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Radiation induced reduction of Graphene Oxide: a dose effect 
study 
Souad Abou Zeid, a Selma Bencherif,b Rasta Ghasemi,c Rituporn Gogoi,a,d Yamina Chouli,a Matthieu 
Gervais,e Diana Dragoe,f Jalal Ghilane,b Prem Felix Siril d and Samy Remita *a,g 

In this paper, we present a novel approach for the preparation of reduced Graphene oxide (rGO) through the radiolytical 
reduction of commercial Graphene Oxide (GO). The method is a highly efficient and environmentally friendly compared to 
other synthetic routes. We conducted a detailed study on the influence of absorbed doses during the synthesis process. The 
reduction process for the production of rGO is induced by the radiolysis of water at ambient temperature and pressure, 
confirmed by several sophisticated techniques. Our results demonstrate the efficiency of the radiolytical process compared 
to conventional methods of GO reduction. The C/O ratio increased from 3.3 (GO) to 11.2 (rGO), surpassing other reduction 
methods. Additionally, the ratio of intensities of D and G bands (ID/IG) increased for rGO due to an increase in order by 
reduction, implying the restoration of p-conjugation. Furthermore, the thermal stability of GO improved upon irradiation. 
Electrochemical measurements finally showed that our rGO exhibited a specific capacitance of 229.3 F g-1, indicating its high 
potential as a candidate for energy storage applications. 

R

1. Introduction

Pristine graphene (G), hailed as a transformative material of the 
21st century, is distinguishable by its exceptional properties like 
mechanical strength, thermal and electrical conductivity, 
intriguing optical properties and more.1,2 Such characteristics 
equip graphene for a wide array of applications, ranging from 
energy storage 3  and field-effect transistors 4 to biomedical 
utilities 5, sensor technology,6 coatings,7 optical devices,8 
catalysis,9 and so on. Despite graphene’s potential, the 

production of graphene sheets on a large scale and at an 
affordable cost remains a challenge, posing a barrier to its use 
in modern engineering and technology.10 Initially isolated by 
mechanical exfoliation, this technique is not viable for mass 
production.11 As researchers globally seek methods suitable for 
the scalable synthesis of graphene, various strategies have been 
explored such as epitaxial growth,12 vapor deposition,13 and 
liquid-phase exfoliation14. Despite the low quality of the 
produced graphene, reducing graphene oxide (GO) is a 
commonly employed technique for producing graphene, which 
is particularly useful for large-scale operations.15 This process 
involves two main steps: the oxidation of pristine graphite into 
GO, and the subsequent reduction of GO into reduced graphene 
oxide (rGO). Although numerous reduction methods exist, 
including chemical,16,17 thermal,18,19 and electrochemical,20 
each comes with its own limitations, ranging from compromises 
in graphene's quality to environmental concerns associated 
with hazardous by products and energy-intensive processes.21 
For example, the chemical reduction process is highly scalable 
but can lead to unpredictable properties unlike pristine 
graphene.22 The thermal heating of GO produces rGO with 
relatively better quality, although the process requires high 
reaction temperature and can damage the structure of the 
prepared rGO through the evolution of environmentally hostile 
gases like CO and CO2, along with a substantial quantity of 
weight loss (30%).21 Some of the challenges, mainly chemical 
purity, can be overcome via the electrochemical reduction 
process, which is also limited to large-scale production of rGO.23 
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Unfortunately, the complete reduction of GO, essential for 
restoring the pristine properties of graphene, is complicated by 
residual oxygenated functional groups, such as carboxyl 
functionalities (located at the edges), epoxide groups (bridging 
oxygen atoms), hydroxyl groups (located in the basal plane), 
carbonyl, and organosulfate groups (as sulfur impurity), which 
impair the material's quality.24  
Against this backdrop, a new horizon in graphene reduction has 
emerged: radiation-induced synthesis. This approach marries 
the economic and practical advantages of chemical methods 
with the high-purity output characteristic of physical 
techniques. To date, however, only a handful of studies have 
employed this approach, with UV light,25 plasma,26 xenon 
flash,27 electron beams,28 infrared (IR) photothermal 
reduction,29 and Gamma (𝛾)-Rays,30 cited as radiation (ionizing 
and nonionizing) sources. 𝛾-ray irradiation, a high-frequency 
electromagnetic radiation stemming from nuclear decay, has 
proven advantageous in sterilization and materials processing 
thanks to its ability to operate without physical contact and its 
precision.31  Over the last two decades, employing 𝛾-rays has 
shown considerable promise in synthesizing colloidal metal 
nanoparticles, bimetallic clusters, conducting polymers and 
composites.32–35 Notably, this process promotes the formation 
of uniform reducing agents and remains effective regardless of 
the presence of light-absorbing substances, also presenting an 
economical alternative to chemical and CVD methods.34 γ-ray 
irradiation, especially in the synthesis of rGO from GO, achieves 
reduction at room temperature and negates the need for 
external reducing agents, thus highlighting its scalability and 
environmental benefits.36  GO, typically suspended in water or 
water-alcohol mixtures, is subjected to gamma rays that induce 
the radiolysis of water,37 producing both oxidative and 
reductive species that can facilitate the reduction process, 
particularly in presence of alcohols that serve as radical 
scavengers, eliminating oxidative HO• and transforming it into 
reductive radicals.38–40 Researchers have widely adopted this 
technique for synthesizing graphene and graphene-based 
materials, leading to a variety of applications. For the first time, 
Zhang et al.  have reported the reduction of GO in a 

