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Abstract

	 Attempts were made to synthesize high quality graphite oxide (GO) and reduced graphene 
oxide (rGO) by using successive oxidation-reduction process of high quality vein graphite from Sri 
Lanka. We report the lowest optimum reduction temperature for converting GO to rGO which has 
been systematically studied using X-ray diffraction spectroscope (XRD) with the high temperature 
heating attachment (HTA) for the first time. The effect of particle size of graphite on properties of 
GO and rGO is also compared using commercially available graphite of particle size of ~111 mm  
and ball-milled graphite  of particle size ~37 mm. The GO and rGO were characterized using XRD, 
UV-Visible spectroscopy, Fourier Transform Infrared spectroscopy (FTIR) and Scanning Electron 
Microscopy (SEM). The GO and rGO synthesized from ball-milled graphite showed higher oxidation 
and reduction properties as verified through the UV-Vis and FTIR analysis. The SEM analysis revealed 
that the splitting of graphene layers is efficiently taken place in GO from ball-milled graphite. The 
lowest optimum temperature for thermal reduction of GO to rGO was found to be at 475 °C. FTIR 
confirmed the removal of most of the functional groups in rGO and according to the BET surface 
area analysis few layers, supposed to be 2-6 is formed. The efficient oxidation and reduction process 
of smaller particle size graphite has led to yield highly oxidized GO and high quality rGO which can 
be used to prepare high quality graphene for future applications.

Keywords: Graphite oxide (GO), Reduced graphene oxide (rGO), Thermal-reduction,
Particle size, Synthesis, Characterization, XRD/HTA.

Introduction

	 Graphene and graphite oxide have gained 
vast popularity and become wonder materials in 
the present context of research and development1,3. 
The discovery of single-layer graphene which 
received unprecedented interest because of its two 
dimensionality and unique physical, chemical and 
electrical properties such as high intrinsic carrier 
mobility, quantum electronic transport, tunable 
band gap, high mechanical strength, elasticity, and 
superior thermal conductivity etc has paved the 
way for research in almost all disciplines in modern 
time4,7. The emerging of vast array of applications, 

such as developing of advanced materials with 
different functionalities, some advancement in 
modern electronic industry and importantly in energy 
storage devices are some of the promising areas of 
research. Moreover, graphene has been extensively 
studied for applications like sensors, composites, 
supercapacitors, transparent conductive films, 
oxide on the other hand is an intermediate product 
in the process of graphene synthesis, and it has 
been recently considered as important precursor for 
synthesis of graphene12,13. The desired properties of 
graphite oxide and reduced graphene oxide greatly 
depend on their structure, production process and 
raw materials conditions. The chemical composition 
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(purity) of the raw material, particle size, surface 
area, surface morphology, and the thermal behavior 
etc., are some of important parameters which govern 
the final properties of GO and rGO/graphene14,17. 
Initially, approaches of micromechanical cleavage 
from bulk graphite, and epitaxial growth on SiC wafer 
were proposed to synthesize graphene18,20. However, 
very low yield, hard conditions has restricted the 
production of graphene on large scale. Chemical 
exfoliation, where the graphite is converted to 
graphite oxide first and subsequently converted to 
graphene would lead to exfoliation of GO into single 
graphene or few layer graphene-oxide sheets21,22. 
Sonication or prolonged stirring, use of several 
reducing agents, electrochemical reduction, and 
solvothermal reduction have also been proposed23,30. 
The methods have their own pros and cons. With 
respect to the electrochemical reduction it may 
only be limited to vary nano area like bio-sensing, 
and complexity of the technique is also a limiting 
factor31. The issues in solvothermal reduction, such 
as solvent”GO interaction, including polar-polar 
interaction and hydrogen bonding, low reduction rate 
are some of the restrictions. Therefore, new trends 
are being focused on less hazardous and more 
economical process4. In recent times, the method 
of thermal reduction has been found to be effective 
way of producing graphene or reduced graphene 
oxide where heating remove the oxygen functional 
groups from GO surfaces32. However, the methods 
described involve higher temperatures (>500 C) and 
use of solvents which involved additional cost and 
unwanted impurities32,34. It must be stressed that one 
of the main limitations in the large-scale production 
of graphene is the lack of systematically study of 

variable factors. The main objectives of the present 
study is systematical investigation of the thermal 
reduction process of graphite oxide to reduced 
graphene oxide and identifying the impact of the 
particle size of the raw graphite on GO synthesis 
process. Sri Lanka’s graphite is said to be one of 
the world’s best quality natural graphite which has a 
larger potential for vast variety of applications. In the 
present study Sri Lankan vein graphite from Bogala 
mine with purity of about 99 % was used35. To our 
best knowledge this is the first systematical study 
on optimization of the lowest reduction temperature 
and the particle size of graphite on producing high 
quality reduced graphene oxide.

