 nm. The XRD spectrum of graphene oxide shows a peak 

at 10.9º which corresponds to an interplanar spacing of 0.805 nm. The increase in 

interplanar distance is due to the increase in spacing between the layers to incorporate 

water molecules and oxygen containing functional groups (Kaniyoor et al. 2012). This 

increase in spacing allows to exfoliate the graphene oxide by giving lower energy 

whereas, in the case of graphite, it is not practical because of the smaller spacing and 

stronger bonding. The absence of the sharp peak at 26º in graphene oxide is the clear 

indication of absence of graphite. The XRD of solar graphene (Fig. 3.4 (c)) shows a 

broad peak around 25º indicates the absence of three dimensional crystal structure and   
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is due to the small size of the layers or a relatively short domain order of the stacked 

sheet (Eswaraiah et al. 2011). Hence, XRD gives a clear indication of formation of 

graphene.  

3.2.4 Raman analysis 

 

 

Figure 3.5: Raman spectra of the (a) Graphite, (b) Graphene oxide and (c) solar 

graphene samples. 

 Fig. 3.5  shows the Raman spectra of the graphite, GO and graphene samples. Raman 

spectrum gives clear insight into the formation of graphene layers. Graphite, graphene 

oxide and solar graphene are analyzed using Raman spectra and compared using the 

intensity ratios of D to G bands (ID/IG). Graphite shows the characteristic sharp peaks 

at 1575 cm-1 and 2707 cm-1. The Raman spectrum of solar graphene is characterized by 

G band at 1565 cm-1 arising due to first order Raman scattering of the E2g phonon at the 

Brillouin zone centre of sp2 carbon atoms. The D band at 1348 cm-1 is due to the defects, 

vacancies, grain boundaries and amorphous carbon species, which indicats the quality 
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of graphene produced. The intensity ratio of D band to G band (ID/IG) is found to be 

1.002 and 0.8847 for graphite oxide and solar graphene, respectively. The decrease in 

the ID/IG ratio of solar graphene is due to the restoration of sp2 network. It is noticed 

that the intensity ratio of D band to G band is reduced in graphene compared to graphene 

oxide due to less number of defects (Kaniyoor et al. 2012).  

 

3.3 Applications of solar exfoliated graphene 

 

3.3.1 Supercapacitor applications 

 

The performance of the solar graphene for supercapacitor applications is evaluated by 

cyclic voltammetry (CV) and galvanostatic charge-discharge tests using a three 

electrode configuration. Platinum electrode is used as the counter electrode and 

saturated calomel electrode (SCE) as the reference electrode.   0.5 M H2SO4 is used as 

the electrolyte throughout the study.  

 

Fig. 3.6 shows the CV curves for solar graphene at different scan rates. The redox 

curves show almost rectangular shape with a broad peak around 0.3 V. This peak is due 

to the presence of additional functional groups which can interact with the protons from 

the acidic medium and, resulted in an increase in the capacitance value (Mai et al. 2012). 

The specific capacitance of the electrode is calculated using the following equation, 

                vmVIdVC             (3.1)                                                  

Where, C is the specific capacitance in Fg-1, I is the current (A), V is the potential (V), 

v is the scan rate and m is the mass of the material on the electrode (g). In each 

measurements, the weights of the samples are accurately measured and used for the 

calculation throughout the thesis. 
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Figure. 3.6: CV curve for solar exfoliated graphene at different scan rates 

 

The specific capacitance of solar graphene is found to be 223 Fg-1 at a scan rate of 20 

mVs-1. An increasing trend is observed in the specific capacitance with the decrease in 

the scanning rate due to the insufficient time available for the ions to occupy the 

adsorption sites. With time, more sites will be available for the electrolyte to wet the 

surface properly and diffuse into the stacked layers of graphene.  The relatively high 

specific capacity of the sample is due to the structure of solar reduced graphene. The 

TEM images reveal the presence of nanopores in the graphene sample. The nanopores 

give additional sites for the ions and help in proper wetting of the surface and stacked 

layers, in turn solving the problem of material restacking and reduction of capacitance. 

The higher mass transfer rate offered due to the porous structure clearly contributes to 

the electrochemical properties of the samples (Wang et al. 2013, Yuan et al.2013, Wen 

et al. 2012). The Faradic interaction at 0.3 V due to the available functional groups also 

played an important role in the increased capacitance. Table 3.2 shows the comparison 

of the capacitance of the solar graphene with other reports. Fig. 3.7 shows the variation 

of specific capacitance with the scan rates. It is found that the specific capacitance 
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decreases with increase in scan rate, which is due to the insufficient time for the ion 

diffusion and adsorption at the sites (Zhao et al. 2012). 

Table 3.2 The comparison of the capacitance of the solar graphene with other reports 

Description about the graphene 

preparation 

Specific Capacitance  

(Fg-1) 

Reference 

Hydrazine hydrated graphene 99 (Stroller et al. 2008) 

Reduction at 10500C 117 (Vivekchand et al. 

2008) 

Solvothermmal deoxydation 230 (Du et al. 2010) 

Microwave reduction 196 (Zhu et al. 2010) 

Electrochemical activation 220  (Hantel et al. 2011) 

Solar exfoliation  223 This work 

 

 

Figure. 3.7: Variation of specific capacitance of solar graphene with the change in 

scan rate 
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Figure. 3.8: Capacitance retention of the electrode with cycles 

Fig. 3.8 shows the capacitance retention of the material. The retention ability is 

calculated by taking the ratio of capacitance at a particular cycle to the initial 

capacitance. The performance is checked by collecting data for 1000 cycles, it is 

observed that the specific capacitance increases by about 8 %. The increase in 

capacitance is due to the activation of nanopores during the initial cycles (Perera et al. 

2012 and Yan et al. 2012). This shows that the prepared graphene samples possess long 

cycle life. 

The galvanostatic charge-discharge tests are conducted for the prepared solar graphene 

samples at constant current to study the capacitance behaviour. Fig. 3.9 shows the 

galvanostatic charge-discharge characteristic of the solar graphene.  The symmetric 

charge-discharge curves have been observed for the sample and the near linear variation 

of charge and discharge cycles suggests, the good capacitive behaviour with the 

electrochemical stability and reversibility (Wu et al. 2010, El-Kady et al. 2012 and Bose 

et al. 2012). The specific capacitance values are found to be in agreement with the one 

obtained from the CV measurement.  
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Figure. 3.9: Galvanostatic charge-discharge curve of the solar graphene at a potential 

window of 0.7 V and charge-discharge ratio of 1 A/g showing the supercapacitor 

nature. 

 

The Electrochemical Impedance Analysis (EIS) analysis is done at a frequency range 

of 1 Hz to 100 kHz to study the impedance behaviour of the prepared solar graphene. 

Fig. 3.10 shows Nyquist plot for the solar graphene sample. The plot shows a loop in 

the higher frequency region and a straight line in the lower frequencies. This loop refers 

to the low electronic resistance offered by the material. The relatively smaller region at 

the high-medium frequency region suggests that the electrode possesses much lower 

contact resistance and charge-transfer resistance (Yang et al. 2012). The more vertical 

the curve is, the more it goes to ideal capacitor behaviour. Therefore, the results are 

promising and show lower charge transfer resistance and better capacitive behaviour. 
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Figure. 3.10: Impedance plot for the solar reduced graphene. Inset shows the 

behaviour at higher frequency. 

3.3.2 Hydrogen peroxide sensing application 

 

 

 

Figure. 3.11: Impedance spectra of the graphene and bare GCE in 5 mM Fe(CN)6
3-/-4 

in 0.1M PBS solution. 
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Fig. 3.11 represents the impedance spectra of the graphene and bare GCE in 5 mM 

Fe(CN)6
3-/-4 in 0.1 M Phosphate buffer solution (PBS) solution. Impedance spectra 

reveal the electron transfer properties of the material.  The semi-circular portion 

observed in the spectrum corresponds to the high frequency response and corresponds 

to the electron transfer limited process, whereas the linear portion corresponds to the 

low frequency response which depends on the diffusion process. It is observed that the 

solar graphene offered less resistance compared to the GCE. This clearly indicates that 

the solar graphene has a higher electron transfer rate which helps in the electrocatalytic 

detection of the materials (Woo et al. 2012).  

Fig. 3.12 shows the CV for the solar graphene coated GCE sample and bare GCE in 

pH7 PBS buffer solution with 0.5 mM H2O2 concentration. The data is acquired 

between -0.4 V and 1 V.  Higher electrocatalytic behaviour is observed for the graphene 

samples compared to the bare GCE electrode. Both the oxidation and reduction showed 

an earlier onset of the potential indicating a very high electrocatalytic activity of the 

solar graphene samples. Fig. 3.12 compares the performance of the solar graphene in 

PBS solution with and without H2O2, which shows an increase in current, suggesting 

the electrocatalytic activity of the electrode (Woo et al. 2012).   This may be due to the 

very high surface area and high concentration of defects which may increase the 

heterogeneous electron transfer and the sensing (Alwarappan et al. 2009). 