water/alcohol system using a dose rate of 0.88 kGy h−1 and a 
total absorbed dose of 35.3 kGy.41 Furthermore, various 
materials, including 3D graphene aerogels,30 rGO/Ni 
nanocomposites,42 3D graphene/Pt aerogel composites,43 TiO2-
decorated rGO,44 rGO/carbon nanotube composites,45 
rGO/organic inhibitor composites,46 and composites of noble 
metal nanoparticles,47 have been successfully synthesized using 
γ-ray irradiation. Additionally, GO has been effectively reduced 
in N,N-dimethylformamide (DMF) through high absorbed doses 
of γ-rays.36,48 
It is important to acknowledge that the outcomes of gamma 
irradiation are subject to various influencing factors, including 
the irradiation conditions, the nature of the material under 
irradiation, and the specific medium utilized.41,48–50 Notably, the 
dose rate plays a significant role in shaping the resulting product 
features.51 For instance, an absorbed dose of 100 kGy has been 
observed to enhance the graphitization and surface properties 
of multi-walled carbon nanotubes (MWCNTs). However, higher 
doses may lead to structural damage, potentially resulting in the 
formation of diamond-like structures and carbon oxides.50 
Moreover, the effect of γ-irradiation at a dose rate of 3 kGy h−1 
and an absorbed dose of 60–150 kGy on graphene with few 
layers has been investigated.49 
Importantly, the present study aims to elucidate the γ-
irradiation induced synthesis of rGO through the reduction of 
GO in water, using a dose rate of 3.3 kGy h−1 for a total absorbed 
dose ranging from 1 to 50 kGy, as illustrated in Figure 1. Our 
particular focus lies in determining for the first time in literature 
the radiolytic yield (G-value) of rGO. To the best of our 
knowledge, this investigation represents one of the 
comprehensive reports delineating the detailed impact of 
absorbed dose in the γ-irradiation-induced reduction of GO, 
particularly in an aqueous medium recognized for its benign 
nature. In addition, as it will be demonstrated, the radiolytically 
produced rGO not only shows promise for supercapacitor 
applications but also demonstrates excellent compatibility with 
a broad range of solvents, underscoring its potential for the 
same various applications suitable for graphene use, like 
composite materials, conductive inks, sensors and more. 
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2. Materials and methods
2.1 Materials and reagents 

Aqueous dispersion of graphene oxide (GO, 4 mg mL-1) and 
potassium hydroxide (KOH, ≥85%) were purchased from Sigma-
Aldrich. Ethylene glycol was obtained from EMPLURA®, and 
cyclohexane (C6H12, ≥99.5%) was sourced from VWR Chemicals. 
All organic solvents were procured from Sigma-Aldrich: 
isopropanol (IPA) (C3H8O, ≥95%), tert-Butanol (t-BuOH) (C4H10O, 
≥95%), N,N-Dimethylformamide (DMF, ≥99%), diethyl 
carbonate (DEC, 99%), dimethyl sulfoxide (DMSO, ≥99.7%), 
toluene (C6H5CH3, 99.8%), anhydrous 1,4-dioxane (C4H8O2, 
99.8%), tetrahydrofuran (THF, ≥99.9%), isopropyl alcohol (IPA, 
99.5%), 1-chloropentane (C5H11Cl, 99%), anhydrous 
dichloromethane (DCM, ≥99.8%), n-butylamine (C4H11N, ≥99%), 
cyclohexanone (C6H10O, 99.8%), hexadecane (C16H34, ≥99%), 
acetylacetone (C5H8O2, ≥99.9%), acetone (C3H6O, ≥99.5%), and 
ethanol (C2H5OH, 98%). Nitrogen (N2) gas with 99.99% purity 
was obtained from Air Liquid Co. The Nafion® D-520 dispersion 
(5% w/w in water and 1-propanol, ≥1.00 meq g-1 exchange 
capacity) was purchased from Alfa Aesar. Deionized water (DI) 
with a Millipore system producing 18.2 Ω cm-1 was used as the 
solvent for all the experiments unless otherwise specified. The 
chemicals were utilized as received without further purification 
prior to the experiments. 

