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Abstract 

Graphene oxide (GO) and reduced graphene oxide (rGO) were prepared from high pure Sri Lankan 

vein graphite on a lab-scale as well as on a mass scale following an improved Hummer’s method and 

a thermal method with a goal of investigating the quality of final products.  Both oxidation and 

reduction process in mass scale production process have been subjected to composition and condition 

change considering factors such as safety, cost-effectiveness, eco-friendliness, user friendliness, and 

waste disposal management.  Raman, XPS, FTIR, XRD, SEM, and TEM spectroscopic analysis were 

conducted to verify the final products on oxidation of graphite and its successive reduction. 

Exfoliation of graphite layers into few-layer rGO with large lateral size (D50, ca. 45 m) is visible 

through TEM and SEM. The XRD, FTIR, and XPS analysis indicated that the graphite was 

successfully oxidized to GO and reduced back to rGO with fewer oxygen functionalities, equivalent 

to ca. 7 % wt. The C/O ratio in XPS reflects that the oxygen-containing moieties are twice as rich in 

GO compared to graphite. XPS and FTIR further revealed epoxide and carboxylic groups being the 

main oxidized products of GO. Raman spectra further verified the restoration of sp2 hybridized bonds 

on the reduction of GO. The rGO prepared at 1000 ºC showed rGO with high conductivity, high 

surface area, fewest oxygen functions and fewest defects than reported. The combination of 

spectroscopic analysis carried out in the investigation provided valuable information and knowledge 

on the chemically produced graphene like rGO on mass scale with good properties compared to 

similar studies. The study demonstrates directions for further improvement of the synthesis method 

exploring the ability to use naturally pure vein graphite towards quality graphene on a mass scale. 
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1. INTRODUCTION 

Graphene has gained significant interest shortly after its discovery and the award of a Nobel 

Prize in Physics 2010[1][2]. It has high theoretical surface area of 2630 m2g, high Young’s 

modulus >1.0 TPa, good thermal conductivity > 5000Wm-1K-1, and good electrical 

conductivity[1][3][4][5]. Its exceptional properties and potential for diverse applications 

have led acceleration of research and publications in multidisciplinary areas of science. One 

of the major interests is the mass-scale production of high-quality graphene, using 

affordable, cost-effective and safe processes to make it competitive in the market.  Chemical 

exfoliation of graphite yields imperfect product. Nevertheless, it is still considered as the 

most attractive method for producing graphene in terms of scalability and cost-

effectiveness[6][7].  Innumerable different methods with their properties have been 

extensively reviewed for multidisciplinary applications [8][9][10][11]. Among them diverse 

oxidation methods have been used to prepare GO effectively throughout centuries which are 

still being considered as promising for a mass scale synthesis of GO. Brodie has introduced 

oxidation of graphite in 1859[12] which was further developed by Staudenmaier in 1898 

[13], Hofmann and Konig in 1937 [14], and Hummers and Offeman in 1958[15]. Recently, 

Marcano et al. has further improved the Hummers method [16]. The main limitation of these 

methods are the inherent difficulty of ending up with single-layer graphene, or a pure form 

of graphene. Oxidation and subsequent reduction of graphite produce rGO, rather than 

graphene which constitutes neither single-layer nor even few-layer graphene although 

mechanical, thermal and electrical properties are reasonably similar to graphene. 

Nevertheless, the product has a huge number of potential applications, in a vast variety of 

industries, depending on its properties [17][18][19].  Considering the pros and cons of each 

method, an improved Hummers method was followed here to produce GO on a mass scale 

in which specific novel aspects were taken to reduce both the cost of raw materials and the 

burden of the wastewater treatment process. The optimization of the time and energy cost 

have been done without significant adverse effects on final products.  Such a mass scale 

synthesis and analysis are very limited in the prior art to the best of our knowledge.   

