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ABSTRACT  
 

Taking into account the advantages of graphene synthesis by γ-irradiation such as environment 
-friendly, the absence of toxicity, temperature independent and low cost; the reduction of graphene 
oxide (GO) by γ-irradiation to obtain graphene has been investigated. Radiation reduced graphene 
oxide samples (RRGOs) with different reduction degree were obtained by dissolving GO in 
ethanol/water mixture and directly irradiated by three different doses. Also, chemically reduced 
graphene oxide sample (CRGO) was prepared for comparison. X-Ray diffraction (XRD), Fourier 
transforms infrared spectroscopy (FTIR), and Thermogravimetric analysis (TGA) techniques were 
used to reduction verification. It was found that the reduction degree of RRGOs dependent on the 
absorbed dose. Also, the electrical conductivity of RRGOs was reliant on irradiation dose and reached 
comparable value to CRGO. Furthermore, RRGOs have improved thermal stability compared to 
CRGO in a definite temperature spans. 
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Introduction 
 

       Compared to other carbon allotropes, wonderful features of graphene made it one of best 
promising materials. It’s beneficial in various applications such as transparent conductive films 
(Junbo et al., 2010), Energy storage devices (Xuan et al., 2008), solar cells (Hsu et al., 2012), Li -ion 
batteries (Donghai et al., 2009) and supercapacitors  (Meryl et al., 2008). 

Various synthetic methods have been reported for graphene production such as mechanical 
exfoliation (Yuanbo et al., 2005), epitaxial growth (Walt et al., 2007), and chemical vapor deposition 
(Alfonso et al., 2009). Though a very high- quality graphene produced from these methods, it’s not 
suitable for large or industrial production. 

Reduction of graphene oxide (GO) is a common manner for large scale graphene production. 
There are numerous reduction methods such as thermal (Dongxing et al., 2009), solvothermal 
(Hailiang et al., 2009) and electrochemical methods (Yuyan et al., 2010); but the chemical reduction 
is the most common method for reduction of graphene oxide. All of these methods have many 
disadvantages such as high temperature required, explosive and toxicity of chemically reducing agents 
that harmful to the environment as well as high cost needed (Ding et al., 2011; Chen et al., 2011). To 
solve these problems; recently γ- rays is used to GO reduction (Bowu et al., 2012; Leila et al., 2015). 
Reduction of GO by γ-irradiation is based on radiolysis of water into oxidative and reductive radicals 
where GO should be dispersed in aqueous solution (Helen, 1998). To remove oxidative radicals and γ-
ray induced reduction, it was reported that oxygen-free (de-oxygenation) and alcohol adding are 
mandatory. Where alcohol role is scavenging oxidative radicals whereas de-oxygenation is removing 
dissolved oxygen (Bowu et al., 2012). In another study, reduced graphene oxide was obtained by low 
absorbed dose rate of a gamma ray. GO was dispersed in the solution of ethanol /water (50:50) and 
de-oxygenation by nitrogen bubbling was also performed before irradiation (Leila et al., 2015). 

  The present study investigate a new trial for reduction of GO based on γ-irradiation, without de-
oxygenation. In this concern, GO was dispersed in water / ethanol mixture and directly irradiated by 
three different doses of γ-rays. Also, chemically reduced graphene oxide sample was prepared 
carefully for comparison studies. 
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Experimental 
  
Materials 
 

      Graphite fine powder (<50μ m) was purchased from Merk chemicals company, Germany. 
Hydrazine hydrate was purchased from Sigma-Aldrich Company, USA. Ethanol (96%) was purchased 
from El Nasr pharmaceutical chemicals company, Egypt.  

 
Preparation of Radiation Reduced Graphene Oxide Samples (RRGOs)  
 

GO was prepared from graphite based on improved Hummer’s method discussed somewhere 
else (Daniela et al., 2010). RRGOs were prepared as follows: 200 mg of GO was dispersed in 200 ml 
of water /ethanol mixture (50 v/v %)  using the ultrasonic bath for 45 min then irradiated at room 
temperature with γ -rays from a 60Co source. The total absorbed doses were 20, 40 and 80 kGy; the 
dose rate was 2 kGy h−1. After irradiation, the color of GO dispersion was turned from yellow to 
black. The obtained product was filtrated, washed and oven-dried overnight. 