2.2 Irradiation source 

The irradiation source used in the study was a 60Co γ-source 
with a strength of 3000 Curie (Ci), located at Institut de Chimie 
Physique, in Paris-Saclay university. The γ-source is securely 
stored in a lead jar and is raised mechanically for irradiation 
under operator control. 
During the irradiation process, all glass vials containing aqueous 
solutions were positioned on a plate at fixed locations. The 
intensity of the irradiation was quantified by the absorbed dose 
(D), which measures the amount of energy deposited in the 
irradiated solution (in this case, aqueous solutions). This unit is 
expressed in grays (Gy), where 1 Gray is equivalent to one joule 
absorbed per kilogram of irradiated material (1 J kg-1 or 1 J L-1 
for diluted aqueous solutions).52 Additionally, the amount of 
energy deposited per unit of time is known as the dose rate (Gy 
h-1).
The dose rates, ranging from 0,21 to 4,27 kGy h-1, at different
positions depend on the distance between the sample and the
source and are determined by Fricke’s dosimetry.53

2.3 Solution preparation 

The commercial GO suspension was thoroughly shaken prior to 
use, and then left undisturbed for 5 hours to ensure no 
sedimentation before irradiation. 
A modified approach, based on established literature 
procedures, was employed for the synthesis of rGO.54 In a 
detailed account of the procedure, starting from commercial 
GO suspension, an aqueous solution with a concentration of  0.2 
g L-1 of GO was prepared within a transparent glass vial (40 mL, 
3 cm × 8 cm). This GO suspension was then further added with 

0.2 mol L-1 isopropanol (IPA) or alternatively with 0.2 mol L-1 
tert-Butanol. To eliminate the presence of dissolved oxygen 
that could potentially inhibit the reduction process, the GO 
solution was subjected to a degassing process with N2 gas for 20 
minutes. Subsequently, the degassed solution was exposed to 
gamma irradiation emanating from the previously described 
60Co γ-source. The absorbed dose ranged from 0 to 50 kGy at a 
dose rate of 3.33 kGy h-1, performed under standard conditions 
of ambient temperature and atmospheric pressure.  

2.4 Solution irradiation and GO reduction 

The process of water radiolysis involves the dissociation of 
water molecules by ionizing radiation, leading to the production 
of various reactive (oxidizing and reducing) species. These 
include hydrated electrons (e!"# ), hydroxyl radicals (HO•), 
hydrogen atoms (H•), hydroperoxyl radicals (HO2•), hydronium 
ions (H3O+), hydroxide anions (HO−), hydrogen peroxide (H2O2), 
and molecular hydrogen (H2), as depicted in equation 
(1):37,39,55,56 

H2O  e!"# ,HO•, H•, HO2•, H3O+, HO−, H2O2, H2 Eq.1 

Nevertheless, at neutral pH, the radiolysis of water 
predominantly yields the species portrayed by equation (2):57  

H2O  e!"# , HO•, H•, H3O+, HO−, H2O2, H2 Eq.2 

The radiolytic yields (quantifying the amounts of molecules or 
free radicals generated or lost per 1 Joule of deposited energy) 
are established for different species resulting from water 
radiolysis at neutral pH: G(HO•) = 2.8 × 10-7 mol J-1, G(H•) = 0.6 
× 10-7 mol J-1, and G(e!"# ) = 2.8 × 10-7 mol J-1 for HO•, H•, and e!"# , 
respectively. These reactive species initiate chemical 
transformations in the irradiated system. Notably, e!"# 		and H• 
are potent reducers, with standard reduction potentials 
E° (H2O/e!"# ) = -2.9 VNHE and E° (H+/H•) = -2.3 VNHE, 
respectively.37,55,57 Conversely, HO• radicals are strong oxidants 
with a standard redox potential E°(HO•/H2O) = +2.7 VNHE. 
Furthermore, the concentration of a reactive species produced 
by water (density (d)= 1 kg L-1) radiolysis, C (mol L-1), can be 
expressed as a function of the absorbed dose, D(Gy) and its 
radiolytic yield, G (mol J-1) by using equation (3): 

C (mol L-1) = D (Gy) × G (mol J-1) × d (kg L-1) Eq.3 

Conversely, the initial yield of disappearance of a solute upon 
radiolysis can be easily deduced from this equation by 
measuring the variation of its initial concentration as a function 
of the absorbed dose. Moreover, by using this equation, the 
required dose for the total consumption of a solute can also be 
calculated knowing its yield of disappearance. 

