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3.1. Introduction 

Graphene which is a monoatomic thin sheet of sp2 hybridized carbon having unique structural, 

optical and electrical characteristics, is utilized in a wide range of applications [1]. A. Geimand 

and K. Novoselov succeeded in isolating a monoatomic thin sheet of graphene using scotch 

tape in 2004. Since then, graphene-based research has received considerable interest [2]. The 

qualities of graphene are utilized in various fields like sensors, catalysis, energy conversion 

and storage, flexible electronics, nanoelectronics, etc. [3]. Graphene can be produced from 

naturally occurring graphite by mechanical or chemical exfoliation techniques [4]. The 

chemical exfoliation of graphite yields exfoliated graphene oxide, which is the ideal precursor 

for the synthesis of solution-processable graphene because of its affordability and scalability 

[5]. In contrast to graphene, which is insoluble in water and all organic solvents, graphene 

oxide (GO), which possesses high-density oxygen functionalities such hydroxyl and epoxy 

groups at its basal plane and carboxyl at its border, is easily soluble in water [6, 7]. In this 

chapter, a novel synthesis method for preparing Graphene Oxide from natural Graphite flakes 

and an environmentally friendly green synthesis approach for reducing graphene oxide are 

explained along with their characterization. 

3.2. Synthesis of Highly Oxidized Graphene (HOG) by using HNO3 and KMnO4 as 

oxidizing agents 

A two-step oxidation process was used for the synthesis of HOG. Firstly, the graphite flakes 

are oxidized using Nitric acid with H2SO4 as the intercalating agent. Secondly, it is further 

oxidized using KMnO4 to complete the oxidation. It is then compared with GO synthesized 

with Hummers method and Modified Hummers method. 

Materials and methodology 

Graphite flake, Sulfuric acid(98%), Phosphoric Acid, Nitric Acid(70%), Potassium 

Permanganate, HCl, H2O2(30%) was bought from Merck and Sigma-Aldrich. All the reagents 

used were of analytical quality and were utilized as delivered. 

Preparation of graphene oxide using Hummers method 

2g of graphite flakes (1wt%) and 1 g of NaNO3 (0.5wt%) were stirred with 70ml of H2SO4 in 

a 500ml beaker kept under ice bath (0–5⁰C). The solution was constantly mixed for 2 hours at 

this temperature. Then 6g of KMnO4 (2wt%) was introduced to the mixture gradually in 30mins 

time duration. After removing the ice bath, the mixture was stirred at 40 ⁰C for 18h until it 
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turned pasty brown. Then it was diluted by slowly adding 100ml DI water and the temperature 

was raised to 98⁰C for 15min. 10ml of H2O2 was introduced to the mixture to eliminate the 

surplus KMnO4 present in it. Finally, 300 ml of DI water was mixed into the mixture to dilute 

it and terminate the reaction. This was followed by washing of the GO sample with HCl 

solution and DI water repeatedly until the pH became neutral. The final filtrate was dried at 70 

⁰C for 24h in a vacuum oven. The resultant sample is named as GO1. 

Preparation of GO using modified Hummers method 

The synthesis of GO using Modified Hummers process is followed as proposed by Marcano 

et., al [8]. 1g of graphite flakes was mixed in a 9:1 blend of H2SO4 and H3PO4 (120:15ml) to 

enhance the intercalation of H2SO4. In addition, the amount of KMnO4 was raised from 3g to 

6g for improved graphite flake oxidation. After adding KMnO4, the temperature of the mixture 

was held at 40 ± 5 ⁰C for approximately 12 hours, until the solution turned brown. 50ml of DI 

water was added gradually while retaining a temperature of 95 ± 5⁰C for about 15min. 10ml of 

H2O2 was introduced into the solution to reduce extra KMnO4 present. Finally, 300 ml of DI 

water was mixed into the mixture to dilute it and terminate the reaction. This was followed by 

washing of the GO sample with HCl solution and DI water repeatedly until the pH became 

neutral. The final filtrate was dried at 70 ⁰C for 24h in a vacuum oven. The resultant sample is 

named as GO2. 