 
Preparation of Chemically Reduced GO Sample (CRGO) 
 

CRGO was prepared as follows: GO solution was produced by adding 300 mg of graphene 
oxide into 100 ml of distilled water under mechanical stirring then 0.3 ml of hydrazine was added to 
the solution. Then the mixture was heated in an oil bath at 80oC with continuous stirring for 24 h. 
Finally, the produced CRGO was filtrated, washed and oven-dried overnight. 

 
Characterization techniques 
 

 The chemical structure of samples was investigated using Fourier Transform Infrared 
Spectroscopy FT-IR (Shimadzu Prestige-21 Spectrophotometer) in the 4000-500 cm-1 range. X-ray 
diffraction analysis (XRD) was performed on an X-ray diffractometer (Shimadzu X-Lab) with a Cu-
K radiation source (=1.54Å) in the range of 4–90o, the interlayer distance was calculated based on 
Bragg’s law. Raman spectroscopy was performed by Witec alpha 300 R confocal Raman microscopes 
with 532 nm laser excitation source. Transmission electron microscopy (TEM) was carried out using a 
JEOL, JEM-100Cx microscope operated at 120 kV. 

The conductivity of compressed powder pellets of samples was measured by Keithley 6514 
electrical measurement system. The thermal stability was measured using a Thermogravimetric 
analyzer (TGA, Shimadzu–50) between ambient temperature and 700˚C at a heating rate of 5˚C min−1 
under a nitrogen atmosphere. 
 
Results and discussion 
  

Figure (1) shows FTIR spectra for Graphite, GO, CRGO and RRGOs prepared at different 
doses. There are no observed bands in Graphite while in GO, a strong broad band around 3400 cm-1 
attributed to the O-H stretching vibrations of water and C-OH groups was observed. Strong bands 
observed at 1735 and 1620 cm-1 corresponding to stretching vibrations of carbonyl C=O and aromatic 
C=C respectively (Xiangbo et al., 2010). Epoxide C-O stretching vibrations observed at nearly 1210 
and 1030 cm-1. These bands refer to a very high content of oxygen functional groups held in GO 
during oxidation. 

For RRGOs, intensities of GO bands were dramatically decreased with an increase in the 
absorbed dose; indicate removing of oxygen functional groups and efficient reduction of GO by γ- 
irradiation (Choi et al., 2010). FTIR Spectra of RRGOs at 40, 80 kGy are very similar indicate nearby 
reduction degree.  

The X-Ray diffraction (XRD) technique provides essential information about structural changes 
in GO during the reduction process. Figure (2) shows XRD for Graphite, GO, CRGO and RRGOs 
prepared at different doses. A basal reflection (002) Graphite peak at 2θ =26.32° represents stacked 
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carbon atoms arranged in a honeycomb structure. By oxidation, Graphite peak shifted to a lower angle 
at 8.5° corresponding to a larger interlayer spacing which ascribed to water and oxygen functional 
groups held in GO ( Buchsteiner et al., 2006). 

For RRGOs, sharp peak of GO disappeared with an increase in irradiation dose. Where at 20 
kGy, GO peak shifted to 10.6 o with decreased intensity and two a new peaks appeared at 13.9 and 
22.7 o corresponding to an interlayer spacing 6.35 and 3.9 Å respectively, indicate GO still containing 
oxygen –functional groups or partially reduced. 

 

 
Fig. 1: FTIR spectra for Graphite (a) GO (b) and RRGOs prepared at different absorbed doses of 20 (c)   40(d) 

and 80 KGy (e) compared to CRGO (f). 

 
Only broad peak at 23o and 23.1o was observed in RRGOs at absorbed doses 40 and 80 kGy, 

corresponding to interlayer distance of 3.86 and 3.83 Å, respectively. These interlayer distance values 
are very similar to that of Graphite and CRGO, which indicate elimination of most of oxygen species 
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by increasing absorbed dose (Bowu et al., 2012) as well as approximate reduction level of RRGO at 
40 and 80 kGy. These results were consistent with FTIR data. 