Fig. 3.13 shows the amperometric response of the electrode towards the solar graphene 

towards change in concentration. The measurement is recorded at a voltage of -0.4 V. 

The response is recorded for concentrations starting from 2×10-5 to 3×10-3 M. Solar 

graphene shows a very good response to the hydrogen peroxide concentration in this 

region. The sensing mechanism (Zhao et al. 2009) can be described using adsorption of 

H2O2 on the graphene surface and the reduction to water molecules. Once H2O2 is added 

to the sensor chamber, graphene provides surface for the adsorption of the material on 

the surface and edges. Further, the H2O2 will be reduced on this surface. This electron 

transfer is converted into the electronic signals and recorded in the potetiostat. 
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Figure. 3.12: Comparison of CV in PBS (PH7) buffer solution with/without H2O2 for 

SG coated on GCE 

The mechanism can be written as,  

H2O2 + e- ↔ OH(adsorbed)+OH- 

OH(adsorbed)+ e-  ↔ OH- 

2 OH- +2 H+↔ 2H2O 

 

Figure 3.14 shows the calibration curve for the H2O2 sensor. The regression equation, 

Ipa (μA) = 2.457 + 18.31c (mM) with R = 0.98592 is obtained. The observed sensitivity 

is around 64.79 μA mM-1 cm-2 for the solar graphene which is very high compared to 

the earlier report (15.16 μA mM-1 cm-2) by Woo et al. (2012). 
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Figure. 3.13: Amperometric response of the electrode towards the solar graphene 

towards change in concentration. 

 

 

Figure. 3.14: Calibration curve for the H2O2 sensor 
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3.4 Summary 

 Solar graphene is successfully synthesized via solar exfoliation of graphene 

oxide. The complete reduction of graphene oxide to graphene is confirmed from 

XRD and UV-Vis spectrum. Raman Spectrum indicated high purity and defect 

less nature of solar graphene. The samples produced have layered morphology 

as seen from SEM analysis. The layered structures possess surface nanopores 

as observed from TEM images.  

 The CV studies showed greater specific capacitance for solar graphene, which 

can be attributed to the nanopores present on the surface and hence the 

interaction of available functional groups with the electrolyte. The charge-

discharge curves show symmetric behaviour which in turn reflects the good 

capacitive behaviour, electro-chemical stability and reversibility.The 

Impedance analysis shows lower internal resistance for solar graphene.  

 A higher sensitivity for the electrochemical detection of H2O2 using solar 

reduced graphene is reported. The solar graphene possess excellent 

electrocatalytic activity, low resistance and high electron transfer rate, high 

sensitivity and low response time making it one of the best graphene species 

available for the electrochemical detection. The preparation of solar reduced 

graphene is more cost effective as compared to the other existing methods and 

useful for applications in supercapacitors and sensors.  
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Chapter 4 

Preparation and Characterization of Vanadium 

Oxide/Graphene Composites for Biosensors and 

Lithium Ion Batteries  

 

This chapter deals with the preparation and characterization of Vanadium Oxide/ 

Graphene Oxide Composite. Melt quenching technique has been used for the 

preparation of the amorphous vanadium oxide. Hydrothermal method was used for the 

preparation of the composite. The prepared composites are characterized using XRD, 

Raman, TGA, FTIR, SEM and TEM. Applications in Lithium-ion battery and 

electrochemical sensing of dopamine is reported.  
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4.1 Preparation of Vanadium Oxide and Vanadium Oxide/Graphene 

Composite 

4.1.1 Introduction 

Vanadium pentoxide (V2O5) is an easily synthesizable transition metal oxide, occurring 

abundantly in nature, with a unique layered structure, having mixed oxidation states 

(V2+, V3+, V4+and V5+) and possessing high energy density (Yang et al. 2011). V2O5 is 

a promising cathode material in lithium-ion batteries (Tang et al. 2013). Composites of 

V2O5 hinder enhanced device performance owing to its poor electrical conductivity and 

bulk material properties (Van et al. 2006). However, nanoscale V2O5 provide more 

electrochemically active sites and enhance the concentration polarization of electrode 

material with large surface area and short diffusion paths (Shen et al. 2016, Li et al. 

2010). Therefore, improving the electrical conductivity of V2O5 for using it as a cathode 

material in lithium ion batteris (LIB’s) is another challenging topic of interest. In this 

regard, generally the enhanced electrochemical performance have been reported on 

nanocomposites of V2O5 with various carbon nanostructures especially graphene and 

graphene oxide (GO) owing to their nontoxicity, high electrical conductivity, chemical 

inertness and mechanical stability (Yoo et al. 2008). Different methodologies have been 

reported in literature for the synthesis of V2O5-reduced graphene oxide nanocomposites 

for example solvothermal approach (Chen et al. 2014), one-pot hydrothermal approach 

(Lee et al. 2015), xerogel annealing (Ban et al. 2009) and so on. In comparison to 

crystalline V2O5, amorphous V2O5 are reported to exhibit better electrochemical 

performance owing to the fast Faradaic reactions arising from their two dimensional 

layered percolated diffusion network (Uchakar et al. 2014). Although there are many 

reports on the usage of less crystalline bilayered V2O5·nH2O synthesized through sol-

gel synthesis approach (Moretti et al. 2016), reports on the usage of less crystalline 

V2O5 synthesized through the melt quenching process for electrochemical device 

applications are rare. 

In this chapter, the synthesis of layered V2O5 using a sol prepared by annealing 

crystalline V2O5 powder (referred hereafter as VO) at 950 oC and quenching in 
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deionized water is reported. The as-synthesized melt quenched V2O5 sol is later 

employed for synthesizing V2O5/graphene oxide composites at different compositions. 

The electrochemical performance of the synthesized composites is compared for 

applications in  sensing of dopamine as well for lithium-ion battery applications.  

 

4.1.2 Experimental details 

4.1.2.1 Preparation of melt quenched V2O5 

In a typical melt quenching process, 3 g of V2O5 (Loba chemicals, India) taken in a 

silica crucible was heated to 950 ºC in a muffle furnace and was maintained at the same 

temperature for 30 min. Molten V2O5 solution collected from the furnace was poured 

into a beaker containing DI water and was probe sonicated for 60 min. Supernatant was 

separated from the sonicated solution to separate V2O5 nanoparticles from the bulk 

chunks settled at the bottom of the beaker. Samples obtained after drying the V2O5 

supernatant solution were named as MVO while the precursor used for its preparation 

was denoted as VO. 

4.1.2.2 Preparation of the melt quenched V2O5/graphene oxide (MVGO)      

composites 

 

Figure 4.1. Schematic representation of the experimental procedure.  
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Graphene oxide was pre-synthesized using the modified Hummer’s method as reported 

in the chapter 3. MVGO composites were prepared through a simple hydrothermal 

approach. Typically, a fresh solution was first prepared by ultrasonically dispersing 12 

mg of as-synthesized GO in 12 ml DI water. Later, this solution was poured into a 

beaker containing 9 ml of supernatant solution (containing ~12 mg/ml of MVO) placed 

in an ultrasonic bath. The final composite precursor solution obtained after through 

mixing was transferred to a Teflon-lined stainless steel autoclave of 100 ml capacity 

and reacted hydrothermally by heating the sealed autoclave at 150 oC for 12 h. Fig. 4.1 

schematically represent the experimental procedure. After the reaction the autoclave 

was allowed to cool down naturally and the precipitates were collected by washing with 

excess DI water and ethanol, followed by drying overnight at 60 oC. Final dried sample 

was named as MVGO10. Similarly, MVGO25 and MVGO50 were prepared following 

the same procedure by increasing the weight percentage of GO to 25% and 50 %, 

respectively. 