When γ-irradiation is employed for the reduction of GO, it is 
crucial to selectively generate reducing species while 
minimizing the formation of oxidizers. For this purpose, added 



IPA acts as a scavenger of HO• and H• radicals, converting them 
into the isopropanol radical ((CH3)2C•OH) through reactions (4) 
and (5): 

(CH3)2CHOH + HO•    
												
$⎯⎯&   (CH3)2C•OH + H2O Eq.4 

(CH3)2CHOH + H•    
												
$⎯⎯&   (CH3)2C•OH + H2 Eq.5 

Isopropanol radicals are strong reducing agents with a standard 
potential of E° ((CH3)2CHOH/ (CH3)2C•OH) = -1.8 VNHE at neutral 
pH.58,59  
In summary, radiolysis of water in the presence of isopropanol 
under N2 yields two potential reducing species e#!" with G(e#!") 
= 2.8 × 10-7 mol J-1 and (CH3)2C•OH with G((CH3)2C•OH= G(HO•) 
+ G(H•)= 3.4 × 10-7 mol J-1.60 Together, these species should
enable the efficient reduction of GO in aqueous medium into
reduced graphene oxide, rGO.

2.5 Characterization of rGO 

Following irradiation, rGO products were isolated via 
centrifugation at 7000 rpm for 15 minutes. To complete the 
process, rGO products were transferred to a hot-air oven, set at 
a temperature of 100°C, where they were left overnight to 
ensure thorough drying and the attainment of the final solid 
rGO products. Solutions (after and before irradiation) as well as 
dried solid products were then both characterized by 
complementary techniques. 
UV-visible absorption spectra of the solutions were collected 
using an Agilent/HP 8453 UV-Vis spectrophotometer with a 
quartz cell featuring an optical path length of 2 mm. The 
absorption spectra were acquired in the optical range of 200-
1200 nm with reference to DI water.  
Fourier transform infrared (FTIR) spectra of the solid samples 
were recorded on a Bruker Vertex 70 spectrometer. The 
powdered samples were placed on a diamond crystal attached 
ATR plate (Pike MIRacle™ crystal plate diamond/ZnSe) and 
scanned in the range of 4000-600 cm-1 using a mercury 
cadmium telluride (MCT) detector integrated with a cooling 
system (liquid nitrogen).  
Raman spectra of the solid samples were recorded by LabRAM 
HR800 (HORIBA Scientific, Jobin-Yvon) using a λ= 532 nm laser 
set at a power of 1 mW. This was carried out with a 100X 
objective lens and 0.9 NA.  
X-Ray Photoelectron Spectroscopy (XPS) analysis of the solid
samples was conducted on a Thermo Fisher Scientific K-Alpha
instrument with a base pressure of about 5 x 10-9 mbar. It was
equipped with an Al Kα monochromatic X-ray source (h𝜈=
1486.6 eV) using the 400 µm spot size. The hemispherical
analyzer was operated in CAE (Constant Analyzer Energy) mode,
with a pass energy of 200 eV and an energy step of 1 eV for the
acquisition of wide-scan spectra, and a pass energy of 50 eV and
a step of 0.1 eV for the acquisition of narrow spectra. The
spectra obtained were processed using the Avantage software.
A Shirley type background subtraction was used and the peak
areas were normalized using the Scofield sensitivity factors. The
peaks were analyzed using mixed Gaussian-Lorentzian curves
(70% of Gaussian character).