Preparation of Highly Oxidized Graphene (HOG) 

 

Fig.3.1. Flow chart for the synthesis of Highly Oxidized Graphene (HOG) 
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In this experiment GO was prepared by a 2 step chemical oxidation method. 30ml H2SO4 and 

10ml HNO3 (H2SO4: HNO3 = 3:1) was mixed in a 500ml glass beaker placed in an oil bath at 

80⁰C under vigorous magnetic stirring. After 3min, 1g of graphite flakes (1wt%) was 

introduced into this mixture and kept stirring for 1.5h at 80⁰C. This performs the initial 

oxidation of graphite. The vessel was subsequently placed in an ice bath (0–5 ⁰C) and 6g of 

KMnO4 (6wt%) was slowly added to this solution over 30mins. Then the beaker was placed in 

an oil bath at 45⁰C and kept under vigorous stirring for 1h, until it became a brown thick paste. 

Then, temperature was raised to 90⁰C and 50ml of DI water was poured slowly into the solution 

while stirring for another 15min. Then, oil bath was removed and 4ml of H2O2 was introduced 

to the solution to reduce surplus KMnO4. A bright yellow solution is obtained. This was 

followed by washing of the GO sample with HCl solution and DI water repeatedly until the pH 

became neutral. The final filtrate was dried at 70 ⁰C for 24h in a vacuum oven. The resultant 

sample is named as HOG. 

Characterization 

Fourier transform infrared spectroscopy (FTIR) was recorded to investigate the functional 

groups contained in the material using a Nicolet Impact 410 FTIR spectrophotometer. Raman 

spectra were recorded with RENISHAW basis series with 514 lasers. To evaluate the crystallite 

size and interlayer distance, X-ray diffraction (XRD) was conducted employing BRUKER 

AXS D8FOCUS, Cu-Kα radiation (k = 1.540598 Å), 30kV, 15mA, and a scan rate of 1⁰/min. 

UV–Vis spectroscopy was conducted employing a Thermo Scientific UV-10 Spectrometer at 

room temperature. Scanning electron microscopy (SEM) imaging was performed employing 

JEOL JSM 6390LV. 

3.2.1. Results and discussions 

The FTIR spectra (Fig.3.2a) of the samples shows identical functional groups for all the 

samples. The broad peak at 3410cm-1 attributes to the stretching and bending vibrations at 

1380cm-1 of OH groups and residual water between GO sheets [9]. The absorption peak of 

carboxyl (C = O) was detected at 1725cm-1 and peak at 1620cm-1 attributes to stretching 

vibration of C = C group. The absorption peaks due to stretching vibrations of C-O at 1150cm-

1 and C–O–C group at 1050cm-1 were detected in the spectra [10]. These oxygen moieties 

demonstrate the oxidation of graphite, and the existence of surface hydroxyl groups shows the 

hydrophilicity of graphene oxide. 

The G-band peak is at 1605cm-1 and the D-band peak is at 1358cm-1 in the Raman spectra 

(Fig.3.2b) of HOG. The level of oxidation-induced defects and disorders is shown by the D-
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band, while the G-band relates to the inherited graphitic domain [11]. The level of oxidation is 

measured by the ID/IG intensity ratio of the D-band and G-band peaks [12]. The ID/IG value of 

GO1, GO2 and HOG are 0.827, 0.82 and 0.86 respectively. The ID/IG value of HOG is the high 

in comparison to other samples indicating a higher degree of oxidation in comparison with 

others. 

The XRD analysis of the synthesized GO samples was performed (Fig.3.2c) to investigate 

structural dissimilarities in various samples, particularly the interlayer distances. The 

crystalline structure and phase purity of the as-synthesized graphene oxide were evaluated 

using XRD analysis. In Fig.3.2c, the 9.7⁰ diffraction peak attributes to the (001) plane of 

Fig. 3.2. (a) FTIR spectra of GO1, GO2 and HOG. (b) Raman spectra of GO1, GO2 and HOG. 

(c) XRD spectra of GO1, GO2 and HOG. (d) UV-Vis spectra of GO1, GO2 and HOG. 