 

4.1.2.3 Preparation of the electrodes and electrochemical measurement   

 

Typically, a glassy carbon electrode (GCE) was finely cleaned by polishing its surface 

using alumina powder (0.05 µm), followed by electropolishing in 0.5 M H2SO4 and 

sonicating in DI water and ethanol for 5 s each. A slurry was prepared by sonicating 1 

mg of as-synthesized VGO composites in 1 ml of DI water, after which 4 µl was 

carefully drop casted over the polished GCE surface (3 mm diameter). The modified 

GCE was dried and used as the working electrode for sensing dopamine on an 

electrochemical work station (Biologic SP-150, Autolab) with three-electrode 

configuration in 0.1 M phosphate buffer saline (PBS) electrolyte solution (pH 7.2), 

employing platinum wire and Ag/AgCl as the counter and reference electrode, 

respectively. All three electrodes were kept at an equal distance from each other for 

avoiding any abnormality during measurements. Amperometric sensing was performed 

by injecting dopamine into the system using a micropipette at regular intervals of time 

and the change in current was recorded.  
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4.1.2.4 Preparation of coin cells for battery measurements 

 

The cathode was fabricated by first preparing slurry by mixing the as-synthesized active 

materials (VO, MVO, MVGO10, MVGO25 and MVGO50) with carbon black and 

polyvinylidene fluoride (PVDF) binder in the weight ratio of 80:10:10 with a few drops 

of N-Methyl-2-pyrrolidone (NMP) in an agate mortar. This slurry was then spread on 

a battery grade aluminum foil by doctor blade technique and dried in vacuum at 120 

ºC. The coin cells (CR 2032) were assembled in an argon-filled glove box (Mbraun, 

Germany) using glass fiber membrane as separator, Li-metal as the anode, and 1 M 

LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC in 1:1 volume ratio) as the 

electrolyte. Electrochemical tests were performed by galvanostatically 

charging/discharging the assembled cells under room temperature in the potential range 

of 1.5 – 4.3 V (versus Li/Li+) using a multichannel battery tester (Neware, China). 

 

4.2 Characterization of the vanadium pentoxide/graphene oxide 

composites 

The XRD patterns of the as-synthesized MVO and MVGO samples compared with 

pristine VO are presented in Fig. 4.2. The peaks of VO are consistent with the JCPDS 

file (Card No 01-072-0598). However, in comparison to VO, the absence of the 

prominent peaks in the XRD pattern of MVO suggests the formation of an amorphous 

like phase as reported elsewhere (Moreti et al. 2016, Wangoh et al. 2016) . The possible 

reason for the amorphous like XRD pattern could be attributed to the insertion of water 

molecules during the melt quenching process. The small peak appearing at 2θ = 6o for 

MVO can be attributed to the (001) plane (as indicated by ♣ the symbol). The small 

blue shift in the peak position of the (001) plane for MVO in comparison to those 

reported for V2O5·nH2O by Wangoh et al. (2016), could be attributed to the different 

synthesis methodology adopted. The XRD pattern of MVO synthesized here is 

consistent with the amorphous V2O5 reported elsewhere (Chen et al. 2009). The 

presence of graphene oxide in MVGO composites is confirmed from the XRD peaks 

appearing at 2θ = 11.5o. The partial reduction of GO to graphene during hydrothermal 
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Figure 4.2:  X-ray diffraction patterns of pristine VO, MVO, MVGO10, 

MVGO25 and MVGO50. The peak indexed with ♣ symbol correspond to the (001) 

plane of MVO. 

treatment is confirmed from the XRD peak in MVGO composites appearing at 2θ = 

26o, which is well documented in the literature (Viswanathamurthi et al. 2003). 

Surprisingly, the XRD peak of the (001) plane of MVO appearing at 2θ = 5o is higher 

in MVGO10 and MVGO25, which could be attributed to the growth processes 

happening under hydrothermal conditions. However, due to excess GO content the 

XRD peak intensity in MVGO50 decreases. 

FTIR spectra of as-synthesized MVO and MVGO50 are compared with pristine VO, as 

shown in Fig. 4.3 The peak appearing at 1012, 1004 and 996 cm-1 in VO, MVO and 

MVGO50, respectively, can be assigned to the stretching vibration absorption peak of 

V=O. On the other hand, the peaks at 519, 510 and 521 cm-1 in VO, MVO and MVGO, 

respectively can be attributed to the asymmetric stretching vibrations of V-O-V, while 

the peaks at 719, 724 and 754 cm-1 can be assigned to the symmetric stretching vibration 

of V-O-V in VO, MVO and MVGO, respectively (Viswanathamurthi et al. 2003). The  
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Figure 4.3:  FTIR spectra of pristine VO, as-synthesized MVO and MVGO50. 

 

intense peak at 1622 cm-1 in MVO indicates the presence of hydroxyl ions that get 

adsorbed on the surface of the vanadium oxide during the melt quenching process 

resulted in the disordered structure as observed from XRD (Jayalakshmi et al. 2013). 

 

Figure 4.4:Thermo gravimetric analysis (TGA) curves of VO, MVO and MVGO50 
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The thermal characterization using thermo gravimetric analysis (TGA) is shown in Fig. 

4.4. The crystalline vanadium oxide shows very small change in the weight up to 800 

ºC. On the other hand, the MVO shows a gradual change in the weight. A steep weight 

loss around 100 ºC is due to the removal of the absorbed water molecules. The 

continued weight loss up to 400 ºC, indicates the gradual removal of the water contained 

in the MVO. The weight loss was around 20% up to 800 ºC. In the case of MVGO50 

composite, the initial weight loss was less as compared to the vanadium oxide, 

indicating less crystal water in the sample. A steep weight loss around 500 ºC, indicates 

the removal of carbon from the composite. (TGA) also confirms the presence of 

hydroxyl ions in MVO as there is a sudden weight loss while MVO was heated at 100 

oC. Further, the presence of hydroxyl ions is far lesser in the composites as indicated 

by the less intense peak appearing at 1590 cm-1 in MVGO50.  

 

 

Figure 4.5: Raman spectra of VO, MVO, GO and MVGO50 
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Fig. 4.5 shows the Raman spectra of the as-synthesized MVO compared with pristine 

VO and pristine GO compared with MVGO50. The well resolved spectrum of VO 

exhibits several peaks among which, the peak centred at 993 cm-1 is assigned to the 

vibrational stretching mode related to vanadium oxygen bond V=O. Also the sharp peak 

at 137 cm-1 is owing to skeletal bent vibration of V-O-V bond (Fang 2008). Angle 

bending modes gives rise to peaks in the region 200-500 cm-1 (Perera et al. 2013). In 

MVGO50 two peaks at 1353 and 1599 cm-1 are observed, which correspond to the D 

(disordered) band and G (graphite) band of carbon respectively (Chen et al. 2014). In 

order to effectively transfer the electrons between MVO and graphene in the MVGO 

composites, it is important to have larger conducting domains (i.e. higher sp2 carbon 

atoms). The D band and G bands of graphene oxide are associated with sp3 and sp2 

carbons, respectively and it is well known that the D band intensity decreases (due to 

increase in the numbers of sp2 carbon atoms) a little in comparison to G band while 

graphene oxide undergoes reduction (Perumbilavil et al. 2017) . As seen from the 

MVGO spectrum, the intensity of G band is slightly higher than that of the D band 

indicating that the graphene lattice consists of more sp2 carbons due to the reduction of 

graphene oxide during hydrothermal treatment (Perera et al. 2013). 

 

Surface morphology of MVO and MVGO50 were comprehensively characterized by 

TEM as shown in Fig. 4.6 (a) - (c), are TEM images of MVO obtained at different 

magnifications. It is evident from the micrographs that as-prepared MVO sheets are 

loosely stacked, irregular and rough with wrinkles made of one or few layers. TEM 

analysis indicates that the layered MVO sheets are prone to aggregation. On the other 

hand, Fig. 4.6 (d) – (f) are TEM images corresponding to MVGO50 obtained by 

hydrothermally reacting GO with MVO. The micrographs in Fig. 4 (d) clearly exhibit 

a layered structure of graphene sheets embedded with spherical MVO nanoparticles. 

The change in the morphology of MVO from 2D sheet like structure to 3D nanospheres 

can be attributed to the hydrothermal conditions and their vulnerability towards 

aggregation. However, interestingly the amorphous phase of MVO was found to be 

intact as evidenced from high-resolution TEM (HRTEM) analysis and MVO on the 

whole was found to evenly combine with graphene nanosheets. Further, the lattice 

spacing value of 0.37 nm obtained through HRTEM analysis (see Fig. 4.6 (f)) on 
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MVGO50 can be indexed to the (002) peak of graphene – reconfirms the reduction of 

graphene oxide under hydrothermal condition as evident through XRD studies (Chen 

et al. 2014).  

 

 

Figure 4.6 : (a, b, c) Transmission electron micrographs of MVO at different 

magnifications indicating the layered sheet like structure and (d, e) TEM images of 

MVGO50 obtained at two different magnifications. (f) High resolution TEM image 

obtained from the area marked in (e). 

 

The chemical composition of the as-synthesized samples are analyzed through energy 

dispersive X-ray spectroscopy (EDS). EDS results of the MVGO50 presented in Fig. 

4.7 indicates the presence of higher carbon content in comparison to MVGO10 and 

MVGO25, confirms the higher weight percentage of graphene oxide loading. On the 

other hand, EDS results also is an evidence that the samples are pure and are void of 

impurities. 
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Figure 4.7 : Energy dispersive X-ray spectra corresponding to (a) crystalline VO, (b) 

MVO, (c) MVGO10, (d) MVGO25 and (e) MVGO50. 
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4.3 Applications of the vanadium pentoxide/graphene oxide 

composites. 