The binding energies were calibrated against the Csp3 binding 
energy set a 284.8 eV. The precision in binding energy is ± 0.2 
eV.  
The morphology of the dried solid samples was examined using 
scanning electron microscopy (SEM, HITACHI S3400N, Ltd., 
Tokyo, Japan) and transmission electron microscopy 
(Microscope JEM-2100 Plus, 200 kV, JEOL Ltd., Tokyo, Japan).  
The thermal stability and composition analysis of the solid 
samples were performed on a thermogravimetric analyzer using 
TGA Q500 (TA instruments, USA) under an oxygen flow rate of 
60 mL min-1.  A weight ranging from 1 to 5 mg of the sample 
were analyzed. The analysis was carried out using a High 
resolution mode (Resolution   number of 4 and sensitivity value 
of 1) and the temperature ranged from 22°C to 900°C at an 
initial heating ramp of 10°C min-1.   
Cyclic voltammetry (CV) measurements were carried out using 
a potentiostatic (MetrOhm Autolab, Netherlands). The 
electrochemical experiments were conducted using a 
conventional three-electrode cell setup, featuring an Ag/AgCl 
reference electrode, a platinum counter electrode, and a glassy 
carbon (GC) working electrode with a diameter of 3 mm and a 
surface area of 0.07 cm2. Prior to use, the working electrodes 
underwent polishing with SiC-paper and thorough rinsing with 
ultrapure water. Subsequently, the samples were prepared by 
combining 180 µL of each irradiated or non-irradiated aqueous 
solution (GO or rGO) with 20 µL of Nafion as a binder. A 10 µL 
aliquot of the prepared samples was drop-casted onto the GC 
working electrode and allowed to dry gradually under ambient 
conditions. The electrochemical measurements were executed 
in a 1 M KOH aqueous electrolyte, encompassing a voltage 
range from -0.2 V to +0.6 V at various scan rates. 

2.6 Solubilization tests of rGO 

The solubility of rGO powders prepared at 50 kGy (rGO-50 kGy) 
and dried after centrifugation was systematically evaluated in 
eighteen different solvents. Each test involved the preparation 
of rGO suspensions at a concentration of 0.2 g L-1. 
Subsequently, the mixtures underwent thorough dispersion 
using an ultrasonic bath for 2 hours at room temperature. The 
resulting dispersions were subjected to centrifugation at 4200 
rpm for 10 minutes to assess the extent of solubility in the 
various solvents. 

3. Results and discussions
3.1 Radiation induced synthesis of rGO 

In the conducted experiments, a 0.2 g L-1 aqueous suspension of 
GO was irradiated with a γ-source at varying doses from 0 to 50 
kGy, in the presence of 0.2 mol L-1 IPA. Initial visual analysis 
provided substantial information on the reduction process of 
GO, as influenced by radiation dose, as can be seen in Figure 2a. 
The GO suspension presented before irradiation a brownish-
yellow color which gradually shifted at lower absorbed doses to 
an opaque black as the dose increased, aligning with findings 
reported in the literature.61 A notable change in the 
suspension's appearance was observed at the threshold dose of 



6 kGy, marking the stage where the previously homogeneous 
solution began to form less dense, black hydrophobic 
agglomerates on the surface of each sample. This behavior is 
significant, as GO sheets feature oxygen-containing groups such 
as epoxy, carboxyl, and hydroxyl, which make them hydrophilic 
through hydrogen bonding and ensure their stable dispersion in 
water. The radiation-induced reduction of GO should have led 
to the loss of these groups, fostering hydrophobic interactions 
primarily via aromatic rings, resulting in the observed 
agglomeration. These black agglomerates, which should reflect 
the presence of reduced graphene oxide (rGO), further 
solidified into sediments at the bottom of the containers with 
increasing absorbed dose, leaving a supernatant enriched with 
unreduced GO. Moreover, centrifugation of the irradiated 
samples yielded a distinct transition in the obtained solid 
products: from thin layers at doses up to 3 kGy to bulkier flakes 
at higher doses, particularly after 15 kGy, as illustrated in Figure 
2b. Smartphone-based imaging was utilized for capturing the 
varied visual states of rGO across different absorbed doses, 
providing a clear representation of the changes occurring in the 
physical attributes and morphology of the rGO attributable to 
the extent of irradiation and its interaction with the GO 
material's structure. 