(a) 

(b) 

(c) 
(d) 
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graphene oxide's hexagonal crystalline structure [13]. Using Bragg's law, the interlayer spacing 

is estimated as 9.1 Å, which is the largest ever reported for such a short synthesis time. The 2θ 

peak of GO1 was found to be around 11.3⁰; also, there is a peak around 27.6⁰ due to the presence 

of unoxidized graphite particles indicating partial oxidation. In the contrary, HOG doesn’t have 

any peak around 26⁰ which shows complete oxidation. The increased interlayer spacing is 

attributable to the creation of oxygen moieties in the basal plane of GO layers and adsorbed 

water molecules [14]. Besides that, it is also associated with the weak Van der Waals bond 

formed by epoxyl, carboxyl, carbonyl and hydroxyl groups at the basal planes. The literature 

states that interlayer spacing, d of GO ranges from 6 to 10Å and d-spacing increases as the 

level of oxidation increases and quantity of water molecules intercalated into interlayer spacing 

[15]. According to literature, the graphite's oxidation should cause the XRD peak to shift from 

~26⁰ to ~11⁰ [16]. The XRD analysis suggests a greater inter-planar distance, implying the 

HOG is highly oxidized and has a greater quantity of functional groups containing hydrophilic 

oxygen. The GO sheets are held together by the functional groups containing oxygen in the 

basal planes and the absorbed water molecules with an elevated interlayer distance [16]. 

Fig. 3.3. SEM images of HOG. 
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 The optical characteristics of the prepared GO samples were investigated using UV-Vis 

spectroscopy. The main peak at 220 nm (Fig.3.2d) is caused by the π-π* transitions of the C = 

C bond from the graphitic carbon of GO, and the shoulder peak at 310nm is because of the n-

π*  transitions of the C = O bond from the oxidised carbon of GO [17, 18]. Thus, the existence 

of oxygen moieties on graphene oxide can be seen in UV-Vis spectra, including hydroxyl, 

carboxyl, epoxide, and carbonyl. Thus, all samples show matching characteristics in their XRD 

and UV-Vis spectra, indicating that their domain structures and oxygen groups are similar. 

Additionally, their adsorption peaks resemble those of the GO samples described in the 

literature [19]. 

Scanning electron microscope images was employed to analyze the morphological 

characteristics of the synthesized HOG sample. According to SEM images (Fig. 3.3), the 

exfoliation and restacking processes deformed the surface, resulting in a rough surface with 

folds and wrinkles after oxidation [20]. These morphological changes may be the result of sp3 

carbons and several GO structural defects because of the addition of functional groups 

containing oxygen [21, 22]. 

3.3. Green reduction of graphene oxide using phytochemicals extracted from Pomelo 

Grandis and Tamarindus indica 

Graphene is said to have brought revolution to the material technology. There are various 

methods for producing high quality graphene that includes thermal exfoliation, mechanical 

exfoliation, chemical vapor deposition, etc. Nevertheless, the utmost efficient process for mass 

production is oxidizing natural graphite into graphite oxide [23, 24]. Graphene oxide (GO) is 

abundant in oxygen moieties; therefore, to resemble the characteristics of pure graphene, GO 

is further reduced to eliminate these oxygen moieties. However, the chemical reduction method 

utilizes strong and harmful substances like hydrazine hydrate, NaBH4, hydroquinone, etc. [25, 

26]. These reducing agents are extremely hazardous and dangerous in nature, which has a 

negative impact on the environment, and the harmful waste materials produced will increase 

the cost of production [27]. Therefore, more environment friendly methods must be 

investigated for the efficacious reduction of GO. 

As a solution for this problem, green nanotechnology can be employed in which bio compatible 

reducing agents like Tea solution [28, 29], Holy basil [30], Wild carrot root [31], Orange peels 

[32], Ginseng [33], Eucalyptus leaf [34], Terminalia chebula seeds [35], Vitamin C [36], 

Lemon juice and Vinegar [37], Hibiscus sabdariffa L. [38], Amino acid [39], Indian gooseberry 

[25], Reducing sugars [40, 41], Melatonin [42], Bovine serum albumin [43][24], Bacteria [44], 
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Bacteriorhodopsin [45], Hydrogen-rich water [46], Curcumin [47] etc. was reported for 

efficient Graphene Oxide reduction. During the reduction process, Vitamin C-based reducing 

agents are capable of generating a highly ordered restacking structure. The surface modification 

of graphene with phytochemicals is an effective approach for reducing the interlayer attraction 

in graphene because of the Van der Waals force and preventing irreversible restacking during 

reduction [48, 49]. 