Materials and methods

Preparation of materials
	 Natural graphite was obtained from Bogala 
mine in Sri Lanka with the average particle size (d50) 
~ 111 mm. All other chemicals in the process were 
used without any further purification. Natural graphite 
powder was ball milled to prepare graphite with the 
average particle size (d50) ~ 37 mm and used to 
synthesize the graphite oxide (GO) and few layer 
reduced graphene oxide (rGO). Modified hummer 
method was adopted for the synthesis of GO22. The 
product was then ultrasonically agitated to obtain 
highly dispersed brown-yellow color graphite oxide. 
For rGO synthesis and other analysis, the GO films 
were made by depositing the GO dispersion on a 
polythene sheet and dried at around 80-90 0C for 
about 12 hours. During the investigation of optimized 
conversion temperature of GO to rGO, the XRD 
was equipped with High Temperature Attachment 

Fig. 2: XRD spectra of graphite oxide and rGO 
(as inset) synthesized from (a) ball-milled

 and (b) commercial graphite powders

Fig. 1: XRD spectra of commercial and
 ball-milled graphite
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(HTA) that can be used to study the effect of 
temperature upon thermal reduction systematically. 
The films of GO were mounted on the Pt plate and 
the temperature was varied from room temperature 
to 700 0C at steady heating rate of 5°C/min, and 
detailed scanning at difference temperature ranges 
in between. The samples were scanned in between 
the 2q range of 30 to around 1200 at the scanning 
rate of 2°/s.

Material characterization
	 X-ray diffraction analysis of graphite, 
graphite oxide, and the reduced graphene oxide 
was carried out using Rigaku Ultima IV X-ray 
Diffractometer with Cu Ka1 radiation (λ = 1.54056 
Å). Ultraviolet-visible spectra were recorded for 
aqueous solutions of graphite oxide by using 
UV-1800, SHIMADZU spectrophotometer. FTIR 
characterization was performed using the Bruker 
Tensor 27 spectrometer. The morphology and 
the surface characterization of the samples were 
investigated using a LEO 1420VP Scanning Electron 
Microscope. In this study, powders and films were 
used in the morphology analysis. In comparison 
characterization the total solid content (TSC) of each 
product of GO and rGO was maintained at the same 
value. 

Results & Discussion

	 The influence on particle size of graphite 
on formation of GO and rGO is discussed first. All 

most all the powder which is especially in micro size 
tends make agglomeration due to electrostatic forces 
between particles. This natural phenomenon is also 
common in graphite powder when the size decreases 
to micro level or below. These agglomerates are most 
often hinder to the ultimate properties. Therefore, it is 
essential to break (or disperse) these agglomerates 
in to individual particles as much as possible. The 
graphite obtained from Bogala (commercial) mine 
has an average particle size (d50) of 111 mm. The 
optimization of graphite powder dispersion has been 
investigated systematically in a separate study which 
is not discussed in detail in this study. However, two 
methods were employed in dispersion of graphite 
powder, such as ultrasonication (with and without a 
dispersion), and ball milling. Considerable influence 
on the dispersion of graphite particles has been 
observed for ball-milled graphite than that from 
ultrasonication. The particle size (d50) of ball-milled 
graphite powder for at least 3 h is about 37 mm and 
the powder with ultrasonication at least for 30 mins 
is about 53 mm. Therefore, based on the reduced 
particle size data obtained from the two methods, 
the ball milling was chosen to disperse the graphite 
powder. GO and rGO synthesized from commercial 
graphite and ball-milled graphite were compared.