4.3.1 Electrochemical dopamine sensing 

 

 

Figure 4.8: CV curves of MVO and MVGO composites at scan rate of 100 mV/s in 

0.1 M PBS solution 

Chemically modified electrodes were employed for sensing dopamine. Fig. 4.8 shows 

the response of the composite electrodes, towards 50 mM concentration of the 

dopamine, at a scan rate of 100 mV/s. Even at higher values of scan rate the redox peaks 

are more significant, indicating that the electrode material has a good rate capability 

(Yang et al. 2013). The higher peak intensity from the cyclic-voltammetric (CV) curves 

obtained with the composite signifies successive oxidation of electroactive dopamine 

into dopamine-quinone (DAQ) at the electrode surface. Fig. 4.9 (a) shows the dopamine 

oxidation at the electrode surface. Also, Fig. 4.9 (b) shows the dopamine oxidation and 

reduction happening at the electrode surface.  The irreversible DAQ formation at the 

electrode surface is a serious problem, since the quinone formed has to be continuously 

converted back to dopamine for its detection. Further, oxidation of dopamine to DAQ 
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hinders the sensitivity and selectivity capabilities of the bare electrodes towards 

dopamine detection (Wieckohskie et al. 1984). Therefore, the higher the 

anodic/cathodic peak intensity ratio, the better is the reversible sensing reaction. It is 

evident from the Fig. 4.8 that among MVO, MVGO10, MVGO25 and MVGO50, the  

 

Figure 4.9:  (a) Schematic representation of the dopamine oxidation at the electrode 

surface (b) shows the dopamine oxidation and reduction at the electrode surface. 

 

composite with higher GO content (i.e. MVGO50) shows better response. The adequate 

presence of oxygen containing functional groups in MVGO50 assists in effective 

adsorption and pre-concentration of redox species by the rapid transfer of electrons 

between the biomolecules and electrode substrate, which resulted in excellent 

dopamine sensing performance. The distinctive peak in the graph appearing at 0.18 V 

for MVGO50 in comparison to the MVO at 0.3 V at a scan rate of 100 MV/s, indicates 

that the sensor can be operated at a relatively low voltage while there is a synergy 

between MVO and GO owing to the larger electroactive sites in graphene (Suresh et al. 

2014). Incorporation of graphene in MVO is found to play a dual role: while it increases 

the surface area for enhanced dopamine adsorption, it also enables easy faster transfer 

of electrons owing to its higher electrical conductivity. 
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Figure 4.10: (a) CV curves of MVGO50 at various scan rates in 0.1 M PBS solution 

containing 10 μM  dopamine and (b) linear plots of anodic and cathodic peak current 

against the square root of scan rate, where R-squared (R2) value determines the best 

fit. 

On the other hand, dopamine sensing performance using MVGO50 modified GCE 

(MVGO50/GCE) was investigated using CV at various scan rates as shown in Fig. 4.10 

(a). A pair of quasi-reversible anodic and cathodic peaks caused by the redox process 

in dopamine was observed at the MVGO50/GCE and the corresponding dopamine 

sensing mechanisms are well discussed in literature (Pandikumar et al. 2015). With an 

increase in scan rates (50-400 mV/s) the anodic and cathodic peak currents and 

increased simultaneously. Since anodic peak current (Ipa) is found to be more 

pronounced than cathodic peak current (Ipc), electrooxidation of dopamine is 

significant. Fig. 4.10 (b) represents the linear plots of anodic and cathodic peak current 

against the square root of the scan rate, indicating the diffusion controlled redox process 

for which the regression relations can be written as follows (Suresh et al. 2014): 

 

Ipa (mA) = 0.00512 v1/2 + (-0.02477) (mA) [R2 = 0.9904] 

 

Ipc (mA) = -0.00486 v1/2 + (0.02675) (mA) [R2 = 0.9913] 

 

Chronoamperometry (CA) was used for detection of dopamine owing to its higher 

current sensitivity compared to CV. Fig. 4.11(a) shows, the variation of current with 

increase in dopamine concentration. After the addition of dopamine (0 to 75 µM) into 
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the electrochemical cell, an obvious increase in current was observed as seen from the 

corresponding calibration plot in Fig. 4.11(b), wherein two linear portions are observed 

corresponding to the lower and higher concentrations regions. The data is fitted with a 

polynomial as, Current (I, nA) = Intercept (I, nA) + B1 × Concentration (µM) + B2×  

 

 

Figure 4.11 : (a) Chronoamperometric response of MVGO50 electrode during the 

successive addition of dopamine (0 to 75 µM) to 50 ml of 0.1 M PBS at an applied 

voltage of 0.18 V (b) plot indicating the variation in current (nA) with respect to 

change in the concentration of dopamine 

 

Concentration (µM)2, where B1 = 1.55261 nA, B2 = -0.00708 nA and intercept = 

2.18243 nA . The R2 (regression fit) value = 0.99 ensures the best fit. The unknown 

concentration can be directly deduced by substituting the known current values in the 

fitted polynomial. Further, to study the sensing capability of MVGO50 electrode a 

linear fit was determined for the data collected at lower (0 to 10 µM) as well as higher 

concentrations (10 to 75 µM) of dopamine. The fit at the lower concentrations follows 

the equation, (I, nA) = 0.89007 (I, nA) + 1.76772 nA/ µM × concentration (µM) with 

(R2 = 0.99). Similarly, at higher dopamine concentrations, the fitted data follow the 

equation, (I, nA) = 11.92433 (I, nA) + 0.95644 nA/ µM × concentration (µM), (R2= 

0.99137). The lower detection limit of dopamine using MVGO50 electrode as the 

sensor from the fitted data was found to be 0.07 µM with a high sensitivity limit of 

25.02 µA mM-1 cm-2.   

Biomolecules like dopamine exist along with other biological species such as uric acid 

and ascorbic acid, owing to which selective sensing capability of electrochemical 
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sensors is of utmost importance (Ban et al. 2009). Here, we have studied the selective 

sensing capability of MVGO50 composite electrode as sensor by adding uric acid along 

with dopamine, after which CV measurements are recorded for evaluating the sensor 

performance. Two distinctive peaks are observed corresponding to the oxidation of 

dopamine and uric acid as shown in Fig. 4.12 (a), confirming that MVGO50 is capable  

 

 

 

Figure 4.12 : (a) CV response of MVGO50 electrode in the presence of 50 mM of 

dopamine as well as uric acid at 50 mV/s and (b) chronoamperometric response of the 

MVGO50 electrode with the successive addition of 10 μM of dopamine in presence 

of 10 mM uric acid at 0.18 V. 

 

of selectively detecting dopamine without being affected by the interference of uric acid 

(Suresh et al. 2014). The amperometric data as seen in Fig. 4.12 (b) showed a stepwise 

increase in current only with the addition of dopamine and remained insensitive to uric 

acid addition, indicating the selective sensing capability of MVGO50. Further, it should 

be noted that the sensor showed excellent selective sensitivity since, the concentration 

of dopamine added during amperometric studies was three orders of magnitude lower 

than that of uric acid. Therefore, at a given potential, MVGO50 composite is useful in 

selective detection of dopamine. Table.4.1 shows the coparison between the present 

work with earlier reports.  
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Table. 4.1. Comaprison of the dopamine sensor with earlier reports 

Paper Detection 

Limit 

Linear range Sensitivity ref 

Lithium doped 

vanadium oxide 

nanoribbons 

1.0 × 10−7 

M 

2.0 × 10−6 to 1.0 

× 10−4 M 

----- (Zhuo et al. 

2011) 

V2O5@polyailine 

nanohybrid 

 

3.9 × 10−5 

M 

6.6  µ M to 1.1 × 

10−4 

----- (Suresh et 

al. 2014) 

Ni-doped V2O5 ---- 6.6–96.4 µM 

 

132 nA 

M−1 

(Suresh et 

al. 2014) 

This work 0.68 µM 0 to 10µ M and 

10 to 70 µ M 

25.02 µA 

mM-1 cm-2 

Present 

work 

 

4.3.2 Applications of vanadium pentoxide/graphene oxide composites 

in lithium ion battery electrode 

 

Figure 4.13 : The first cycle charge-discharge profiles at a current density of 0.1 C 

using MVO and MVGO composites as electrodes. (b) Charge-discharge profile and 

(c) comparison of cyclic behavior of MVGO50 electrode at two different current 

densities (0.1 C and 0.5 C). 
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The charge-discharge profiles for MVO and MVGO composites are illustrated in Fig. 