3.2 UV-Vis characterization 

UV-visible absorption spectroscopy provided insights 
complementing our visual observations, as demonstrated in 
Figure 3a. Two key absorption bands were discerned in the 
spectrum of GO before irradiation: a broad band around 230 nm 
and another at approximately 295 nm. The 230 nm absorption 
band is attributed to π→π* transitions within aromatic C=C 
bonds, indicative of the graphitic structure, and the 295 nm 
band corresponds to n→π* transitions characteristic of 
carbonyl C=O groups.62,63 Following radiolytic reduction, a red-
shift to higher wavelengths was observed in the π→π* 
absorption band, up to 35 nm from 6 kGy, suggesting the 
transition in carbon hybridization in GO from a sp3 hybridized 
state, attached to oxygen, to a sp2 hybridized configuration, 
thereby regaining the π-conjugation within the GO structure as 
previously documented.64  

Above certain radiolytic doses, the spectral profile stabilized, 
suggesting a saturation point in the GO reduction process, as 
illustrated in Figure 3b. Quantitative analysis determined that a 
minimum dose of about 6 kGy is necessary to achieve this 
effect. This threshold was inferred through an exponential 
fitting approach where the point of convergence between 
tangent and asymptotic lines on the absorption curve was 
identified. 
A progressive decline in the intensity of the carbonyl absorption 
band at 295 nm was observed concurrently with the red shift, 
reaffirming rGO reduction process. This decay in C=O band 
intensity was systematically related to absorbed dose, 
elucidating a thorough alteration of carbonyl functionalities as 
evidenced in Figure 3c. From the exponential fitting of this 
decay (first-order decay) and by using equation (3), one can 
deduce the initial yield of consumption of carbonyl groups, 
which can be in first approximation related to the initial yield of 
radiation induced reduction of GO (Gred).  
To provide more detail, the initial reduction yield of graphene 
(Gred) was defined as follows: 

G%&' =
1
d,
d	[GO]
d	D 1

( Eq.6 

where [GO] represents GO concentration, D the absorbed dose 
and d the solution density (1 kg/L).  
Subsequently, we engaged the Beer-Lambert’s law to compute 
G!"#: 

G%&' =
1

ε)*+ × l × d
,
d	A)*+
d	D 1

(

Eq.7 

where ε)*+ is the molar extinction coefficient at 295 nm, l is the path 
length (0.2 cm) and 6'	,!"#

'	-
7
(

 is the initial slope of the absorbance at 

295 nm versus the absorbed dose as deduced from Figure 3c. 

Using Beer-Lambert's law, we found ε)*+	to be 23.3 g-1 L mol-1 
cm-1 (Figure S1 in ESI). As a consequence, according to equation
(7), GO reduction yield was found to be: Gred = 3.3 × 10-5 g J-1.
This value, never evaluated in literature but recorded here for
the first time, was found independent of the initial GO



concentration (for 0.1, 1, and 2 g L-1 in GO) (results not 
presented in the present paper). One can then wonder whether 
both e#!" and (CH3)2C•OH are involved in GO reduction. 
However, direct comparison of GO reduction yield (Gred= 3.3 × 
10-5 g J-1) with the yields of production of reducing species
(G(e#!") = 2.8 × 10-7 mol J-1 and G((CH3)2C•OH)= 3.4 × 10-7 mol J-1

or eventually with the maximal yield of reduction (Gredmax =
G(e#!") + G((CH3)2C•OH) = 6.2×10-7 mol J-1) is unfeasible due to
the lack of precise molar mass for GO.
Nevertheless, with the aim to ascertain the involvement of
isopropanol radicals ((CH3)2C•OH) in GO reduction mechanism,
similar irradiation experiments were conducted using tert-
butanol (t-BuOH) instead of isopropanol under analogous
conditions (ESI, Figures S2 and S3). The results, pertaining to
UV-visible spectra, suggested a more pronounced GO reduction
in the presence of IPA, which was attributed to an increase in π-

conjugation and the nigh disappearance of the n→π* transition 
corresponding to C=O groups. The absorbed dose which is 
necessary for the reduction of 0.2 g L-1 in GO in presence of t-
BuOH was found to be 11 kGy, notably higher than the 6 kGy 
required in presence of IPA, underscoring the superior reducing 
capability of IPA radicals over t-BuOH radicals.  
The difference between IPA radical and t-BuOH radical 
reactivities, was quantitatively supported by the reduction yield 
of GO found in the presence of t-BuOH: 1.9 × 10-5 g J-1, which is 
approximately 1.7 times lower than the yield found in the 
presence of IPA (3.3 × 10-5 g J-1). This ratio is not far from that 
obtained by dividing Gredmax (= G(e!"# ) + G((CH3)2C•OH)) by 
G(e!"# ), which amounts to 2.2. This implies that in presence of t-
BuOH only e!"#  react on GO, while in presence of IPA, in addition 
to e!"# , most of isopropanol radicals also reduce GO into rGO. 
3.3 Raman spectroscopy analysis 