Characterization of GO and rGO from commercial 
and ball-milled graphite
XRD characterization
	 Fig. 1 represents the XRD spectra obtained 
for commercial (raw) graphite with an average 
particle size (d50) of 111 mm and ball-milled 
graphite with an average particle size (d50) of 37 
mm respectively. The well-defined characteristic 

Fig. 3:L Schematic illustration of graphite 
oxide formation of hydrogen bonds 

between water and GO layers

Fig. 4: Graphite oxide (GO) synthesized in 
this study (a) as a dispersion, and 

(b) as a paper-like film
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Fig. 5: Comparison of UV-Vis absorption 
spectra of GO obtained from (a) ball-milled 

and (b) commercial graphite

Fig. 6: FTIR of GO prepared from (a)
commercial graphite and (b) ball-milled 

graphite

Fig. 7: FTIR of rGO synthesized from (a) ball-
milled (b) commercial graphite and (c) graphite

Fig. 8: SEM images of GO samples from 
commercial graphite (a, b) and from ball- 

milled graphite (c, d) with direct magnification 
of at 5K and 10K

Fig.9: XRD spectra of graphite oxide at 
different temperature of 100 oC, 200 oC,

 300 oC, 500 oC and 700 oC

sharp peak for graphite is appeared at 2q ~ 26º with 
the d-spacing (interlayer spacing) of 3.36 Å in both 

samples. The sharp XRD peaks in both indicate that 
they are highly crystalline, and there is no influence 
for crystalline nature of graphite upon the size 
reduction. The crystal size of graphite calculated 
using the Scherrer equation considering the (002) 
plane, is 37.5 nm.

	 Fig. 2 represents the XRD spectra of 
GO synthesized from ball-milled and commercial 
graphite powder. It shows high intensity peak for GO 
from ball-milled graphite than the GO synthesized 
from commercial graphite. This may attribute to 
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the fact that reduced particles size of ball-milled 
graphite has more reactions sites than that of 
larger particles of commercial graphite. Therefore, 
oxidation reactions take place more efficiently, 
leading to effective conversion of graphite to GO 
than commercial graphite. Characteristic diffraction 
peak of GO is appeared at around 2q ~ 11.40° due 
to ~7.7 Å basal spacing. It has been reported that the 
layer distance between 5.9 and 6.7 Å corresponds 
to dry nature of GO, where as the layer distance 
for the fully hydrated GO will vary up to 12 Å36. In 
addition, it has also been reported that depending 

on the conditions of oxidation, GO may contain 
variable amounts of oxygen containing functional 
groups. GO consists of hydrophilic oxygenated 
graphene sheets bearing oxygen functional groups 
on the basal planes and the edges, and removing 
water completely is not possible36,37. In one of the 
study, it shows that the layer distance (d-spacing) 
of about 8.3 Å is corresponding to an approximately 
one molecule-thick layer of water that is presumably 
hydrogen-bonded between the graphene-oxide 
sheets37. However, the recorded value in this study 
(~7.7 Å) is smaller than the previously recorded 
value in literature, which implies there are certain 
factors that can reduce the inter-planer distance of 
GO layers. It may be as a result of drying at 80-90 
0C for about 12 hours which would remove the water 
molecules in the GO layers. 

	 In fact, water molecules can hold the 
adjacent graphite oxide layers intact via hydrogen 
bonding thus greatly reduce the inter-planer distance 
of two adjacent GO layers. Fig. 3 is the schematic 
representation of the nature of GO/water interactions 
through hydrogen bonding.

	 GO formed in the present study can be 
considered as highly oxidized with various functional 
groups as shown later. The synthesized GO is 
brown in color when it gets dispersed in water, see 
fig. 4 (a). The paper-like film as shown in fig. 4 (b) Fig.10: Change of d-spacing and 2θ with 

respect to the change of temperature at RT, 
100 oC, 200 oC, 300 oC, 500 oC and 700 oC

Fig.11: XRD spectra of graphite oxide at 
different temperature of 400 oC, with the 

increment of 25 oC up to 525 oC

Fig.12: Change of d-spacing and 2θ (peak 
position) at different temperature from 400
 oC up to 525 oC with the increment of 25 oC
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was also prepared for the purpose of analysis and 
characterization.