Citrus fruits are used as antioxidants from ancient times onwards. Pomelo, the largest citrus 

fruit with white or pinkish flesh (Citrus grandis L. Osbeck), is a member of the Rutaceae family 

and is a widely grown citrus fruit in the warm tropical climates. Pomelo is cultivated throughout 

India's southern and north eastern regions, as well as in the foothills of the Northwest of 

Himalayas and in parts of Orissa, Uttarakhand, Uttar Pradesh, and Bihar [50]. It contains 

vitamin C and a number of antioxidants, including beta-sitosterol, alkaloids, polyphenols, 

flavone glycosides, flavonoids, beta-carotene and terpenoids [51]. White pomelo possesses a 

greater antioxidative capacity than pink pomelo [52]. The phenolic compounds and ascorbic 

acid are responsible for the antioxidant capability of the fruit. Therefore, in this paper we have 

used White Pomelo juice extracts for the green reduction of GO due to its high antioxidant 

property. 

Tamarind (T. indica L.) belonging to Caesalpinioideae family is widely cultivated in the Indian 

sub-continents. India is the largest producer of Tamarind with an annual production of 250,000 

MT [53]. As per published reports, the antioxidant potential and phenolics content of Tamarind 

flesh is much greater than that to flesh of mango, avocado, jackfruit and longan [54]. High 

antioxidant potential of tamarind is well established [55], which makes it an excellent choice 

for green reduction of GO.  

The aqueous extracts of Pomelo and Tamarind were employed for graphene oxide reduction in 

the current research. The prepared rGO dispersion showed good stability in water and ethanol. 

The reduced graphene oxide so obtained showed high conductivity. The proposed method is 

green and cost effective and has the potential to mass-produce graphene at a low price and 

without causing any environmental damage. 

Materials and chemicals 

Graphite flake, Sulfuric acid(98%), Phosphoric Acid, Nitric Acid(70%), Potassium 

Permanganate, HCl, H2O2 (30%) were bought from Merck and Sigma-Aldrich. All the reagents 

used were of analytical quality and were utilized as delivered. 
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Preparation of GO by oxidizing the graphite powder 

GO was synthesized via modified Hummers process by oxidizing graphite flakes as previously 

mentioned [56]. A mixture of 30ml H2SO4 and 10ml HNO3 was taken in the ratio of 3:1 and 

kept in an oil bath at 80⁰C for 3min. Then to this solution, graphite flakes of 1g (1wt%) was 

added and kept under continuous stirring for 1.5h. The vessel was subsequently placed in an 

ice bath (0–5 ⁰C) and KMnO4 (6g, 6wt%) was gradually introduced into it over a time span of 

30min. Again the beaker was shifted to an oil bath at 45⁰C for 1h (under vigorous stirring), 

until it turned into a thick brown paste. After that the temperature was raised to 90⁰C and 50ml 

of DI water was poured at a slow pace, stirred for 15 more minutes and after that the oil bath 

was removed. For reducing the extra KMnO4, 4ml of H2O2 was added which resulted in a bright 

yellow colored solution. Filtration, washing of the solution with aqueous HCl along with 

dialysis was carried out for neutralizing the pH. The filtrate so obtained was dried for 24h at a 

temperature of 70⁰C in a vacuum oven. The final product is named as GO. 

Preparation of Pomelo juice extract 

White Pomelo was procured from the tree locally. It was cleaned with tap water for removing 

the soil and impurities and then air-dried. Pomelo pulp was taken out manually with the help 

of a sharp knife and chopped into small pieces with all the seeds being removed. The flesh was 

taken separately and juice was extracted using a juicer and then filtered with a sieve to remove 

any impurities. After that, GO is reduced using the obtained fresh extract. 

Preparation of Tamarind extract 

Tamarind was collected from the tree locally. The shell and the veins were removed and sticky 

pulp with seed was separated. Then pulp was dissolved in DI water by rubbing manually and 

filtered using a sieve to remove the impurities. After that, it was dried for 48h at 70⁰C in a 

vacuum oven. The dried fruit pulp was milled into powder and was used for the reduction of 

GO. 