After preparing GO, various reduction methods have been followed for preparing rGO from 

GO. Chemical reduction using reducing agents such as hydrazine is the most common 

method followed [20][21]. One of the disadvantages of using chemical methods such as 

hydrazine is the incorporation of heteroatomic impurities into the structure [22]. Moreover, 

the process cause wastewater treatment complicated. The cost effectiveness, eco-

friendliness, user-friendliness, safety and the disposal process are critical factors which must 



A. M. K. L. Abeykoon et. al./ Sri Lankan Journal of Physics, Vol. 25 (1) (2024) 13 –34          15 
 

be considered in the mass scale production. The thermal reduction of GO has attracted as a 

simple, economical, non-chemical and effective method to produce rGO from past 

[23][24][25][26]. Efforts to produce rGO by thermal method have also been made in our 

laboratory recently, which is suitable to produce rGO on mass scale by few minutes [27].  In 

the present study, the thermal method was further improved to produce graphene like rGO 

on mass scale. Spectroscopic analysis was conducted to analyze the quality of final products 

[28]. Since Graphene-based materials has shown interest in a broad spectrum of scientific 

fields and multiple industries, comprehensive studies on different synthesis methods using 

graphite is still attracted tremendous attraction. The present work focuses on investigating 

the quality of GO and rGO produced on a lab-scale and mass-scale from naturally highly 

pure vein graphite. The quality of rGO can be considered as best if it can be comparable to 

graphene. Sri Lanka had been the major producer of graphite in the 19th century, producing 

highly crystalline, pure graphite, with high natural purity [29]. Therefore, with the pure vein 

graphite from Sri Lanka, it may yield highly value-added products. 

 

2. METHODOLOGY 

Naturally pure vein graphite from Ragedara mine of Sri Lanka which has not been subjected 

to any physical or chemical purification process, was used as the graphite source to prepare 

GO and rGO.  Modified Hummers method [15][30] and a thermal method [31] in literature 

and method followed in our laboratory were followed to prepare GO and rGO where 1 g of 

natural graphite was added to 20 ml of concentrated H2SO4 at 0 ºC first. Then, 3 g of KMnO4 

was added gradually to the mixture while stirring. The mixture was then stirred at room 

temperature for 30 minutes. 50 ml of water was added slowly to the mixture, which was 

heated at 98 ºC for 30 min. 150 ml of distilled water was added, followed by 10 ml of 30% 

H2O2 solution. The solids were separated by centrifuge washing with 5% HCl followed by 

water repeatedly. Different compositions were used for mass scale production of GO from 

graphite in which case the amount of oxidizing agents used in the lab scale synthesis process 

were reduced by 20%. The doubled walled reactor connected to a heat and cool circulator 

was used to produce GO from graphite in this case wherein the oxidation process is 

completely conducted inside (Figure 1). Even though, the washing process of GO generates 

considerable volume of wastewater which was managed separately in the mass scale 

production. Further, we have also followed an optimized thermal method to prepare rGO 

from GO compared with our previous method [31] in which GO was annealed at 250 ºC for 

3 minutes in air and subsequently annealed at 250 ºC , 600 ºC and 1000 ºC in argon for 30 
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seconds to obtain rGO at 3 different temperatures. During the production of rGO, dried 

sheets of GO was cut into small pieces before thermal treatment specially in the mass scale 

production process for safety. In addition, large volume oven was used which sufficiently 

occupy rGO after formation considering the volume expansion on thermal reduction of GO. 

 

2.1 CHARACTERIZATION 

GO and rGO prepared on a small scale and on a mass-scale were subjected to spectroscopic 

analysis.  XRD analysis was conducted using a Bruker D8 Advanced Eco Powder X-ray 

Diffractometer with Cu K-alpha (λ = 0.154 nm) radiation and a scanning step of 10 

(deg/min). The surface morphology of the samples was imaged using a ZEISS EVO 

scanning electron microscope. TEM was investigated by JEOL 3010 HRTEM operated at 

an accelerating voltage of 300 kV. Raman analysis was conducted using a Lab RAM Soleil 

Raman spectroscope at 532 nm. The nominal laser power was 107mW.  The powdered 

samples were measured with a 100x objective, and the others were measured with a 50x 

ELWD objective. The chemical and structural characteristics of each sample were 

investigated using a Bruker Tensor 27 FTIR spectrophotometer in the mid-IR spectral range 

of 600 - 4000 cm-1. X-ray photoelectron spectroscopic (XPS) analysis was carried out using 

a Thermo Scientific, Nexsa spectrometer (England) equipped with a monochromatic, micro-

focused, 72 W Al K-alpha X-ray source (photon energy 1486.6 eV), Beam diameter 400 µm. 