	 In recent times, the method of thermal 
reduction has been found to be an effective way of 
producing reduced graphene oxide or graphene and 
has been considered as a green technique, because 
it involves no hazardous reductants or chemicals as 
of the chemical reduction32. Therefore, in this study 
the GO synthesized from ball-milled and commercial 
graphite were thermally reduced at the optimum 
temperature of 475 0C under in Argon for 30 min to 
obtain rGO. The XRD spectra obtained for rGO (inset 
in figure 2) clearly shows that reduction of GO to rGO 
through the disappearance of the corresponding 
peaks for GO. This conversion changes the brown 
color of GO to black. Even though, the peak 
corresponding to graphite appears at about 2θ = 26°  
is sharp and intense, the corresponding peak for rGO 
appears as a broad peak in the 2θ angles ranging 
from 23° to 28°, which has even low intensity in rGO 
synthesized from ball-milled graphite. It is a common 
feature of rGO with few layers to give a broader 
and less intense peak in the XRD spectrum38. As 
observed, there is a difference in broadness and 
sharpness in rGO, where the rGO from commercial 
graphite gives a broad peak in the region of 2θ angles 
ranging from 21° to 28° and rGO from ball-milled 
graphite gives the particular peak in the region of 2è 
angles 25° to 26.7°. The peak position and shape 
determine the proximity of crystallinity of rGO since 
the intensity can be changed with the test conditions. 
Therefore, the comparison is solely based on the 
peak position and the shape. Considerable change 
on peak position can be observed for the rGO from 

ball-milled than that from commercial graphite and 
the peak shape may have the same influence as 
a result narrow peak is observed for the rGO from 
ball-milled graphite. Reduction of particle size 
increase the surface area available for reaction, 
thus enhancing the oxidation and reduction process 
in effective manner. This phenomenon controls the 
retaining or removing of different functional groups 
such as COC, COOH, and C-OH in rGO structure 
and therefore this will lead to the difference in 
broadness, sharpness, and the diffraction angle of 
particular peak of the XRD spectrum. 

UV-Vis characterization
	 Fig. 5 shows the UV-Vis spectra obtained 
for GO prepared from commercial and the ball-milled 
graphite. The spectra exhibit a maximum absorption 
peak at the region of 225-233 nm with a shoulder 
peak at the region of 270-316 nm. However, the 
maximum absorption peak for GO from ball-milled 
graphite appears at the wavelength of ~225 nm, 
where as for GO from commercial graphite appears 
at ~229 nm respectively. As anticipated, the reduction 
of particle size inevitably increases the surface area 
of the raw graphite. Therefore, the reaction sites of 
the ball-milled graphite are increased.

	 A higher absorption was reported for ball-
milled graphite (0.306) than that of commercial 
graphite (0.245). The absorption peak at about ~229 
nm, corresponds to π-π* transition of aromatic C-C 
bonds, and the shoulder peak is due to n-π* transition 
of C=O 23. The formation of aromatic type C-C bonds 
indicates the relative abundance of C-C bonds in GO 
due to the oxidation process of graphite. In addition, 

Table 1: Change of d-spacing and 2~ (peak 
position) upon heat treatment

Reduction	 d-spacing/ 	 ~2θ
temperature/oC	 ~Å

Room Temperature	 7.4	 11.9
(RT)
100 °C	 6.3	 13.94
200 °C	 5.8	 15.27
300 °C	 4.2	 21.17
500 °C	 3.6	 24.6
700 °C	 -	 -

Table 2: Change of d-spacing and 2θ (peak 
position) at different temperature from 400
 oC up to 525 oC with the increment of 25 oC