Reduction of GO using aqueous phytochemicals 

The prepared GO was reduced by the following procedure: 800mg of GO was mixed with 

400mL (2mg/mL) of distilled water and sonicated for 1h. 200ml of GO dispersion was mixed 

with 100ml of Pomelo juice extract and refluxed at 95⁰C for 12h. Filtering and washing of the 

resultant black solution was done many times with DI water to remove any impurities if 

present. It was then dried in a vacuum oven (70⁰C, 3h) and named as P-rGO. 
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Similarly, 200ml of the GO dispersion was mixed with 2g of tamarind pulp powder and 

refluxed under the same conditions. It is named as T-rGO.  

No toxic or hazardous byproducts are generated in this process as the byproducts are mainly 

organic compounds and water. 

3.3.1. Results and discussions 

 

It is possible to evaluate changes in structural and electrical characteristics as a result of GO 

reduction by observation itself. From Fig.3.4, it is clear that the samples' color has changed 

from a yellowish brown to a black color, implying the complete reduction of GO. The change 

in color is due to the restoration of electronic conjugation and the creation of rGO. In addition, 

it also confirms the conversion of hydrophilic GO into hydrophobic rGO as a result of the 

depletion of polar functional groups on the graphene surface [57]. Further, rGO samples were 

found to be stable in aqueous dispersion for days. This may be due to the effect of 

phytochemicals acting as stabilizing or capping agents. The stability enhances the 

processability of rGO for subsequent applications. 

Fig.3.4. Schematic illustration for the synthesis of reduced graphene oxide 
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To determine the degree of reduction achieved by Pomelo and Tamarind extracts, the FTIR 

spectra of GO, T-rGO, and P-rGO samples were analyzed. After the chemical oxidation using 

KMnO4 and HNO3, the basal plane of GO has functional groups which includes hydroxyl (–

OH), epoxy (–O–), carbonyl (=O) and carboxyl (–COOH) in the periphery [56]. From the FTIR 

spectra (Fig.3.5a), a broad peak centered at 3410cm-1 and at 1380cm-1 attributing to stretching 

and bending of hydroxyl (–OH) group and residual water between GO sheets due to the 

absorbed moisture [58]. The presence of other oxygen functionalities were found with 

absorption peaks centered at 1725cm-1, 1620cm-1, 1150cm-1 and 1050cm-1 attributes to C=O 

(a) (b) 

(c) (d) 

Fig. 3.5 (a) FTIR spectra of GO, P-rGO and T-rGO. (b) XRD spectra of Graphite, GO, P-

rGO and T-rGO. (c) Raman spectra of GO, P-rGO and T-rGO. (d) UV-Vis spectra of GO, 

P-rGO and T-rGO. 
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stretching, C=C (skeletal vibration from sp2 carbon rings), C-O-C and C–O groups respectively 

[59]. The characteristic peaks at 2923cm-1 and 2853cm-1 are attributed to the adsorption of 

phytochemicals containing phenolic groups onto the surface of graphene sheets for both rGO 

samples [60]. This gives proof for the phytochemicals acting as stabilizing or capping agents, 

which gives stability for rGO in aqueous suspension [61]. After the reduction process, peak at 

1150cm−1 for (C-O-C) totally disappeared. However, the intensity of the carbonyl group (C=C) 

in rGO samples did not reduce significantly. This indicates the restoration of C=C skeletal 

vibration following a successful reduction procedure [62]. In addition, the strength of 

functional groups containing oxygen was significantly diminished in comparison to GO, 

confirming the effectiveness of fruit extracts in reducing GO. 

Powder XRD gives information about crystallinity, average crystal size and interlayer distance 

of the material. From the XRD spectra, the d-spacing is determined for all samples using the 

Bragg’s law: 

𝑛𝜆 = 2𝑑 sin 𝜃 

where, n represents the "order" of reflection, λ is the wavelength of the incident X-rays, θ is 

the angle of incidence and d is the interlayer distance. The (002) basal plane reflection peak at 