4.13 (a). As observed from the results, MVO exhibited a poor charge-discharge capacity 

with a value of 2.2 mAg-1. The poor rate capability of melt quenched vanadium oxides 

reported by Menictas et al. (2009) was attributed to a relatively high charge-transfer 

resistance. Similarly, Liu et al. reported poor rate capability of melt quenched vanadium 

oxides due to the irreversibility of the phase during deep discharging and owing to their 

poor electrical conductivity (Wieckohski 2014). Upon addition of GO, the material was 

found to exhibit improved electrochemical performance. Herein, as mentioned in the 

experimental section the MVGO50 composites were prepared by the embedment of 

MVO on GO under hydrothermal conditions where, GO is partially reduced to graphene 

as observed from XRD and Raman analysis. In comparison to electrodes prepared using 

composites with lower weight percentage of graphene oxide (i.e. MVGO10 and 

MVGO25), MVGO50 electrode delivers first discharge capacity around 175 mAhg-1 

and maintains high capacity in the range of 200 mAhg-1 for the first 10 cycles (between 

1.5 V and 4.3 V at 0.1 C rate). Obviously, the poor discharge capacity in case of 

MVGO10 and MVGO25 in comparison to MVGO50 can be attributed to the higher 

percentage of MVO and their poor electrical conductivity. On the other hand, the 

enhanced performance of MVGO50 electrodes can be attributed to the presence of the 

higher percentage of partially reduced graphene oxide (more sp2 carbon atoms) leading 

to better electrical conductivity. 

As evident from the TEM image of MVGO50, the nano-sized pores are believed to be 

favourable for the diffusion of electrolytes and Li ions to the active material. Fig. 4.13 

(b) shows the comparison of cyclic behaviour of the MVGO50 at different current rates 

of 0.1 C and 0.5 C. The rate performance of the MVGO50 composite as a cathode in 

lithium ion delivery has been improved greatly. This is because of larger surface to 

volume ratio that shortens the distance for electron transport and reduces charge transfer 

resistance at the electrode/electrolyte interface (Jia et al. 2016). Therefore, the superior 

performance of the MVGO50 nanocomposite as electrodes can be attributed to uniform 

embedment of MVO over GO during hydrothermal conditions. Furthermore, the hybrid 

structure could also prevent structural degradation of the electrode upon cycling (Li et 

al. 2014). Fig. 4.13 (c) shows the variation of capacity while MVGO50 electrode was 

cycled. The capacity is found to increase in the initial cycles and a small dip is observed 
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owing to the fact that the liquid electrolyte may not be fully absorbed in the electrode 

film at the beginning of cycling. As the time progressed, the electrolyte is absorbed 

properly on the surface and available area increased to the maximum possible. 

Thereafter, the capacity of MVGO50 was found to decrease slowly up to 50th cycle and 

then remains stable. Therefore, MVO composites with graphene with less water content 

are capable of exhibiting better capacity retention owing to their higher electrical 

conductivity.  
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4.4 Summary 

 Vanadium oxide and graphene oxide composites have been prepared by melt 

quenching of vanadium oxide, followed by the hydrothermal treatment of the 

precursors.  

 Chronoamperometry studies conducted on the MVGO50 composite electrodes, 

for the detection of dopamine over a wide range of concentration, exhibited a 

highest sensitivity of 25.02 µA mM-1 cm-2 with the lowest detection limit of 0.07 

µM. 

 Chronoamperometry studies revealed the excellent selective dopamine sensing 

capability of MVGO50 composites even in the presence of a highly 

concentrated solution of uric acid as the interfering species. 

 MVGO50 composite was found to be a good candidate for lithium-ion battery 

applications as they exhibited an enhanced rate capacity of 200 mAhg-1 at a 

current of 0.1 C rate through galvanostatic charge-discharge cycling studies. 

 The excellent electrochemical sensing and energy storing capacity of the 

composites is attributed to the fast Faradaic reactions emanating from a 

percolated diffusion network, created by the synergistic embedment of 

vanadium oxide on graphene oxide.   
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Chapter 5 

 

Preparation and Characterization of Reduced 

Graphene Oxide / ZnO Composites for Glucose 

Sensing and Supercapacitors 

 

This chapter deals with the preparation and characterization of reduced graphene 

oxide and zinc oxide composites. A microwave assisted technique has been used for the 

preparation of the composite. The prepared composite was characterized for its 

structural properties using XRD, SEM, HRTEM and Raman spectroscopy. A 

supercapacitor electrode has been faricated and its performance was evaluated. 

Further, the electrochemical sensing properties are studied using chronoamperometry 

and found that the composite is useful in the hydrazine detection and non-enzymatic 

glucose sensing. A better sensitivity and lower detection limits are reported. 
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5.1 Preparation of reduced graphene oxide / zinc oxide composite 

5.1.1 Introduction 

Zinc Oxide (ZnO) is a material which is under the investigation of researchers across 

the world because of its exciting properties. ZnO, a wide band gap semiconductor finds 

promising electrical and optical properties. The properties of the ZnO can be tuned by 

the introduction of defects by doping. ZnO finds applications in transparent conducting 

oxide films, sensors, solar cells, electrochemical devices etc.  

The challenging problem in working with ZnO is its relatively less stability. When the 

material is exposed to the atmospheric conditions or chemicals there is a chance that 

the material may undergo degradation affecting its properties. Making composites with 

other materials is one way to achieve better stability and better properties.  In this 

chapter, zinc oxide/ Graphene oxide composite is prepared by a microwave assisted 

method. The prepared composites are studied using its structural characterization 

techniues. The applications in supercapacitors, non-enzymatic glucose sensing and 

hydrazine sensing are also studied.  

5.1.2 Experimental details 

5.1.2.1 Preparation of ZnO 

 

Figure. 5.1 : Schematic representation of the experimental setup used for the 

preparation of ZnO and rGO/ZnO composite.  
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ZnO has been prepared with the aid of microwave irradiation. Zinc acetate (250 mg) 

was dispersed in 100 ml of DI water. 2g of NaOH was separately dispersed in 100 ml 

of DI water. The solutions were mixed together and treated with microwave irradiation 

(450 W) for 20 minutes. The product was washed several times with DI water and 

ethanol. The final product was separated and dried at 60 ºC overnight to obtain the 

composite (Moghaddam et al. 2007, Zhang et al. 2007). Fig. 5.1 schematically 

represents the reaction setup for making the nanoparticles and the composites.  

5.1.2.2 Preparation of GO/ZnO composite 

The composite was prepared in situ along with the formation of ZnO. Initially, Zinc 

acetate (250 mg) and graphene oxide (100 mg) were dispersed in 100 ml of DI water 

using probe sonication and a solution (100 ml) of 2g NaOH was added to this. The 

solution was then subjected to microwave irradiation (450 W) for another 20 minutes. 

In the experiments a higher concentration of NaOH was used to enable in-situ reduction 

of GO while forming ZnO (Perera et al. 2012). The different weight percentage loading 

of ZnO was achieved by varying the zinc acetate precursor.  The composites obtained 

were named as ZG1, ZG2 and ZG3 corresponding to the precursor concentrations  of 

250 mg, 500 mg and 1000 mg, respectively. 

5.1.2.3 Preparation of the modified glassy carbon electrode (GCE) 

Prior to the preparation of the electrodes, the glassy carbon electrode was cleaned by 

mechanical polishing using velvet cloth followed by electrochemical polishing. The 

electrode was mirror polished to remove noticeable scratches. 1 mg ZnO was dispersed 

in DI water along with 20 µL of Nafion® solution and was made up to 1 ml. Before 

coating the material onto the GCE surface, the solution was ultrasonically agitated for 

15 minutes to obtain a proper dispersion. GCE was coated with 1 µL solution of active 

material. The modified electrode was dried at room temperature to obtain a uniform 

adhesive film over GCE. The same preparation steps were repeated for the preparation 

of the composite electrode. For the preparation of the supercapacitor electrode the same 

procedure was followed by adding conductive carbon black as a conducting agent. The 

ratios of the composite, nafion and conductive carbon black was kept at (80:10:10).  
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5.2 Characterization of reduced graphene oxide / zinc oxide composite 

 

 

Figure. 5.2 : (a-d) SEM micrographs of ZnO, ZG1, ZG2 and ZG3 respectively 

 

Fig. 5.2 (a-d) show the SEM images of the rGO-ZnO composites. The pristine ZnO 

electron micrograph shows nanosized particles which are agglomerated. ZG1, the 

sample containing highest GO content shows graphene sheets along with the ZnO 

nanoparticles embedded into it.  It is evident from the SEM images that the ZnO 

particles are grown over the graphene sheets. With increase in the ZnO content in the 

composite from ZG1 to ZG3, the increase in the ZnO coverage over the graphene is 

witnessed. 
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Figure. 5.3 : Elemental mapping of the ZG3 sample and (h) EDS analysis of ZG3. 