Survey and high-resolution spectra were acquired at pass energies of 200 eV and 50 eV, 

respectively. The binding energies of all elements were recalibrated by setting the CC/CH 

component of the C 1s peak at 284.8 eV. The Brunauer–Emmett–Teller (BET) specific 

surface area was calculated using a Quantachrome Autosorb IQ analyser with ASiAwin 

software. Nitrogen adsorption was measured by the volumetric method (196 С, up to 1 bar). 

Samples were previously evacuated (P = 0.7 Pa) at 200 C for 5 h. The conductivity of rGO 

was measured under different pressure by pressing rGO into cylindrical molds using manual 

hydraulic press.  The pressure was applied to rGO in cylindrical mold from 0.1 to 0.8 MPa. 

The electrical resistance (R) was measured under the compression using CROPICO DO 5 

digital ohm meter. The electrical conductivity (σ) was calculated using the equation, σ = 

L/AR, where L is the length and ‘A’ is the cross-sectional area of the cylinder. The 

conductivity of vein graphite was also measured at 0.8 MPa for comparison. All 

measurements were repeated three times [32]. 
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3. RESULTS AND DISCUSSION 

Hummer’s method, and its modified processes [15][16][30][27], have been extensively used 

to produce GO. Figure 1 depicts the resulting brown colour obtained in the mass scale 

synthesis of GO as an indication of oxidized GO. Here, we have optimized the raw material 

composition so that the cost involved in both production as well as wastewater treatment is 

minimized by considerable volumes. The number of washing cycles, utility of H2O2, HCl 

and water have been simultaneously reduced, dropping the associated material cost, time, 

and energy significantly. The doubled walled reactor coupled to heating and cooling 

circulator enclosed all necessary conditions to complete the oxidation reaction safely and 

successfully. For reduction of GO to rGO also, an optimized time and temperature was 

followed where the mass scale synthesis of rGO was simply achieved within a few minutes, 

reducing the time and energy cost significantly.  

According to the mechanism, it has been shown that the reduction of GO removes oxygenous 

groups from the structure resulting rapid evolution of CO and CO2 gases, creating massive 

pressure between graphene layers [33][25]. It results explosion causing severe safety issues 

in the mass scale production process as experienced in this study which is not much 

prominent in the small scale synthesis using few grams of graphite. It has been reported that 

a pressure equivalent to ca. 40MPa and 130 MPa are generated at 300C and 1000C 

respectively [25]. Therefore, mass scale production of rGO was conducted at low 

temperature first in argon for few minutes. Due to high volume expansion, it is desired to 

have sufficient space in the oven to occupy the mass scale produced rGO. Upon thermal 

treatment, GO puffs like popcorn into a host of tiny black-colour particles, which are easily 

blown in to the air due to its fluffiness and lightweight. 85g of rGO in a 5L beaker displayed 

in Figure 1 indicates the lightness of rGO obtained in the present study.  

 

Figure 1: Real images of GO before (a) and after (b) adding water, and thermally reduced 

rGO (c) in mass scale process. 
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The resulting rGO of average particle sized ca. 45 µm are rolled up naturally and orient 

freely, with some similarity to saw-dust from wood planer. BET surface area of rGO 

annealed at 250C is 465 m2/g which is higher than many similar studies at that temperature 

[34]. The bulk conductivity of rGO prepared at 1000C measured under different applied 

pressure is shown in the Table 1. An exponential increase of conductivity with increasing 

pressure is observed wherein a rapid increase from 384.6 to 833.3 S/m is observed with 

increasing pressure from 0.7 to 0.8 MPa. The conductivity of vein graphite used in this study 

showed very high conductivity of 3239 S/m at 0.8 MPa pressure which is higher or 

comparable with reported values and commercial samples [32][35]. 

 

Table 1: Bulk conductivity of rGO annealed at 1000 C under different pressure. 

Pressure (MPa) Conductivity 

S/m 

0.1 94.3 

0.2 111.1 

0.3 125.0 

0.4 142.9 

0.5 161.3 

0.6 208.3 

0.7 384.6 

0.8 833.3 
 

The rGO obtain at 250C may contain about 5 or fewer graphene layers compared to the 

theoretical surface area of graphite, ca. 2630 m2g. Various physical properties of graphite, 

GO and rGO are shown in the table 2. The rGO produce in this study has very low bulk 

density which is much better than most of the commercially available rGO, showing its 

potential for various high-end applications.  