In this study, Raman spectroscopy, a non-destructive 
analytical tool commonly used to investigate carbon-
related materials, was deployed to confirm the 
reduction of the samples and evaluate structural 
changes in the commercial GO following radiolytic 
reduction under ambient conditions.65 The analysis of main 
Raman peaks, including D, G, 2D and D+D’, plays a crucial role 
in understanding the structural characteristics of the 
graphene material. Additionally, the relative intensity 
ratio ID/IG is highlighted as an important parameter, with an 
increase in ID/IG reflecting a reduction in the oxidation level. 
The D band is related to defects or lattice disorder 
due to oxygen-functional group binding.66 The G band, on 
the other hand, corresponds to sp2 hybridized carbon-
based material.66 The 2D band is the second order of the D 
band. Just like the D band, the D + D' band is associated with 
the number of defects and disorder.67  The prominence of D 
and G bands in graphene-based materials generally reflects 
the disorder level associated with sp3 defects, edge 
imperfections, or amorphous carbon residuals, wherein 
alterations in their relative intensities in Raman spectra 
can manifest the extent of GO reduction.68,69 It is noted in the 
literature that the ID/IG ratio used for identifying GO and rGO 
in Raman spectroscopy falls within wide ranges of 0.67–1.4 
and 0.91–1.9,70–72 respectively (see also Table 1), 
presenting a challenge for the comparison of 
graphene materials. This variability is attributed to factors 
such as laser wavelength, intensity, and the 
approach of single point measurement spectra, all of 
which could introduce additional uncertainty in the ID/IG 
peak intensity ratio.72,73 
Figure 4a displays the Raman spectrum of non-irradiated GO 
(black plot) as well as the spectra of irradiated GO solutions. 
Non-irradiated GO spectrum highlights the four distinguishable 
bands: D, G, 2D, and D+D’ located at vibrational frequencies of 
1353 cm-1, 1601 cm-1, 2694 cm-1, and 2935 cm-1, respectively. 
An observed downshift by 11 cm-1 and 7 cm-1 in the D and G 
bands of GO, respectively, with increasing absorbed doses 
from 0 to 6 kGy, is indicative of strain induced in the graphene 
sheets during the reduction process,74 confirming the 
successful reduction of 0.2g L-1 of GO starting from 6 kGy. The 
subsequent analysis of radiolytically rGO in Figure 4b reveals 
notable changes, particularly an increase in the ID/IG ratio 
from 0.99 to 1.40 with increasing absorbed dose from 0 to 50 
kGy. This rise indicates that radiation-induced reduction alters 
the structure of GO, resulting in the generation of defects and 
a higher degree of recovery of sp2 domains in rGO. These 
findings are consistent with previous documented results,75,76 
supporting the efficient restoration of π-conjugation in rGO 
following radiolytic reduction. Moreover, the higher ID/IG 
ratios of rGO at high absorbed doses compared to those 
obtained by other reduction methods may be attributed to 
the extensive formation of new smaller sp2-hybridized 
domains induced by γ-ray irradiation.  A noteworthy finding 
was that the 2D and D+D’ bands exhibited no significant 
alterations pre- and post- γ-irradiation, indicating that the 
structural multiplicity of reduced graphene remains 
unaffected, contrary to the patterns observable in self 
assembled rGO layers,77 which will be further discussed in the 
electron microscopy section. 

 Table 1. Comparison of the ID/IG ratios of GO and rGO obtained using different 
reduction methods reported in the literature and using our radiolytic method. 

3.4 ATR-FTIR spectroscopy analysis 

Reduction Method ID/IG  for 
GO 

ID/IG  for 
rGO 

Reference 

Chemical  

0.89 
0.91 
0.97 
1.10 

1.68 
1.20 
1.40 
1.30 

16

75

76

78

Thermal  
1.36 
1.05 

1.87 
1.03 

79

17

Electron beam 1.05 1.23 17

Gamma irradiation 

1.05 
1.03 
1.02 
0.70 
0.91 
0.99 

1.21 
1.53 
1.24 
0.83 
1.21 
1.40 

17

41

50

49

48

Our study 



The ATR-FTIR analysis serves as a critical tool in elucidating the 
presence of oxygen functional groups in graphene oxide (GO), 
which is crucial for validating the radiolytical reduction process 
in our samples. 
As illustrated in Figure 5, the ATR-FTIR spectral analysis depicts 
the characteristic oxygen-containing functionalities associated 
with sp3-hybridized carbon in GO sheets. A broad transmittance 
band ranging approximately from 3700 to 3000 cm-1 highlights 
the presence of hydroxyl and carboxylic groups (-OH). 
Additionally, vibrational signatures at 1718 cm-1 (C=O), 1440 cm-