 

The distribution of the carbon, zinc and oxygen was estimated using EDS mapping as 

shown in Fig. 5.3 (a-c). As expected the mapping shows that the zinc and oxygen 

contents are high compared to the carbon content of the ZG3 sample. To confirm this 

EDS analysis is also done and given as  Fig. 5.3 (d). EDS result shows that Zinc and 

Oxygen comprise around 80% of the total mass and carbon content is 20%.  

Fig. 5.4 corresponds to the high resolution TEM images of the composite (ZG1) at 

different resolutions, which reveals that the ZnO nanocrystals are anchored onto 

graphene sheets. The nanocrystals are 10-20 nm in size, which reasonably agrees with 

the crystallite size calculated from XRD results. The inset in the (Fig. 5.4 (b)) shows a 

magnified image, which clearly reveals the lattice arrangement in ZnO nanocrystal, 

with interplanar distance 0.28 nm. It is in agreement with the earlier report (Li et al. 

2013). The heterogeneous nucleation of ZnO nanocrystals on graphene can be 

explained as follows. Initially, the Zn2+ ions get anchored onto graphene, allowing the 



94 
 

  

Figure. 5.4 : HRTEM image of the composite showing ZnO nanoparticles grown over 

the rGO sheets at different magnifications. The inset shows the lattice fringes of ZnO. 

 

nucleation of Zn2+ with oxygen-containing groups, which initiates the reaction to form 

ZnO nanoseeds. In many cases the nucleation of ZnO to Zinc blende structure is 

favoured due to the hexagonal carbon arrangement of graphene (Liu et al. 2013). 

However, present microwave assisted growth favoured wurtzite structure, as evident 

from the X-ray diffraction pattern. The stacking structure and edges of graphene sheets 

provide the nucleation sites, since the nucleation rate depends on the breaking of C-C 

bonds of graphene. The pits or pores on the graphene sheets also provide additional 

nucleation sites (Li et al. 2013). Therefore seeding of large ZnO 2D nuclei is evident 

from TEM images, which later grow into 3D nanocrystals. 

Figure. 5.5 shows the XRD patterns of the zinc oxide and the GO/ZnO composites. The 

crystalline peaks of ZnO nanocrystals are in agreement with the typical wurtzite 

structure (JCPDS file number 01-080-0075) (Farhat et al. 2015). The corresponding 

peaks were labeled with respective planes.  Using XRD, the crystallite size of the 

nanoparticle was estimated using Debye - Scherrer formula,  𝐷 = 𝑘/𝛽𝑐𝑜𝑠𝜃 where D 

is the crystallite size (nm),  is the wavelength of incident X-ray (nm), 𝛽 is the full 

width half maximum, and 𝜃  is the diffraction angle. The obtained values are tabulated  
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Figure. 5.5 : XRD patterns of the samples with different weight percentage loading of 

ZnO along with graphene oxide. 

 

in Table. 5.1. The crystallite sizes estimated using XRD match well with the sizes 

calculated from TEM images. 

Table 5.1. Crystallite sizes calculated from XRD data using Debye - Scherrer formula. 

Sample ZnO ZG1 ZG2 ZG3 

Crystallite Size 

(nm) 

16.82 22.75 14.38 17.4 
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Figure. 5.6 : Raman spectrum of the reduced graphene/ Zinc oxide nanocomposite 

(ZG3). 

 

Figure. 5.7: Comparison of Raman spectra of ZG3 sample and the graphene oxide.  
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Fig. 5. 6 shows the Raman spectrum of the composite, ZG3. The peak at 1356 cm-1, is 

the D band of graphene, corresponding to the breathing mode of K point phonons. The 

D band intensity is correlated with the defects in the graphene. The peak at 1592 cm-1 

is the G band, which is attributed to the first order scattering mode of the E1g phonons. 

The ratio of intensities of D band to G band is important as far GO is concerned. ID/IG 

for the sample ZG3 is found to be 0.90, which indicates lower defect concentration. To 

see the difference, the Raman spectra for GO was also recorded (Fig. 5.7) and the ID/IG 

ratio was found to be 1.003. The decrease in the ratio implies the restoration of sp2 

graphitic peaks through the deoxygenation process (Akhavan, 2014). This indicates that 

during the microwave irradiation under alkaline condition the GO in the reaction 

mixture is reduced to reduced graphene oxide.  The reduction can restore the electronic 

conductivity of the sample which is very important in electrochemical applications. The 

peaks at 339 and 569 cm-1 correspond to ZnO, where the second order Raman process 

gives rise to the peak at 339 cm-1 and the peak at 569 cm-1 arises from the A1(LO) and 

E1 (LO) modes (Abdolhosseinzadeh et al. 2016).  
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5.3 Applications of reduced graphene oxide / zinc oxide composite 

5.3.1 rGO-ZnO composite as an electrode in supercapacitor 

applications 

 

 

Figure. 5.8:  CV curves of the nanocomposites showing the increase in supercapacitor 

performance 

Fig. 5.8  shows the CV curves for the bare ZnO and the composites using three electrode 

system in 1M KOH electrolyte in the potential range -0.6 V to 0.3 V. The CV curve 

was recorded at a scan rate of 5 mV/s, which shows a broad redox peak at -0.37 V 

indicating the pseudocapacitive nature of the ZnO. The K+ ions in the KOH electrolyte 

play an important role in the pseudocapacitive behavior. The ZnO particles interact with 

the K+ ions to form ZnOK.  (ZnO +  K+ + e-        ZnOK) This process significantly 

enhances the supercapacitor performance (Zhang et al. 2015, Zhang et al 2009).  
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The specific capacitance (Cs) of the sample at different scan rates was calculated using 

the equation (Xiang et al. 2013),  

Cs=
∫ 𝐼(𝑣)𝑑𝑣

𝑚 × 𝑣 × ∆𝑉
           

Where, I is the current, m is the mass in gram, v is the scanning rate and ∆𝑉 is the 

potential difference. The specific capacitance of pristine ZnO was found to be 453 F g-

1.  The composite electrodes ZG1, ZG2 and ZG3 reveal a specific capacitance of 534 F 

g-1, 588 F g-1 and 635 F g-1 respectively at 5 mV/s. Much of the contribution towards 

specific capacitance is attributed by pseudocapacitance reaction. The nano size crystals 

enhance the electrolyte-electrolyte interaction, thus electrochemical double layer 

capacitance also contributes to the enhanced specific capacitance.   The incorporation 

of rGO resulted in the increase in surface area, as well as in better conductivity, 

enhancing electron transport.  It may be noted that, the observed capacitance is far 

higher compared to the earlier reports as seen from Table. 5.2 

 

Table 5.2. Comparison of ZnO capacitance values with reported values. 

 

Paper Capacitance 

(F g-1) 

Reference 

ZnO supported on porous electrode 300 (Ray et al. 2015) 

ZnO/ activated carbon composite 160 (Selvakumar et al. 

2010) 

Graphene/ZnO composite 146 (Lu et al. 2011) 

ZnO/Carbon nanotube composite 48 (Aravinda et al. 

2013) 

ZnO/reduced GO through chemical synthesis 308 (Chen et al. 2011) 
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Graphene-ZnO hybrid 156 (Li et al. 2013) 

Activated carbon/ZnO composite 117.4 (Li et al. 2014) 

Single crystal ZnO/ Metal oxide composite 405 (He et al. 2011] 

reduced graphene/ZnO composite 635 Present work 

 

 

Figure. 5.9:  Galvanostatic charge – discharge (GCD) curve for the samples at  

1 mA g-1. 

Fig. 5.9 represents the galvanostatic charge-discharge curves of the samples recorded 

at 1 mA g-1. It shows an IR drop followed by an electrochemical double layer 

capacitance and a plateau region which corresponds to the pseudocapacitance which is 

a typical ZnO charge-discharge characteristic (Zhang et al. 2015). The addition of 

graphene oxide resulted in the reduction of IR drop indicating the low internal 

resistance of the sample, leading to the enhancement of the performance of the material. 

TEM images showed that the ZnO particles are grown over the reduced graphene oxide 

sheets, which enables charge transport through a lesser ohmic path causing lesser ohmic 

drop (Fan et al. 2011). In the Fig. 5.9, the gradual discharge, which is contributed by 

the electrochemical double layer part shows an improvement in the case of composite 
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compared to pristine ZnO. This can be attributed to the increased surface area 

contributed by the reduced graphene oxide (Singh et al. 2016). GO surface can adsorb 

more ions as compared to the pristine ZnO crystal surface. The plateau region of the 

curve is due to the pseudocapacitive part which is again improved as a result of the 

addition of graphene oxide.  

 

 

Figure. 5.10: (a) CV curves for the sample ZG3 at different scanning rates in 1M 

KOH  solution and (b) shows the variation of specific capacitance along with the 

scanning rate.  