Table 2: Physical properties of GO and rGO 

 Graphite GO rGO 

Colour  Silver gray Brown Black 

Form Powder Sheets Powder 

particle size (D50) 53 µm variable 45 µm 

Bulk density (g/cm3) 1.02  0.97  0.02  

Electrical conductivity (S/m) at 

0.8MPa 

3239 - 833  

Inter layer spacing (Å)  3.325 7.52 3.55 
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Various oxide functional groups are formed and bound to the graphite structure on oxidation 

of graphite whereas subsequent reduction technique reduces the oxygen functionalities and 

produce rGO. Therefore, GO is consisting of both sp2 and sp3 hybridized carbon atoms in 

the structure [36]. However, the reduction of graphite oxide rarely results in pure graphene 

reestablishing all sp2 hybridized carbon atoms in the structure. Instead, so called reduced 

graphene oxide (rGO), consisting of individual graphene particles and multilayer graphene 

ones, with some remaining oxygen functionalities forms. Hence, it is extremely important to 

understand the nature of these functional groups and their relation to the oxidation and 

reduction processes, so that complete reduction of the graphite oxide to pure graphene is 

realized. The present study used a series of spectroscopic techniques to identify the nature 

of oxide functions in GO and rGO synthesized in this study.  

3.1 XRD and TEM Analysis 

XRD spectra of graphite, GO, rGO, and TEM images of rGO prepared on mass scale are 

shown in Figure 2.  

 

Figure 2: XRD spectra of rGO, GO, graphite and TEM images of rGO 250 ºC 

TEM imaging of rGO views as thin corrugated structure of large micro size sheets of rGO 

which may include few layers of graphene [34]. XRD is a nondestructive technique to 

identify crystalline phases and determine structural properties such as lattice parameters, 
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particle size, phase composition, etc. In the present study, the phase change upon oxidation 

and subsequent reduction of graphite provides useful structural information regarding 

graphite exfoliation. XRD spectra exhibit respective characteristic 2 peaks at about  26.7º 

for graphite, ca.11.9º for GO and from24.8º to 25.2º for rGO synthesized at 250 ºC to 1000 

ºC respectively [30][20][37]. The corresponding d-values are 3.33 Å, 7.52 Å, and 3.58 to 

3.55 Å respectively. The vein graphite used in this study has shown unique properties as 

shown in Table 2. It is highly conducting and crystalline. The d-spacing is unique, 3.325 Å, 

which is lower than most of the reported value for pristine graphite [28]. In these studies 

degree of graphitization has been calculated based on Franklin’s work in 1951 in which a 

mean value of 3.354 Å is considered for inter-layer spacing of graphite [38]. The vein 

graphite used in this study has a lower inter-layer spacing than the above mean value. 

Therefore, degree of graphitization of vein graphite can be considered as 100% based on 

these two studies [28] [38].   

 

The 2 peak at ca.11.9º in Figure 2 verifies the entire formation of GO from graphite 

successfully, while d-spacing increases from 3.33 Å to 7.52 Å due to increased layer spacing 

of GO on oxidation of graphite. The XRD analysis of GO produced on a mass scale showed 

a similar spectrum except a light change in the main peak which appears at ca.11.8º and 

corresponding d-spacing of GO is 7.52 Å which is same as that produced at laboratory scale. 

The figure is not shown here due to similarity. However, the d-spacing value is not that high 

in small scale and mass scale synthesis process in this study compared to some other 

publications where Hummer’s method with sodium nitrate has been used and showed very 

high values ranging from 0.9 to 1.0 nm [34]. However, their rGO produced at temperatures 

ranging from 300C to 1000C shows BET surface area ranging from 200 to 350 m2/g which 

is lower than even rGO produced at 250C in this study. A rapid increase in surface area of 

graphite happens on the conversion of GO to rGO [20].  