Reduction	 d-spacing/	 ~2θ
temperature/oC	 ~Å

400 °C	 3.78	 23.51
425 °C	 3.68	 24.20
450 °C	 3.63	 24.50
475	 3.61	 25.32
500	 3.60	 26.02
525	 3.60	 26.02
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higher absorbance value relevant to shoulder peak 
reflects the frequent abundance of n-π* transition 
of the carbonyl groups. Therefore, GO from ball-
milled graphite contains comparatively high number 
of aromatic C-C groups and carbonyl bonds than 
GO from commercial graphite. Absorbance is an 
indication for the amount of aromatic C-C and C=O 
present; nevertheless the degree of conjugation can 
be expressed in terms of absorption wavelength 
where the higher wavelength values indicate that 
the conjugation of the system is well established and 
lower in energy. When comparing the wavelength 
values for GO from ball-milled graphite (225 nm) 
and commercial graphite (229 nm) it is an obvious 
fact that conjugation in GO from commercial 
graphite is better than GO from ball-milled graphite. 
The difference of the absorption wavelengths is an 
indication for the change in degree of oxidation upon 
the particle size variation of graphite. On the other 
hand the presence of higher amount of aromatic 
C-C bonds with relatively low conjugation means 
GO from ball-milled graphite contains scattered 
aromatic C-C bonds throughout the GO layers 
consequently preventing the proper conjugation and 
result in higher energy or shorter wavelengths during 
the absorption of UV. This is an evident for random 
oxidation throughout the graphite structure due to 
the reduced particle size in terms of higher surface 
area for GO from ball-milled graphite whereas GO 
from commercial graphite does not undergo such 
oxidation compared to ball-milled graphite due to 
the presence of relatively large particles. Large 
particles consequently prevent the access of oxygen 
throughout the graphite layer, instead, oxidation 
take place at the vicinity of nearby terminal carbon 
atoms. Therefore, the conjugation via double bonds 
is still feasible for GO from commercial graphite 
compared to the ball-milled graphite, since the 
aromatic C-C bonds are localized to a small area 
of graphite layers. Therefore, it would be desirable 
to reduce the particle size or increase the surface 
area, so that oxidation will take place effectively 
which ultimately responsible for the production of 
few layer graphene. 

FTIR characterization
	 Fig. 6 shows the FTIR spectra of GO 
prepared from ball-milled and commercial graphite.  
FTIR analysis provides evidence for the presence 
of oxygen containing functional groups in both 

samples, however, the peaks appeared in the 
FTIR spectrum of GO synthesized from ball-milled 
graphite are intense, than that of commercial 
graphite. As shown, fairly broad and intense peak in 
the region around ~3700 to 3000 cm-1 is responsible 
for stretching vibrations of hydroxyl group, where 
the hydroxyl groups may be from absorbed water 
molecules or phenolic OH or OH from carboxylic 
groups [39]. However, the similar peak does not 
appear intensely in the FTIR spectrum of GO from 
commercial graphite instead appeared as very broad 
and less intense peak. Since the large particles of 
commercial graphite act as a barrier for the oxidation, 
only small number of oxygen containing groups 
are retaining throughout the graphite layers. As a 
result the amount of water absorb will reduce to a 
great extent due to less polar character of GO from 
commercial graphite. Therefore, the characteristic 
OH stretching cannot be clearly seen or very weak 
in the spectrum of GO from commercial graphite. 
The two small peaks near ~2927 cm-1 and ~2868 
cm-1 can be observed in GO synthesized from 
ball-milled graphite, which are corresponding to 
the hydrogen bonded OH groups of dimeric COOH 
groups and intra-molecular bonded O-H stretching 
of alcohols respectively40. However, these bands 
are not clear enough to see in the FTIR spectrum of 
GO from commercial graphite. There is a tendency 
of being hydrogen bonded among OH groups in 
proximal vicinity, these OH groups are responsible for 
cumulative intensity of OH peak in addition to OH of 
absorbed water hence this spectral changes ensure 
the extensive oxidation of graphitic structure. The 
peak in the low frequency region close to 1603 cm”1 
in GO synthesized from ball-milled graphite and 1614 
cm”1 in GO from commercial graphite is attributable 
to O-H vibrations of water. The difference in the 
peak position for the two samples is believed due 
to the difference in the degree of hydrogen bonding 
and other interactions. Another intense band near 
~1711 cm-1 is corresponding to the C=O stretching 
vibrations of  conjugated acid especially in the form 
of dimmer appear in GO from ball-milled graphite, 
indicating that further breakage of larger particles 
would create more active sites, which are prone to 
oxidize easily41. In fact, corresponding IR absorption 
peaks for functional groups such as C-OH (1375 
cm”1), and C-O (1039 cm”1) can be clearly observed 
in GO from ball-milled graphite42.
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	 Fig. 7 shows the FTIR spectra of rGO 
with subsequent synthesis of GO from commercial 
(a) and ball-milled graphite (b). For comparison, 
the spectrum of graphite (c) is also included. As 
evident, the absence of graphite and graphite oxide 
peaks or shifting of peaks is a strong indication 
for obtaining rGO43. During the process of thermal 
reduction under inert environment these functional 
groups get reduced or eliminated, and remained as 
delaminated graphene layers. The number of oxygen 
containing functional groups is comparatively low 
in rGO synthesized from ball-milled graphite. There 
is hardly a peak or a band can be observed in the 
region of 3700-3000 cm-1 in both rGO samples, but 
very small band ranging from 3700 to 3000 cm”1 (O-H 
stretching vibration) can be observed in rGO from 
commercial graphite. As such, it can be implicated 
that the rGO thus contains very less amount of O-H 
groups, which are yet corresponding to structural 
OH groups or physically absorbed water from the 
atmosphere during the analysis or the completely 
reduced carboxylic groups to alcohols. However, 
the water absorption did not occur significantly 
due to the non-polar nature of rGO. However, the 
peak intensity of functional groups of rGO of ball-
milled is lower than that of rGO from commercial 
graphite, indicating that the reduction of GO take 
place efficiently as a result of higher surface area 
with the reduced particle size. The appearance of a 
new peak in the region of  1569-1574 cm”1 attributes 
to the skeletal vibrations from un-oxidized graphitic 
domains (aromatic regions of GO) or graphene40. 
Mineralization of oxygen functionalities in the rGO 
structure improves the conductivity of the material, 
which would be beneficial for application of energy 
storage devices.