Fig. 5.10 (a)  represents the CV of the sample ZG3 at different scanning rates from 1 

mV/s to 100 mV/s. The area under the curve increases with respect to scan rate. The 

capacitance of the samples was calculated at different scan rates and is represented in 

Figure 5.10 (b). It is evident that the capacitance increases with the decrease in the 

scanning rate. This is correlated with the adsorption and desorption of ions at available 

sites. At higher scan rates the ions do not get enough time to get into the available sites.  

However, at lower scan rates the ions diffuse and get adsorbed at available sites, 

increasing the specific capacity of the material (Zhao et al. 2012).  
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Figure. 5.11: Electrochemical impedance spectra (EIS) for the composite samples 

Fig. 5.11 shows the electrochemical impedance spectra (EIS) of the sample, where the 

low- frequency behaviour is important for a supercapacitor. The straight line, known as 

Warburg resistance is due to the frequency dependent ion transport/diffusion of 

electrolyte in the electrode. It is evident that on moving from ZnO to ZG3 the slope of 

the straight line region becomes maximum, implying improved capacitive performance 

of the sample. It also shows the better charge transfer performance of the sample.  

Fig. 5.12 shows the capacitance retention performance of the composite supercapacitor. 

The pristine ZnO retains around 78% of the initial capacitance after 1000 cycles. 

Whereas, all the composites retained almost 100% of the capacity even after 1000 

cycles, which reveals that graphene not only increases the capacitance but also increases 

the cyclic life of the electrode. It was found that ZG1, which is having the highest 

amount of GO content performed better in the cyclic testing. Therefore, rGO sheets not 

only increase the conductivity but acts as a cushion to reduce any mechanical stress. 
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Figure. 5.12: cyclic stability of the sample. 

 

5.3.2 Application of rGO-ZnO composite in non-enzymatic glucose 

sensing. 

Glucose sensing experiments were done using a three electrode system. 1M sodium 

hydroxide was used as the electrolyte throughout the experiment. Saturated calomel 

electrode and platinum electrode were used as the reference and counter electrode 

respectively. The modified GCE was used as the working electrode. During the 

experiments, the glucose concentration in the electrolyte was varied by injecting the 

glucose from a stock solution using a micropipette.  

Fig. 5.13 shows the cyclic voltammetry (CV) curves of the modified GCE sensor with 

ZnO and GO in 1M NaOH electrolyte containing 5 µM glucose. The electrode was 

cycled between -0.8 V and 0.8 V at a scan rate of 50 mV/s. The peak around -0.43 V 

indicates the electrocatalytic reaction at the electrode surface. Also, it can be understood 
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that the GO shows a little sensitivity towards the glucose compared to the ZnO 

nanoparticles.  

 

Figure. 5.13: The comparison between the CV curves of GO and ZnO in the presence 

of glucose.  

 

Figure. 5.14: The CV curves for the composites in 1 M NaOH solution containing 5 

µM glucose 
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Fig. 5.14 shows the CV curves for the composites. It may be noted that the edge peak 

current varies significantly in the case of modified electrodes compared to pristine 

ZnO/GCE and rGO/GCE. Among all modified GCE sensors, ZG3 composite modified 

electrode exhibits the highest current towards glucose sensing. ZG3 composite is 

selected for subsequent experiment and analysis.   

This can be understood on the basis of the proposed electrochemical reaction where 

surface confined Zn2+/Zn1+ plays the major role (Baby et al. 2011),  

ZnO (OH) + Glucose                    Zn(OH)2 + Glutonic Acid 

Zn(OH)2 + OH-                        ZnO (OH) + H2O + e- 

During the electrocatalytic reaction in the presence of alkaline solution, the ZnO reacts 

with glucose to form glutonic acid. Therefore, ZnO plays an active role in the reduction 

of glucose. A change in current during the process is recorded as a function of glucose 

concentration in order to obtain the calibration curve. In the case of ZnO/rGO 

composites, the ZnO nanoparticles are crystallised over the surface of graphene.  These 

ZnO nanoparticles over the reduced graphene oxide sheets are directly involved in the 

electrocatalytic reaction. Whereas, the graphene sheets increase the surface area of the 

material which enhances the adsorption of ions helping in electrocatalytic reaction. 

Graphene also enhances the sensitivity of electrodes due to increase in the electronic 

conductivity. On the other hand, the growth of ZnO nanocrystals embedded in graphene 

matrix creates more interfaces at the boundary. The increased surface area and 

interfaces will trap more glucose, enhancing its adsorption to the ZnO nanocrystal 

surface, while increased conductivity helps electron transport to the electrode.   

5.3.2.1 Chronoamperometric non-enzymatic glucose detection 

The chronoamperometric technique is used for the glucose detection and response 

characteristics of the sensors. The experiments were carried out at an applied potential 

of 0.8 V. On addition of glucose, the change in concentration is evident from a step-

like increase in the current. Fig. 5.15 shows the change in current with respect to the 
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Figure. 5.15: The chronoamperometric response of the electrode with the increase in 

the glucose concentration.  

change in glucose concentration. Each increment in the glucose concentration appears 

as a step in the curve. The faster response of the electrode is also evident from the graph. 

The glucose concentration was varied from 10 nM to 33.5 µM as shown in the Fig. 

5.16, the current versus concentration graph is fitted with a polynomial using the 

equation, Current (I mA) = Intercept (I, mA) + B1 × Concentration (µM) + B2× 

Concentration (µM) 2, where B1 = 0.16756 mA, B2 = -0.02716 mA and intercept = 

0.03166 mA with R2 = 0.988. 
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Figure. 5.16: The calibration curve for the modified electrode and fitted data.  

 

Figure. 5.17: Response of the electrode at lower glucose concentration regime (1-3 

µM). 
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Fig. 5.17 reveals the sensor response at lower concentrations in the nanomolar 

concentration region. The sensor shows a linear response from 100 nM to 3000 nM 

concentration, following the regression equation, (I, nA) = 0.01477 (I, mA) + 2.81114 

×10-5 mA/ nM × concentration (nM) with R2 = 0.993. The Table. 5.3 shows the 

comparison of the results with the earlier reports. It may be noted that the present rGO-

ZnO sensor exhibits far superior performance with broad linear range (0 to 3000 nM) 

and high sensitivity (39.78 mA cm-2 mM-1) and lower detection limit 0.2 nM at the 

signal to noise ratio 3.  

Table 5.3 : A comparison of performance of glucose sensors with earlier reports. 

Paper Enzymatic/ 

Non-

enzymatic 

Detectio

n Limit 

Range Sensitivity Reference 

ZnO 

nanotubes 

Enzymatic 1 µM 50 µM to 12 

mM 

21.7 mA/mM 

cm2 

(Kong et al. 

2009)  

ZnO 

nanowires 

Enzymatic ---- 1 µM to 

0.76 mM 

26.3 mA cm-2 

mM-1 

(Zhang et 

al. 2007) 

ZnO 

nanorods 

Enzymatic 0.22 µM. 0.6 to 1.4 mM 10.911 

mA/mM·cm2 

(Marie et 

al. 2015)  

ZnO/CNT Non-

enzymatic 

500 nM ------ 37.25 µA cm-2 

mM-1 

(Baby et al. 

2011) 

ZnO/rGO Non-

enzymatic 

0.2 nM 0 to 33.5 µM 39.78  mA cm-2 

mM-1 

Present 

work 
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5.3.3 Hydrazine sensing properties of the composite. 

Hydrazine sensing experiments were done in phosphate buffer solution (PBS) having 

pH 8. A three electrode configuration was used for the sensing experiment. The 

hydrazine concentration was varied by adding required volumes of the hydrazine 

solutions from a freshly prepared stock solution.  

 

Figure. 5.18: CV curves of the ZnO and the composites in PBS buffer solution (pH 8) 

containing 10 µM  hydrazine.  

Fig. 5.18 represents the cyclic voltammograms in the PBS solution contains hydrazine. 

The ZnO shows a peak which is around 0.75 V. The inherent low conductivity hinders 

the performance of the bare ZnO. The presence of reduced graphene oxide along with 

the ZnO can help in dealing with the conductivity issues. As seen from the TEM images 

the ZnO nanoparticles are grown over the graphene sheets, which really acts as a bridge 

between the ZnO and the GCE.  The reduced graphene oxide can also take part in the 

reduction of hydrazine. As a result the synergistic enhancement can be observed from 

the composites. The composite ZG1 having higher content of GO and ZnO shows the 
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highest response and is chosen as the material for the further studies. The oxidation 

process of the hydrazine at the ZnO-reduced graphene oxide surface can be written as, 

N2H4+ 5/2 OH-1               1/2  N3
-1  +1/2 NH3+ 5/2 H2O + 2e-  

During the anodic reaction hydrazine is oxidized into ammonia and water. There was 

no cathodic peaks observed which implies that the reaction is irreversible in nature  (Liu 

et al. 2010). 