27˚ of raw graphite attributes to a d-spacing of 3.39 Å [63]. From Fig.3.5b, after chemical 

oxidation of pristine graphite, the characterized peak disappears from 27˚ and re-appears at a 

smaller angle of 9.9˚, corresponding to an interlayer distance of 8.96 Å. The peak at 9.9˚ is the 

reflection of (002) plane of the hexagonal crystalline phase of GO. The fact that there is only 

one XRD peak indicates that the graphite has completely oxidized. The increase in interlayer 

distance of GO than that of pristine graphite is mainly attributes to the incorporation of 

functional groups containing oxygen onto the surface of graphene layers [64]. Nevertheless, 

following the reduction process, the peak of T-rGO at 2θ=24.9˚ (d spacing=3.66 Å) and P-rGO 

at 2θ= 24.5˚ (d spacing= 3.71Å) was detected, while peak of GO at 2θ= 9.9˚ vanished. The 

reduction in d-spacing is because of the efficient exclusion of functional group containing 

oxygen following the reduction process. The elimination of functional group having oxygen is 

consistent with the FTIR findings that were covered in the section above. In addition, peaks 

are observed at around 42.5˚ which corresponds to the reflection from (100) plane. The 

interlayer distance of rGO synthesized is close to that of graphite (3.39 A˚) as previously 

reported in literature [65]. This indicates the successful creation of rGO nanosheets with a few 

layers of thickness after treating GO with the phytochemicals. 

Raman spectroscopy is extremely useful for characterizing graphitic nanomaterials (Fig.3.5c). 

It gives details regarding the degree of chemical modification, crystallinity, and crystal 
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disorder, among other characteristics [64]. In Raman spectra, the G band signifies the first-

order scattering of the E2g mode by sp2 carbon at the Brillouin zone centre, which is the 

inherited graphitic domain and D-band characterizes the level of defects and disorder induced 

by the incorporation of functional groups onto the graphene surface during the oxidation 

process. The degree of oxidation is evaluated by the ID/IG intensity ratio of D-band to G-band 

peaks [11, 65]. The Raman spectral data of GO reveals a D-band peak at 1350cm-1 and a G-

band peak at 1605cm-1. While G-band and D-band peak for T-rGO are at 1383cm-1 and 

1590cm-1 and that for P-rGO are at 1355cm-1 and 1598cm-1 respectively. The G band and D 

band are broadened and moved closer for both the rGO samples. This corresponds to the 

restoration of electronic conjugation between graphene layers and restacking, as expulsion of 

oxygen functionalities permits the rGO to associate and restack after successful reduction [12]. 

The ID/IG values of GO, T-rGO and P-rGO are 0.86, 1.16 and 1.137 respectively. The intensity 

ratio increased significantly for T-rGO and P-rGO than that of GO. This implies the rise in the 

level of disorder after the reduction process and the existence of more small-sized, isolated in-

plane sp2 graphene domains in rGO [66]. Single-layer graphene can be differentiated from 

multi-layer graphene based on the shape and location of the 2D band [44]. The Lorentzian peak 

for the 2D band in graphene with single layer is located at 2679cm-1. This peak will broaden 

and shifts (19cm-1) to higher wave number for multilayer graphene (2-4 layers) [45]. The GO 

contains many functional groups that prevent the graphene layer from stacking but after the 

elimination of such functional groups, the graphene layers may restack and forms few layer 

rGO [32]. The 2D peak for GO was found to be at 2692cm-1 which that single layer sheets were 

present in GO suspension [42]. The 2D peaks of rGO was found to be at around 2700cm-1, 

which (~19cm-1 shift) implies the formation of multilayered (2-4 layers) graphene nanosheets. 

The 2D mode defines the aromatic carbon structure and (D+G) mode gives information about 

the lattice induced disorder in the graphitic structure [64]. The rGO peaks for 2D and (D+G) 

modes were seen at 2700cm-1 and 2936cm-1 respectively. The I2D/I(D+G) ratio of rGO is 

significantly greater in comparison to GO, implying the successful restoration of aromatic 

carbon structure upon reduction of GO using phytoextracts [67]. 