SEM characterization
	 The microstructure of GO synthesized from 
commercial graphite and ball-milled graphite was 
observed with SEM at two magnifications of 5K and 
10K as shown fig. 8. It was observed that particle 
size reduction has significant affect on GO. As 
observed, the splitting of graphite stacks into layers is 
considerably higher in the GO from ball-milled (c & d). 
The layers within the layer are further disassembled 
and more crumpled structure is observed. This is the 
consequence of surface area (due to particle size 
reduction) that allows efficient oxidation during the 
process. 

	 The SEM images obtained for rGO from 
commercial and ball-milled graphite show a flower 
petal-like structure (or wrinkled morphology). 
Therefore, it has been found difficult to distinguish 
the difference between the two rGOs with respect 
to the size of rGO, when they are observed through 
SEM at present magnification. It was observed 
that both rGOs seem stacked in fewer layers. 
However, rGO from balled milled graphite show 
sharp edges compared with that from commercial 
graphite. The present work is limited to a preliminary 
characterization of rGO synthesized from two 
graphite sources of two particle sizes and detailed 
analysis of the structure will be done in future 
studies.

	 Optimum temperature for conversion of GO 
to rGO was systematically studied using XRD with 
the GO synthesized from ball-milled graphite. Fig. 9 
shows the thermal reduction of GO under different 
temperatures, from room temperature (RT °C) to 
300°C with 100 °C intervals in between, and 300 
°C to 700°C with 200 °C intervals in between at the 
rate of 10°C/min. Evidence of moisture absorption 
nature of graphite oxide can also be confirmed by 
considering the outcomes of this analysis as the 
diffraction angles, d-spacing and intensities are 
drastically changed with temperature. As discussed 
earlier GO at room temperature contains relatively 
fair amount of water (as moisture) among the 
inter-planar spacing which typically accounts for 
d-spacing of 7.4 Å. Removal of moisture at fairly 
high temperature affects on the gradual reduction 
of d-spacing and display this outcome in x-ray 
diffraction spectra (Fig. 9, spectrum RT & 100 oC). 
The diffraction angle (peak position) of any particular 
diffraction peak increases upon the reduction of 
d-spacing value in accordance with Bragg’s Law. This 
change can be clearly observed as the d-spacing 
of the GO at RT (7.4 Å) gradually reduced to 6.3 
Å in GO at 100 oC where the appropriate peak 
shift from 2q of 11.90° to 13.94° is observed. With 
respect to the temperature between 100 oC to 200 
oC the d-spacing reduced to 5.8 Å from 6.3 Å and 
eventually the diffraction angle shifts to 13.94° from 
11.90°. The changes occur in the shape and intensity 
of the XRD spectrum of GO from 100°C to 200 °C 
accounts for breakdown of GO structure upon the 
heat treatment. In fact, the disappearance of the 



27Manoratne et al, Mat. Sci. Res. India,  Vol. 14(1), 19-30 (2017)

particular peak responsible for GO at 2q of 11.90° 
is evidently confirm the diminution of GO structure.