 

 

Figure. 5.19: Chronoamperometric response of the composite (ZG1) towards the 

increase in the hydrazine concentration.  

Fig. 5. 19 shows the chronoamperometric response of the composite (ZG1) at the fixed 

potential. The sensor shows an increase in current with respect to the increase in the 

hydrazine concentration. During the experiment the hydrazine concentration was varied 

by injecting required volume of the solutions at constant stirring to ensure the 

homogeneity of the solution. The concentration was varied between 0.2 µM to 52 µM.   

The sensor response was found to be quick (< 2 Sec) pointing to the better performance 

of the electrode.  
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To calibrate the electrode calibration curve was drawn for the sample. It was found that 

the electrode shows two linear portions at low concentration (0.2 µM to 10 µM) and 

higher concentration (10 µM to 52 µM) regimes. At lower concentrations (Fig. 5.20 

(a)), the calibration curve was following the regression equation I(mA) = 0.00238 + 

6.5023×10-4×C(μM)[R2=0.93 ]and at higher concentrations(Fig. 5.20 (b))  it was 

following I (mA) = 0.00634+ 2.069×10-4 ×C (μM) [R2 =0.998]. The sensitivity at 

lower concentration was calculated from the slope and found to be 9.6 mA mM-1 cm-2, 

which is better than the reported results for ZnO and ZnO composites with carbon. The 

lower detection limit was determined to be 0.09 μM 

 

Figure. 5.20: (a) calibration curves for hydrazine at lower concentrations (0.2 μM to 

10 μM) and (b) calibration curves for hydrazine at higher concentrations (10 μM to 52 

μM). 
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5.4 Summary 

 In summary, zinc oxide and graphene oxide nanocomposites were successfully 

prepared using a microwave assisted synthesis method. The graphene oxide 

content was varied and composites of different weight ratios were prepared. 

TEM studies showed that the ZnO nanoparticles are grown over the graphene 

oxide sheets. Raman studies showed that during the microwave reaction 

graphene oxide  partially converted to reduced graphene oxide which restore its 

graphene properties.  

 The rGO/ZnO nanocomposite supercapacitor electrodes were found to possess 

very high capacitance reaching as high as 635 F g-1 with long cyclic life tested 

up to 1000 cycles.  

 The non-enzymatic glucose nanocomposite sensor tested using 

chronoamperometry and the composite VG3 having the highest ZnO content 

exhibits a high sensitivity of 39.78 mA cm-2 mM-1 and lower detection limit of 

0.2 nM, making it better than earlier reports. 

  A hydrazine sensor was tested using the composite. Tests revealed that the 

composite VG1 having an optimum graphene oxide and ZnO content shows the 

highest sensitivity. Also, it shows that sensitivity towards different materials 

can be tuned by controlling the weight ratios and properties. The tested 

hydrazine sensor shows a high sensitivity of 9.6 mA mM-1 cm-2 and a lower 

detection limit of 0.09 μM.  
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Chapter 6 

Summary, conclusions and future directions 

The conclusions of the thesis and scope for future directions are presented in this 

chapter.  

6.1 Summary 

Preparation, characterization and applications of graphene oxide 

and solar exfoliated graphene  

 

 Solar graphene is successfully synthesized via solar exfoliation of graphite 

oxide.  

 The complete reduction of graphite oxide to graphene is confirmed from XRD 

and UV-Vis spectrum.  

 Raman Spectrum indicated high purity and defect less nature of solar graphene.  

 The samples produced have layered morphology as seen from SEM analysis.  

 The layered structures possess surface nanopores as observed from TEM 

images.  

 The CV studies showed greater specific capacitance for solar graphene, which 

can be attributed to the nanopores present on the surface and hence the 

interaction of available functional groups with the electrolyte.  

 The charge-discharge curves show symmetric behaviour which in turn reflects 

good capacitive behaviour, electro-chemical stability and reversibility. 

  The Impedance analysis shows lower internal resistance for solar graphene.  
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 A higher sensitivity for the electrochemical detection of H2O2 using solar 

reduced graphene is reported [64.79 μA mM-1 cm-2].  

 The solar graphene possess excellent electrocatalytic activity, low resistance 

and high electron transfer rate, high sensitivity and lower response time making 

it one of the best graphene species available for the electrochemical detection.  

 Further, the preparation of solar reduced graphene is more cost effective as 

compared to the other existing methods and useful for applications in 

supercapacitors and sensors.  

 

Preparation and characterization of vanadium oxide/graphene 

composites for biosensing and lithium ion batteries 

 Composites of vanadium oxide and graphene oxide have been prepared by melt 

quenching of vanadium oxide followed by the hydrothermal treatment of the 

precursors.  

 Chronoamperometry studies conducted on the MVGO50 composite electrodes 

for the detection of dopamine over a wide range of concentration, exhibited a 

highest sensitivity of 25.02 µA mM-1 cm-2 with the lowest detection limit of 0.07 

µM. 

 Chronoamperometry studies also revealed, the excellent selective dopamine 

sensing capability of MVGO50 composites, even in the presence of a highly 

concentrated solution of uric acid as the interfering species. 

 MVGO50 composites were also found to be good candidate for lithium-ion 

battery applications, as they exhibited an enhanced rate capacity of 200 mAhg-1 

at a current of 0.1 C rate, through galvanostatic charge-discharge cycling 

studies. 

 The excellent electrochemical sensing and energy storing capacity of the 

composites are attributed to the fast Faradaic reactions emanating from a 

percolated diffusion network, created by the synergistic embedment of 

vanadium oxide on graphene oxide.   
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Preparation and characterization and of reduced Graphene oxide 

/ ZnO composites for glucose sensing and supercapacitors 

 Zinc oxide and graphene oxide nanocomposites were successfully prepared 

using a microwave assisted synthesis method. The graphene oxide content was 

varied and composites of different weight ratios were reported.  

 TEM studies show that the ZnO nanoparticles are grown over the graphene 

oxide sheets.  

 Raman studies show that during the microwave reaction graphene oxide is 

partially converted to reduced graphene oxide which restore its graphene 

properties.  

 The rGO/ZnO nanocomposite supercapacitor electrodes were found to possess 

very high capacitance, reaching as high as 635 F g-1,with long cyclic life, tested 

up to 1000 cycles.  

 The non-enzymatic glucose nanocomposite sensor tested using 

chronoamperometry and the composite VG3 having the highest ZnO content, 

exhibits a high sensitivity of 39.78 mA cm-2 mM-1 and lower detection limit of 

0.2 nM, making it better than earlier reports. 

  A hydrazine sensor was tested using the composite. Studies reveal that the 

composite VG1 having optimum graphene oxide and ZnO content shows the 

highest sensitivity. Also, it shows that sensitivity towards different materials 

can be tuned by controlling the weight ratios.  

 The tested hydrazine sensor shows a high sensitivity of 9.6 mA mM-1 cm-2 and 

a lower detection limit of 0.09 μM.  
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6.2 Conclusions 

The studies conducted show that graphene can be prepared in an energetically 

favourable way and is a potentaial candidate for electrochemical energy storage and 

biosensing applications. The specific capacitance of solar geaphene electrode was 

found to be 223 Fg-1 and the H2O2 sensitivity was 64.79 μA mM-1 cm-2 which was 

higher than the reported values [15.16 μA mM-1 cm-2] . Graphene can also act as a 

potential additive to metal oxides, to improve the electrochemical properties. The 

synergestic interaction between the graphene sheets and the metal oxides improves 

material properties such as electrical conductivity, porosity etc. Graphene-

vanadium oxide composites shows high capacity [200 mAhg-1] as lithium ion 

battery electrode and high sensitivity [25.02 µA mM-1 cm-2] towards dopamine, a 

neurotransmitter. Graphene-Zinc oxide composites also, exhibited high capacitance 

[635 F g-1] as a supercapacitor electrode and better sensitivity towards glucose 

[39.78 mA cm-2 mM-1 ] and hydrazine [9.6 mA mM-1 cm-2]. Therefore, graphene 

and its composites are efficient electrode materials for supercapacitor and LIB’s  to 

enhance the capacity and cycle life. Also, they can be used a sensor material for 

trace detection of important biomolecules and additives. These results can also be 

extended to other materials also to obtain better engineering materials.  

6.3 Future directions 

The future work in this field may be focussed on, 

 Improving the supercapacitor performance of graphene by making composites 

with other materials, like conducting polymers and making prototypes for the 

industrial applications.  

 Improving the non-enzymatic glucose sensing of ZnO/graphene oxide 

composite and making prototype, for the testing of blood glucose levels of the 

body fluids. 

 Improving the lithium-ion battery performance and making prototype cells. 
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