The interlayer distance of CRGO is slightly higher than that of the RRGOs at 40 and 80 kGy 
which indicate few residual oxygen functional groups held in RRGOs and slightly increased reduction 
degree of CRGO. The small peak at 2θ = 42.3° in RRGOs and CRGO samples corresponding to an 
interlayer spacing of 2.12 Å, could be due to the turbostratic band of disordered carbon.( Zhiwei et al., 
2010).  

 

 
Fig. 2: XRD pattern of Graphite (a) - GO (b) - RRGOs prepared at different absorbed doses of 20 (c) 40(d) and 

80 KGy (e) compared to CRGO (f). 
 

Structural changes in GO during γ-irradiation were further investigated by Raman 
spectroscopy. As shown in Fig. (3), Raman spectra for GO shows two characteristic bands; first is D 
band at 1350 cm−1 refers to the presence of sp3 defects, edge planes and disordered structures. The 
second one is G band at 1580 cm−1, corresponding to first-order scattering of the E2g mode for sp2 

domains (Ferrari et al., 2006). Raman spectra for RRGOs and CRGO also contain G and D bands, but 
the D band was red-shifted to 1340 cm−1. 

The degree of order across graphitic plans of sample scan can be indicated by The Tuinstra–
Koenig relation (Tuinstra et al., 1970) which is the ratio of the intensity of D band to G band 
(ID/IG).As presented in Fig (3) and compared to GO, ID/IG of the RRGOs was gradually increased 
with an increase in the dose up to 1.25 at 80KGy; this increase was higher than that of the CRGO. 
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This demonstrates that γ- irradiation process in alcohol/water alters the structure of GO with massive 
defects (In et al., 2010), which can be interpreted by the greater formation of new smaller sp2- 
hybridized domains during irradiation (Stankovich et al., 2007).  

 

 
Fig. 3: Raman spectra for GO (a) and RRGOs prepared at different absorbed doses of 20 (b) 40(c) and 80 KGy 

(d) compared to CRGO (e) 

 
The morphology of GO, RRGOs, and CRGO was studied by TEM. GO has smooth and flat 

sheets as shown in the figure 4 (a) (Guoxiu et al., 2009). For RRGOs, wrinkles in GO sheets were 
observed upon irradiation by 20 KGy as shown in figure 4 (b). RRGO prepared at 80 KGy showed a 
typical crumpled morphology very similar to that of CRGO as shown in figure 4 (c, d), respectively. 
These topological defects in the RRGOs and CRGO resulted from the multiplicity of chemical carbon 
bonding in a single carbon layer or a few carbon layers generated during irradiation and chemical 
reduction (Peng et al., 2011). 

Table (1) illustrates the calculated electrical conductivity () for GO, CRGO and RRGOs 
prepared at different absorbed dose. The poor conductivity of GO could be manifested by its lack of 
an extended π-conjugated orbital system. The electrical conductivity of RRGOs was increased by an 
increase in absorbed dose to approximate values at 40 and 80KGy. The increasing conductivity value 
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of RRGOs compared to GO ascribed to the restoring of the conjugated sp2-hybridized carbon during 
irradiation reduction (Dayanand et al., 2013). The slightly higher conductivity of CRGO compared to 
RRGOs, could be due to increased reduction level of CRGO confirmed previously by XRD as well as 
increased defects level in RRGOs as illustrated previously by Raman spectra, where defects act as 
scattering sites and constrain charge transport by limiting the electron mean free path and decreasing 
conductivity (Hwang et al., 2007).  