	 The successive spectra (spectrum 100 
to 700 oC in fig. 9) for GO at high temperatures 
are recorded for the same sample under similar 
conditions hence variation of intensities indicate 
the material loss during the heating process. At 
the same time spectrum shape may also support 
in exemplifying the structural alternations occurred 
in GO during the heat treatment. Therefore, both 
intensity and spectrum shape can be used as 
the primary factors to explain the circumstances 
associated with the heat treatment of GO. As 
observed, in the temperature between 200 oC to 
300 oC the d-spacing reduced to 4.2 Å from 5.8 Å 
and peak position shifts to 21.17° from 15.27°. With 
further increase of temperature from 300 oC to 500 oC 
the d-spacing reduced to 3.6 Å from 4.2 Å and peak 
position shifts to 24.60° from 21.17°,and from 500 
oC to 700 oC the GO structure gets collapsed. Table 
1 below clearly shows the phenomenon of particular 
diffraction peak position that increases upon the 
reduction of d-spacing due to the temperature 
variation. 

	 The progressive mass reduction of GO 
with temperature ensures the heavy consumption 
of terminal carbons upon oxidation. The weight 
loss, where the oxygen containing functional groups 
are detached and terminal carbon atoms escaped 
from the GO structure in form of its gaseous oxides 
such as carbon dioxide (CO2) and monoxide (CO) 
may be the initiative step of the exfoliation of GO 
layers. The collapsing of GO structure and the 
progressive oxidation of carbon atoms in GO result 
in low intensity X-ray diffraction pattern with distorted 
spectrum shape as in the case of spectrum 200 
°C compared to the spectrum of RT & 100 °C. The 
corresponding XRD spectrum for the temperature 
of 200 °C clearly appeared as low intense shoulder 
peak which represents the GO and its intermediates 
throughout the process of heat treatment. The similar 
spectrum pattern can be observed at 300 °C where 
further shift of 2q suggested that GO structure is 
altered continuously upon the heating process. In 
fact, GO layers can apart from each other with rapid 
heat exchange and extensive heating may also burn 
the carbon present in GO. The weight loss in GO is 
mainly due to the reduction of number of GO layers, 

removal of oxygen containing functional groups 
and especially carbonization where the carbon get 
burned at higher temperature. This phenomenon 
can be clearly observed in the XRD spectrum at 
500 °C. The broad low intensity peak appeared 
between 2q of 22°-27.5° is responsible for few layer 
graphene, though, in most of the studies, it has been 
shown that the disappearance of corresponding 
peak for GO at 2q of 11.90° and appearance of 
corresponding characteristic peak for graphene at 
2q of ~26°  were dominantly observed44,45. However, 
the rGO synthesized during this study with this 
optimum temperature shows the corresponding 2q 
position at around ~25°, which is closer to the typical 
2q value for graphite and graphene. Further, it has 
been observed that the thermal treatment of GO 
above the temperature of 400 °C forms the rGO of 
few layers, and this conversion is clearly observable 
in X-ray diffraction pattern at each temperature in 
between 400 to 520°C. However, above 600 °C 
there is no residual carbon remained due to the 
complete burning of carbon. Therefore, it is hard 
to observe any characteristic peak for any form of 
carbon in XRD pattern recorded at 700 °C. It was 
noticeable that rGO is formed in the temperature 
range of 300 oC to 500 oC. Therefore, in order to 
ascertain the exact temperature or the temperature 
range, the study was further extended in different 
temperature variations. The XRD spectra obtained 
for the temperatures of 300 oC, 400 oC, and 500 oC 
clearly showed that the corresponding 2q  value 
for rGO was appearing typically in the region of 
400 oC and 500 oC. For example, the peaks for 300 
oC and 400 oC are broader and less intense and 
almost appearing at 2q range of ~ 20 o and ~28o, 
the given peak positions are 23.67 o and 23.51 