The thermal conversion of GO to rGO is supported by the new XRD peak corresponding to 

rGO at 2 24.8º, while the peak corresponding to GO at 11.9º is disappeared. The 2 angle 

of rGO is not at the same position as graphite, verifying the phase difference in the presence 

of oxygeneous groups in rGO. The d-spacing has reduced from 7.52 Å to 3.58 Å in forming 

rGO from GO indicating the restoration of the graphite structure to a great extent. Further 

decreasing the d-spacing to 3.55 Å at 1000 ºC indicates further removal of oxygenous group 

on further annealing.  However, the d-value for rGO is still slightly higher than the native 

graphite (3.33 Å). This is obviously due to the structural changes brought by the oxidation 
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process [37][39] which are not eliminated entirely on reduction of GO. Hence referring the 

product in here as rGO rather than graphene is more appropriate. However, the fast synthesis 

approach seems to be effective in mass production of rGO from GO within few minutes. The 

rGO was annealed at 1000 ºC for 30 seconds only and enhancement of annealing time or 

temperature, would further eliminate oxygenous groups from the rGO structure transferring 

sp3 hybridized carbon atoms entirely to sp2 which is among future studies. The shift in 2 

angle, broadness and the low intensity of rGO peak compared with graphite and GO justifies 

that rGO formed at 250 ºC is few-layer graphene and that at 1000ºC is fewer and containing 

lesser oxygenous groups [34], comparing to the former studies in our laboratory [30][20]. 

One of the conclusions drawn at this stage is that under the current experimental condition, 

the thermal treatment at 1000ºC was even not sufficient in eliminating all the oxygen 

functionalities in GO while a significant amount is removed which was further verified by 

FTIR and XPS analysis. 

Figure 3: SEM of Graphite (a), GO (b) and rGO prepared at 250ºC in air (c), at 250 ºC (d), 

at 600 ºC (e) and at 1000 ºC (f) in argon. 
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Figure 3 shows SEM micrographs of GO, rGO and graphite. Since GO suspension has been 

dried in a thin layer, GO appears as corrugated thin large size sheets in the SEM micrograph 

(Figure 3(b)). Both SEM and TEM images of rGO clearly demonstrate that the exfoliation 

of graphite in to freely oriented thin graphene layers with large lateral size. It is difficult to 

observe entire particle from SEM analysis to determine the particle size. Moreover, due to 

the corrugated structure of rGO, it is not possible to measure the lateral size of rGO 

accurately from SEM. However, the particle size analysis recorded an average particle size 

of  45m for GO (not shown here). Transparency observed in SEM image of rGO also 

witnessed the occurrence of few-layer graphene. While the degree of exfoliation at each 

temperature is not well understood, the reduction degree of GO can be investigated by 

observing the remaining oxygen functionalities through FTIR analysis.  

3.2 FTIR Analysis 

The present study is based on a characterization of similar materials based on graphitic 

structure. Therefore, uniqueness is very important to distinguish even small structural 

changes happening in the molecules. The FTIR transmission spectra of graphite, GO and 

rGO are shown in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: FTIR spectra of Graphite, GO and rGO prepared at 250 ºC, 600 ºC and 1000 ºC 
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Highly pure graphite was used in the present study, observed to be free from any vibrational 

peaks whereas reduction to GO produces a series of frequencies corresponding to oxygen-

containing functionalities. GO shows characteristics peaks at 1720-1740 cm-1 for stretching 

vibrations of C=O carboxyl groups and C=C from unoxidized sp2 carbon at 1590-1620 cm-

1 [15]. Bending and stretching vibrations at 1384 cm-1, 1217 cm-1, and 1043 cm-1 for C-OH, 

C–O–C, C–O groups in the FTIR spectra demonstrate good agreement with previous work 

[37][39].  After the reduction of GO at 250 ºC, almost all peaks corresponding to oxygen-

containing groups such as C-O, C=O, C-O-C, C-OH are reduced to a great extent while 

complete elimination of C=O and C-OH groups as supported by XPS analysis shown later.  

The skeleton vibration of un-oxidized graphite is observed at 1561 on restoring sp2 

hybridized C=C bonds on the formation of rGO. Further reduction of C-O groups is observed 

on further heating at 600 ºC and 1000ºC in argon while rGO prepared at 1000ºC shows 

elimination of almost all oxygen groups exhibiting similar spectral nature to unoxidized 

graphite restoring almost all sp2 domains. 