UV- Vis spectroscopic analysis of all the samples were obtained in the spectral range of 200-

800nm. From fig.3.5d, two main absorption peaks can be observed for GO. The predominant 

peak at 232nm is caused by the π-π* transitions of the C = C bond from the graphitic carbon of 

GO, and the shoulder peak at 305nm is caused by the n-π* transitions of the C = O bond from 
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the oxidised carbon of GO [17, 68]. Following the reduction process, the characteristic peak of 

GO at 232nm were red-shifted to 270nm for P-rGO and 275nm for T-rGO. In addition, the 

absorption peak at 305nm disappeared for both the rGO samples. The red shift in the 

wavelength suggests the structural restoration of sp2-hybridized carbon atoms and the 

elimination of oxygen-containing moieties because of which electrons requires lesser energy 

for excitation [18, 69]. All these results points towards the efficient reduction of GO. 

Using UV-visible spectra, the following formula was employed to determine the band gap 

energy of GO and rGO [70]: 

𝛼 =
𝐶(ℎ𝜗 − 𝐸𝑏𝑢𝑙𝑘)1 2⁄

ℎ𝜗
 

where, α is absorption coefficient, C is a constant, ℎ𝜗 is the photon energy and 𝐸𝑏𝑢𝑙𝑘 is bulk 

‘band gap’. In the plot of ℎ𝜗 versus (𝛼ℎ𝜗)2 in Fig.3.6(a-c), the band gaps were calculated by 

extrapolating a linear regression to (𝛼ℎ𝜗)2=0. The obtained band gaps of GO, P-rGO, and T-

Fig. 3.6. Tauc plot of (a) GO (b) P-rGO (c) T-rGO (d) TGA of GO, P-rGO, T-rGO 

(a) (b) 

(c) (d) 
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rGO are 4.2, 3.1, and 3.2 eV, respectively, which are consistent with previously published 

reports [71]. 

Thermogravimetric method was employed to analyze the thermal stability of GO, P-rGO and 

T-rGO (Fig.3.6d). The minute weight reduction at about 100˚C is due to the vaporization of 

residual water molecules remained in the samples after drying. GO exhibits weight loss at two 

stages. The initial weight loss at around 175˚C is caused by the elimination of hydroxyl, epoxy 

functionalities and residual water molecules. The second stage of weight loss occurs between 

450 and 550˚C because of the thermal decomposition of remaining oxygen moieties and ring 

carbons to produce CO and CO2 [72]. In the contrast, rGO showed much better thermal stability 

than GO. rGO exhibited around 10-12% weight loss at 250˚C while GO exhibited about 40% 

weight loss. This suggests a significantly smaller amount of oxygen moieties than GO. The 

lesser mass-loss is attributed to the higher degree of reduction. 

SEM imaging was done to further examine the surface morphologies of the samples. From 

fig.3.7a, the SEM images reveals that the GO surface have a corrugated morphology with 

wrinkles and folds [73]. These deformities on the graphene surface corresponds to the 

incorporation of oxygen functionalities after the chemical oxidation process and the exfoliation 

and restacking processes occurred thereby [74]. From Fig.3.7b and Fig.3.7c, wrinkles and folds 

were altered in contrast to the surface morphology of GO after reduction process and randomly 

aggregated, small sized sheets were formed which are closely associated with each other. This 

change in morphology is because of the expulsion of labile oxygen moieties and the restoration 

and restacking of graphene sheets [22]. This morphological distinction indicates that rGO 

contains more defects and isolated graphene domains than GO [65], which has already been 

proved with the Raman and XRD results. It can be observed that P-rGO has more stacked layers 

than T-rGO, whereas T-rGO has more small-sized sheets with curled edges than P-rGO. The 

eradication of covalent bonded oxygen moieties from the basal planes and edges during the 

reduction procedure, results in the restoration of graphene sheets where the sheets are held 

together by the Van der Waals force of attraction. During this restoration and restacking 

process, the graphene sheets are crumpled with each other and as a result small-sized graphene 

plates are formed. The SEM results are in conjunction with Raman and XRD results. 
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Fig.3.7(d,e) illustrates the TEM morphology of T-rGO and P-rGO. The rGO exhibits a sheet 

like morphology with high transparency due to the atomic size thickness of the samples [47]. 

The rGO sheets are transparent with clearly visible wrinkles and curled edges, indicating that 

the achieved rGO consists primarily of a single or a few layers of graphene [75]. The wrinkles 

developed as a result of the relaxation of strain on the C-C bond in the epoxy groups during the 

Fig. 3.7. SEM images of (a) GO (b) P-rGO (c) T-rGO and TEM images of (d) T-rGO (e) 

P-rGO 

(a) (b) 

(c) (d) 

(e) 
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development of three-membered epoxide rings in GO, and the folding is related to the existence 

of isolated hydroxyl and epoxy groups [25]. These morphological appearance confirms the 

reduction of GO in both samples. 