o respectively, and the corresponding d-spacing 
remained almost unchanged, the values are 3.76 Å 
and 3.78 Å. However, the peak at the temperature 
of 500 oC appears at 2q  range of  ~ 25o and 26o, 
the given peak position is at about 26.02 o and the 
d-spacing of 3.6 Å, i.e. typical value for graphene, 
see table 2. Therefore, further screening of optimum 
temperature or the temperature range at which the 
GO converts to rGO was extended by narrowing 
down the particular temperature range into small 
intervals. Fig. 10 below clearly shows the change of 
d-spacing and corresponding 2q at each temperature 
from RT to 700 oC. From RT to 150 °C, the GO 
structure still remain, whereas from 150 °C to 400 
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oC the intermediate form of GO can be observed. 
Typical rGO formation occurred in the region of 400 
to 520 °C.

Since no considerable change is XRD from 300°C 
to 400°C, the range 400°C to 500°C was taken for 
detail analysis. According to the XRD spectra and 
the d-spacing and the 2q peak as shown in fig. 
11 and the table 2, it was evident that beyond the 
temperature of 425 oC, there is a change in both 
d-spacing and 2q, where d-spacing is around ~3.68 
Å and diffraction angle around ~24.20o respectively. 
This was further enhanced when the temperature 
is increased to 450 oC, where the d-spacing is 
around ~3.63 Å and the corresponding 2q position 
around ~24.50o. Above this temperature (450 oC) 
the d-spacing shows slight reduction and remained 
almost the same value of 3.60 Å with the 2q value 
of ~26o which is the typical 2q value for graphene. 
And the peaks are broader and less intense than 
the peaks for lower temperatures, below 475 oC, 
indicating that the crystalline structure is in nano 
scale. During this study it has been found that the 
optimum temperature for rGO synthesis by thermal 
reduction under inert atmospheric condition falls 
in the region of ~450-500 oC, however, optimum 
temperature range for rGO synthesis under these 
conditions would be around ~475-500 oC, see table 
2 and fig. 12 for further clarification. The broader 
and low intense peak corresponding to the rGO 
appears at 2q value of ~25o, and the corresponding 
d-spacing is around ~3.60 Å. The crystalline size 
of the rGO as calculated from the plane of (002) is 
around 1.56 nm. 

Synthesizing of single graphene sheets is not 
practically viable especially from chemical ways, 
the fact that it will yield few layers thick graphene 
layers. The specific surface area of single graphene 
sheets is as high as ~2620 m2 g”1 38,46. In the present 
study, the BET surface analysis revealed the specific 
surface areas of GO and rGO synthesized during 
the optimized process are 337 m2g-1 and 403 m2g-1 

respectively. Therefore, it can be conferred that the 
rGO synthesized from ball-milled graphite would 
have ~ 2-6 layers, suggesting that the rGO synthesis 
process is optimized. However, as revealed by the 
SEM analysis of GO and then rGO shows that the 
exfoliation of graphite layers is promoted in ball-
milled or particle size reduced graphite than the 
use of bulk graphite. Therefore, BET surface area 
analysis can be used as a supportive tool to observe 
the exfoliation of graphite. This low temperature 
thermal reduction is cost effective and process 
is simple with respect to other thermal reduction 
found in the literature, where higher temperatures, 
like 1050 °C are used, and they also claim that the 
maintain of these conditions (rapid reduction) are 
not easy46,48.

Conclusions

	 Raw materials properties such as particle 
size of the graphite powder greatly affect the 
properties of GO and rGO. The GO synthesized 
from reduced particle size of graphite showed 
efficient conversion of graphite to GO and GO to 
rGO through XRD, UV-Vis, FTIR and SEM. The 
thermal reduction temperature of GO to rGO was 
systematically optimized in the present study, and 
it was revealed that the optimum temperature for 
preparation of rGO is ~ 475 oC and the surface area 
measurements revealed that rGO formed is 2-6 
layers. The results showed that oxidation process 
has been effectively taken place with smaller particle 
size. Thus the resultant rGO with less functional 
groups as confirmed by FTIR analysis which will 
be beneficial for future applications. The present 
systematical study on particle size and reduction 
temperature of GO will be useful when concern novel 
applications of graphene based materials. 
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