3.3 XPS analysis 

Though both FTIR and XPS are widely used for identifying functional groups, XPS is a 

quantitative surface analysis spectroscopic technique providing information on elemental 

composition, chemical state, overall electronic structure, and the density of the electronic 

states of materials by measuring the kinetic energy of electrons emitted from the sample's 

surface on exposure to soft X-rays [40][41]. By comparing XPS peaks of carbon and oxygen 

across samples, it is possible to provide considerable qualitative and quantitative information 

on carbon functionalities, defects, and quality of GO and rGO [42][43]. The relative C/O 

content in graphite on oxidation and reduction was obtained from the C1s and O1s spectra. 

The removal of oxygenous groups was also deduced using the XPS high resolution C1s 

spectra.  
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Figure 5: XPS survey spectra of graphite (a) GO (b), rGO 1000ºC (c) and rGO 250ºC (d) 

Figure 5 shows the XPS survey spectra of graphite (a), GO (b), rGO 250 ºC (c) and rGO 

1000 ºC (d). The general trends in O:C content can be gathered from the respective O1s (at 

ca. 532eV) and C1s (at ca. 285eV) peaks in the survey spectra. A dramatic increase in 

oxygen-based groups is observed on oxidation of graphite, and decrease on reduction of GO 

to rGO. Further decrease is observed for rGO heated at 1000 ºC compared to that at 250 ºC. 

This is consistent with substantially increased oxygen content and oxygen-based groups as 

a result of the chemical oxidation of graphite.  
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Figure 6: XPS high resolution 1S spectra of graphite (a), GO with peak-fitting (b), rGO 

1000ºC (c) and rGO 250ºC (d).  

Figure 6 shows the high resolution XPS C1s scan for graphite (a), GO (b), rGO 250 ºC (c) 

and rGO 1000 ºC (d). The C 1s peak of GO was deconvoluted into three peaks, the minimum 

number of peaks that gave a sound envelope (Figure 6b) whereas deconvolution of four or 

more peaks can also be seen depending the prominent peaks based on their results [34]. Here, 

without post-measurement X-axis shift, the most intense peak at the lowest binding energy 

(BE) is located at 284.8 eV. This peak can be rationally associated with sp3 and/sp2 

hybridized carbon atoms, bound to carbon and/or hydrogen only (C=C/C-C). In some 

studies, C=C and C-C bands were also deconvoluted in to 2 peaks [34]. The strong peak, at 

286.8 eV, the 2nd strong peak, can be associated with a wide variety of oxygen-based 

functional groups (C-O), like ether, epoxide, alcohol, etc. The peak at 288.6 eV can also be 

related to many functional groups, of higher oxidation states, like aldehydes, ketone, and 

carboxylates (C=O and O-C=O groups)  [44]. Most studies demonstrate deconvolution of 
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C=O and O-C=O in to 4 main bands. However, the various functional groups observed in 

this study are in good agreement with FTIR analysis as well. Most of former studies 

demonstrate deconvolution of the spectra into 4 main components including unoxidized 

carbon at BE~284.6 eV, carbon in C–O bonds at ~286.0 eV, carbonyl carbon at~288 eV, 

and the carboxylate carbon (O–C = O), at ~289.0 eV [45][46] [44].    

The XPS C1s spectrum of rGO shows a reduction of almost all bands corresponding to 

oxygen functional groups. However, the spectra were not deconvoluted (Figure 6(c), (d)), as 

the wide nature of the spectrum and the weak features observed can easily lead to over 

interpretation. Nevertheless, several core features are clearly visible. The lowest BE peak 

appears at 284.8 eV, which is also the strongest, can judiciously be associated mainly sp2 

hybridized carbon atoms in C=C bonds. The most of the sp3 carbon corresponding to oxygen 

functionalities has been converted to sp2. Therefore, the spectra appear as a single peak at 

BE 284.8 eV and tail consisting of smaller peaks in the high BE direction after reduction of 

GO to rGO at 250C. The tail to the high BE direction, with the many hindered peaks, can 

be associated, like before, to a host of oxygen-related functional groups consisting of C-O, 