  

Fig. 4: TEM of GO (a) and RRGOs prepared absorbed doses of 20 (b) and 80 KGy (c) compared to CRGO (d) 

 Table 1: Calculated electrical conductivity for different samples 
Sample Conductivity (S/m) 

GO 5.04E-05 
RRGO-20KGy 1.59E-03 
RRGO-40KGy 1.68E-01 
RRGO-80 KGy 1.75E-01 

CRGO 1.92E-01 

The TGA curves of Graphite, GO, CRGO and RRGOs prepared at different absorbed dose are 
given in Figure (3.5). TGA curve of Graphite shows a single major mass loss at 600 oC due to the 
pyrolysis of the carbon skeleton (Neil et al., 2009). 

The TGA curve of GO shows four distinct temperature spans. First one from ambient 
temperature to ~150°C (20%) ,where the weight loss is due to loosely bounded or adsorbed water and 
gas molecules; the second one 150 – 250 °C (~23%) is caused by the decomposition of labile oxygen 
groups (such as carboxylic, anhydride, or lactone groups). The third temperatures span 250-550 °C 
(~20%), due to the presence of more thermally-stable oxygen functionalities, while fourth one 600-
700 ◦C due to the bulk pyrolysis of the carbon skeleton (Jeong et al., 2009).  
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On the other hand, TGA curves of RRGOs show that the two main temperature spans 150-250 
and 250-550 ◦C dropped more slowly with an increase in the absorbed dose. Moreover, it can be 
confirmed that the RRGOs prepared at 40 and 80 KGy have more thermal stability than CRGO in 
these temperature spans, indicating a more effective removal of thermally-labile oxygen species by γ-
irradiation reduction compared to chemical reduction (Stankovich et al., 2007; Jianfeng et al., 2010); 
this result is very similar to that previously reported (Chan et al., 2014). 

The increased remaining weight of CRRO was greater than RRGOs could be due to slightly 
increased reduction degree of CRGO noticed previously by XRD.  

The thermal stability was additionally confirmed by determining activation energies of the 
thermal decomposition of samples by applying the Horowitz–Metzger method (Horowitz, 1963) 
according to the equation: 

   �� ��� �
�����

����
�� =

���

���
�  …………………………………………..………………………..(2) 

Where:  
m0, m, and mf: the initial mass, mass at time t, final mass, respectively, 
Ea: the activation energy, R: gas constant, Ts: the reference temperature, which is at the inflection point 
of the corresponding TGA curves and =T- Ts. 

Calculated Ea and Ts were scheduled in a Table (2). It’s clear that high activation energy of 
Graphite dramatically decreased in GO due to weakening the Vander Waals interaction upon 
oxidation process. The activation energy of RRGOs was increased dependent on irradiation dose to a 
greater value than CRGO, which also confirm the efficient removal of thermally-labile oxygen groups 
by γ-irradiation. 

 
Table 2: Calculated activation energy for different samples 

Sample Graphite GO   RRGO (20 
KGy) 

RRGO 
(40 KGy) 

RRGO 
(80 KGy) 

CRGO 

TS (K) 953 691 787 859 882 835 
Activation energy 

 (KJ mole -1) 
271.8 3.96 

 
81.8 

 
  122.7 129.3 86.9 

 

 

 
Fig. 5: TGA curves for different samples 
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 Conclusion 
 

  GO dissolved in water /ethanol without de-oxygenation has been successfully reduced by γ-
irradiation which means oxygen free is not necessary for γ-irradiation reduction as reported earlier 
(Bowu et al., 2012). FTIR, XRD, and TGA confirmed the reduction process and revealed that the 
reduction degree was dependent on the absorbed dose. Crumpled morphology of RRGOs and CRGO 
compared to a smooth morphology of GO also showed by TEM. 

 Radiation reduction led to increased ratio of defects in RRGOs compared to CRGO which 
explained by the formation of new smaller sp2- hybrid domains during irradiation. The electrical 
conductivity of RRGOs was increased with an increase in absorbed dose up to 0.175 (S/m) compared 
to 0.192 (S/m) for CRGO. TGA curves show that the thermal stability of RRGOs prepared at 40 and 
80 KGy was higher than CRGO in temperature span 150- 550oC  corresponding to  a higher 
calculated activation energy, this behavior explained by effective removal of thermally-labile oxygen 
species during γ - irradiation. 
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