The elemental composition of GO, P-rGO and T-rGO were studied by elemental analysis. 

Carbon to Oxygen ratio (C/O) of T-rGO, P-rGO and GO were found to be 7.33, 6.82 and 2.21 

respectively [32]. The higher C/O value of rGO in comparison with GO implies that lesser 

amount of Oxygen content is present in rGO sample after reduction. These findings support 

the TGA conclusions and further confirms the efficient reduction of GO using fruit extracts. 

The degree of reduction and restoration of the π-conjugated structure can be established by 

evaluating the electrical conductivity of rGO. The four probe arrangement was employed to 

measure the sheet resistance. The average conductivities of P-rGO, T-rGO, and GO were 

determined to be 4090 ±164 Sm-1, 5545 ±173 Sm-1 and 6 Sm-1, respectively. The conductivity 

of rGO increased 104 times than GO after reduction and the acquired results concurred with 

previously reported findings [36].  

The phytoextracts have the ability of reducing oxygen functionalities present in GO. This is 

due to the conversion of phytochemicals to its corresponding quinones [32]. As mentioned 

earlier, both Pomelo and Tamarind are rich in reducing agents like ascorbic acid, polyphenols, 

etc., which can be easily oxidised. The chemical reduction of GO can be theorized as a 2 step 

SN2 nucleophilic process proceeded by a thermal elimination procedure. The GO mainly 

consists of 3 types of reactive functional groups on its periphery namely epoxide, hydroxyl and 

carbonyl. The electron pulling back effect of 5 or 6 membered rings of L-ascorbic 

acid/polyphenol present in the phytoextracts makes the hydroxyl group more acidic. This 

makes L-ascorbic acid/polyphenols to readily disassociate two protons and thus act as a 

nucleophile [36]. The epoxide undergoes a ring opening reaction when the L-ascorbic acid’s 

oxygen anion takes part in a SN2 nucleophilic attack. Backside SN2 nucleophilic attack may 

follow the reduction process, which yields water molecule and results in intermediate 

compound formation. Lastly, the intermediate compound may experience thermal elimination, 

resulting in the creation of rGO [32]. The carbonyl and hydroxyl groups likewise undergo a 

similar nucleophilic attack by the polyphenols' oxygen anion and are subsequently further 

reduced by thermal elimination. 
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3.4. Conclusion 

The proposed process for GO synthesis has significant advantages over the Hummers method 

or modified Hummers method. The XRD and Raman spectroscopic results reveals that the 

proposed method produced a higher amount of well oxidized GO than other methods. The 

synthesis time has been drastically reduced compared to other methods. The dispersibility, 

chemical structures, physical properties, and morphology of GO synthesized by both the 

proposed and Hummers procedures are nearly identical. The yield of the overall reaction is not 

affected by the exclusion of NaNO3. Overall, these findings imply that the suggested approach 

is suitable for large-scale GO synthesis. In addition, it may serve as a harbinger for the 

development of diverse workup methods for obtaining single-layer graphene and its derivatives 

for supercapacitor applications, hydrogen storage, biosensors, nanofiltration membranes, ion 

conductors, etc. 

In addition, a simple and ecofriendly synthesis technique for reducing graphene oxide using 

phytochemical extracts of Pomelo Grandis and Tamarind has been reported. The process does 

not produce any toxic or hazardous byproducts, as the byproducts are mainly organic 

compounds and water. The main benefits of the phytochemicals are their non-toxicity, wide 

availability, easy extraction process and low cost. The approach is shown to be highly effective 

at removing oxygen moieties from GO and is scalable. The results shows the formation of well-

organized, layered rGO. The graphene electrodes exhibited high carbon to oxygen ratio (7.33, 

6.82) and good electrical conductivity (5545-4090 Sm-1). The prepared rGO dispersion showed 

good stability in water and ethanol. The proposed technique is green and cost effective and has 

the potential to mass-produce graphene at a low price and without causing any environmental 

damage. 
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