C=O and O-C=O. C1s spectra of rGO annealed at 250C shows (Figure 6(d)) very low 

intense peak at BE 289 eV corresponding to carboxylate carbon (O–C = O) which has further 

diminished on further annealing at 1000C.  The results are good agreement with FTIR 

analysis in which most of the oxide functional groups are removed at high temperature 

annealing. Other heteroatoms functional groups are not plausible, as no heteroatoms were 

identified in the XPS analysis, apart from a very small amount, in some cases. Significant 

oxygen-based functionalities still remain following the thermal treatment at 250 ºC. Despite, 

rGO heated at 1000 ºC result considerable reduction in O1s peak strength (7% oxygen) 

resulting graphene like rGO which is in agreement with respective FTIR spectra in Figure 4.  

3.4 Raman analysis 

Raman spectroscopy has been historically used for analysis of graphitic materials, providing 

valuable information on degree of exfoliation of graphite into graphene layers, structural 

defects, and the size of the in-plane sp2 bonded clusters [46][47][48][36][37]. Accordingly, 

the occurrence of structural changes during the formation of rGO from graphite was analyzed 

through the Raman spectroscopy. Figure 7 compares Raman spectra (measured with 532 nm 

laser) of graphite, GO and rGO. The shape and band positions of Raman spectra obtained 

for graphite, GO and rGO are common compared with almost all similar prior art. 
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Figure 7: Raman spectra of Graphite, GO, and rGO 

The single sharp G band and the absence of D band in Raman spectra of vein graphite 

indicates that the vein graphite is almost defect free or less. The Raman peaks are not 

deconvoluted like in some other studies since main features are clearly visible [46]. Weak 

features observed can easily lead to over interpretation if deconvoluted.  

The characteristic feature of carbonaceous materials with conjugated carbon atoms in Raman 

spectra is the G band which lies at about 1500-1600 cm-1, the D band at 1300-1400 cm-1 and 

the band appears at 2700 cm-1 which is known as 2D band [34][46][48][49].  The G band 

corresponds to bond stretching of all pairs of sp2 atoms within rings, as well as in chains. D 

band relates to sp2 breathing mode of atoms in rings which is not prominent in defect-free 

graphite [50][51][52][53][54].  First order zone boundary phonons are associated with D 

band, which present in defected graphitic structures [50][55]. As can be observed, the Raman 

spectra for both GO and rGO in figure 7, shows a very strong D band with intensity 

comparable to that of the G band. This reflects conversion of sp2 hybridized carbon atoms to 

sp3. The intense D band, along with a large bandwidth, implies the presence of a significant 

structural disorder in both GO and rGO compared to graphite. Chemical oxidation of 
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graphite to obtain GO, and subsequent treatments to form rGO, obviously cause defects in 

the graphene structure, resulting in highly intense D-band for both GO and rGO.  Raman 

spectra of GO indicate a broad G band on oxidation of graphite due to crystal defects arises 

from the phonon scattering [48]. G-peak dispersion has been shown to occur from phonon 

dispersion due to external influence on the structure [48]. Despite the reduction of GO to 

rGO showed narrowing the G-band and decreasing the D-band compared to the G-band 

while sharpening the G-band on further heat treatment up to 1000ºC from 250ºC is witnessed 

whih can be due to the restoration of the graphitic structure on removal of oxygen 

functionalities.  Whereas increased D-band compared to G-band has been observed on 

reduction of GO to rGO in almost all similar studies [28][34][46] [56]. 

The G-band of GO at 1604 cm-1 has been shifted to 1598-1594 cm-1 after reduction to rGO 

(250ºC-1000ºC), which is consistent with restoration of sp2 hybridized atoms on oxidation 

to a great extent. The intensity ratio of the D / G bands, designated as ID/IG, has also been 

used to determine the degree of disorder in graphene arising from edge-planes, charged 

impurities, ribbed nature and various other factors [48].  The intensity ratio ID/IG has 

decreased from 0.94 to 0.79 on conversion of GO to rGO. ID/IG of rGO has further decreased 

from 0.805 to 0.788 on annealing from 250ºC to1000ºC, indicating an increased sp2 domain 

in the structure and partial recovery of the  conjugation in graphene layers on thermal 

treatment. Obviously, there are more sp2 domains in rGO compared to GO, even though 

some sp3 carbon atoms are still remained. Those sp3 groups also seems to be reduced 

considerably on thermal treatment at 1000ºC in which 36% reduction is observed from 250ºC 

to 1000ºC and attributable to decreasing defects on restoration of sp2 hybridized carbon in 

the present study [57][53][54]. Despite, an increased ID/IG ratio in rGO has also been 

observed in some studies and has been explained on different grounds [28][34] [46][56]. 

Further increasing of ID/IG ratio with increasing the temperature has been also noticed in 

these studies while in the present study decreasing ID/IG ratio was observed with further 

increasing the annealing temperature. They have explained that an intense oxidation and fast 

thermal exfoliation has caused decreasing the size of the in-plane sp2, together with 

increasing the content of edge planes and disorder [52][53][54]. Obviously, rGO with lower 

defects have been formed in this study compared to these previous works. However, it has 

been shown that decreasing or increasing the disorder depended on the experimental 

conditions applied for the synthesis of the materials. We have taken some precautions in the 

thermal treatment and also used highly pure vein graphite for the preparation of GO and 

rGO, which presumably results rGO with fewer defects compared to previous studies.  
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Raman spectra in the range of 500-3500 cm-1 in Figure 8 shows different shaped 2D bands 

for GO and rGO compared to graphite. The 2D band of graphite has shown two components 

in literature [50][51]. The band at 2900 cm-1 has also been referred as a second-order of the 

D–G bands while band at 2700 cm-1 as 2D band [58]. Unlike the D band, which is Raman 

active only if there are defects in the structure, the 2D band appears even in the absence of 

any defect. Here we have obtained an additional peak at about 3200 cm-1 which has been 

referred as 2D’ which is said to be defect active and is present in graphite with sufficient 

defects only [59]. Accordingly, defects can have significant impact on 2D band. The 

intensity ratio of 2900 cm-1 band relative to 2700 cm-1 band is lower for rGO and lowest for 

rGO 1000ºC, which indicates decreased defects concentration due to reduce oxygen content 

in rGO compared to GO[60].  The Raman spectra of both GO and rGO has shown a broad 

2D band, which is not comparable to graphite, since its intensity is low for both materials 

compared with the as-is graphite. According to the shape, shift, and the intensity of the 2D 

band appears, rGO in the present study can be associated with fewer layers of graphene with 

some defects compared to prior art as well as the work in our laboratory [31]. AFM analysis 

would support this attribution in future work.  

4. CONCLUSIONS 

An improved Hummers method followed by optimized thermal method used in this study 

found to be viable, user friendly, eco-friendly and effective for the production of graphene 

like rGO on mass scale from naturally high-pure Sri-Lankan graphite. Under the reported 

conditions, which are easily scaled-up to industrial quantities yields r-GO of good quality 

with lower defects than reported. Modifications of the process parameters, like temperatures, 

time and heating regimes, which are the subject of subsequent studies, may certainly lead to 

higher reduced r-GO levels and fewer graphene layers.  XRD, XPS and Raman analysis 

provided useful information on defects and the oxidation degree of GO and rGO produced 

on lab scale and mass scale. The corrugated structure of the rGO could be clearly observed 

in the SEM and TEM micrographs, showing evidence for the exfoliation of graphite into 

fewer layers supposed to be five layers in average. BET surface area analysis supported the 

evidence. On conversion of graphite to GO, the d-spacing has changed from 3.33Å to 7.52 

Å, as reflected in the corresponding XRD diffractogram which is subsequently reduced back 

to 3.55 Å on reduction of GO to rGO. XPS analysis reveals presence of two times oxygen 

w.r.t carbon (O:C) in GO. Although the restoration of all most all sp2 hybridized bonds has 

not accomplished, as observed from the Raman analysis, still ca. 92% had been recovered 
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with decreasing defects.  XPS, FTIR and Raman analyses have shown that most of the 

oxygen-based functionalities inserted during the oxidation to yield GO have been 

successfully removed on thermal reduction at 1000ºC for 5 minutes and further removal is 

possible on further increasing the temperature and/or reduction time. It is concluded that 

although the graphene is not formed through the present method, graphene like rGO 

consisting lower defects than reported is done on industrial scale with acceptable quality. 
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