1 (C-OH), 1224.8 cm-1 and 1057 cm-1 (C-O) delineate the various 
oxygenated-functionalities on GO, such as carboxylic, hydroxyl, 
and epoxy groups.80,81 Peaks observed at 2940, 1620, and 1410 
cm-1 can be ascribed to C-H stretching, C=C stretching, and
C-H bending modes respectively, confirming the analytical 
purity of the commercial GO suspension before γ-irradiation. 
Upon exposure to γ-rays, the FTIR spectra exhibited significant 
changes, particularly in the attenuated intensities of peaks 
linked to oxygenated groups (e.g., C=O, C-O, and C-O-C), with a 
pronounced disappearance after a 6 kGy absorbed dose. 
However, the C=C band intensity remained largely unaffected 
even at the maximum applied dose (50 kGy), clearly denoting 
sp2 hybridization restoration within the graphene sheet through 
radiolysis of the aqueous GO suspension, culminating in the 
synthesis of rGO. It is important to note that the residual -OH 
stretching mode persisted across all rGO samples, irrespective 
of the radiation dose, confirming the remaining of hydroxyl 
groups even after a high-dose radiolytic treatment.82

3.5 XPS analysis 

The confirmation of rGO formation was further solidified 
through XPS analysis, with the results depicted in Figures 6 a-f. 
Notably, the survey spectrum showcased in Figure 6a, 
confirmed rGO's high purity, displaying only the characteristic 
C1s and O1s peaks. This absence of additional peaks 
categorically excludes impurities, addressing potential concerns 
regarding extrinsic element contamination, which is notably 
prevalent in various chemical reduction processes described in 
previous studie.83,84 Prior to reduction, the spectrum for GO is 
defined by a pronounced O1s peak, indicative of abundant 
oxygen-containing groups. After subjecting GO to γ-irradiation, 
a discernible diminution of the O1s peak, proportional to 
radiation dosage, was observed in the rGO sample, strongly 
suggesting the effective removal of oxygen functional groups 
during the reduction process. 
The calculated C/O ratio in terms of relative atomic percentages 
was found to be 3.3 and 11.1 for GO and rGO, respectively, 
indicating the highly effective deoxygenation of GO through our 
radiolytic reduction methodology as compared to other 
methods (Table.2). The evolution of the C/O ratio is depicted in 
Figure 6b, illustrating a significant increase with increasing 
absorbed dose from 0 to 50 kGy. Notably, the point of 
intersection between the tangent line drawn on the 
exponentially fitted curve and the asymptote confirms that the 
theoretical absorbed dose for the radiolytic reduction of GO 
is 

about 6 kGy. These results are in strong agreement with the 
findings discussed earlier. 
The C1s core-level XPS spectra of non-irradiated GO as well as 
the spectra of irradiated GO (irradiated at 6 and 50 kGy) are 
portrayed in Figure 6c and further deconvoluted in Figures 6 d-
f, respectively. The C1s XPS spectra of GO (Figure 6d) exhibited 
a peak at 284.8 eV corresponding to C-C bonds of carbon atoms 
in a conjugated honeycomb lattice, alongside three distinct 
peaks centered at 286.8 eV, 287.2 eV, and 288.6 eV, attributable 
to single or double bonds in aromatic rings, i.e. C-O (epoxy and 
alkoxy), C=O, and O-C=O groups, respectively, which are 
consistent with the previous reports.41,85 
Transitioning through radiolytic reduction, a noticeable 
attenuation of oxygen-related peaks was observed, (Figures 6 c-
f), emphasizing the eradication of oxygen functional groups in 
rGO during γ-ray irradiation. However, residual functional 
groups at the edges of GO sheets remained at an absorbed dose 
of 50 kGy. 
Complementarily, the strengthened C=C bond peak at 284.6 eV 
and the emergence of the π-π* shake-up peak with progressive 
doses reflect the reconstitution of the sp2 carbon lattice, a 
finding that echoes previously established literature41 and 
reaffirms our earlier discussions. Moreover, the left peak 
assigned to the C-C bond was shifted to a lower binding energy 
by approximately 0.2 eV, further confirming the transition to 
C=C characteristics, as shown in Figure 6c. The peak at 284.6 eV, 
dominated by sp3 carbon, remains prevalent throughout the 
carbon skeleton. The XPS analysis effectively validates the 
transition from GO to rGO, emphasizing the removal of oxygen-
containing functional groups and the restoration of the sp2 
carbon network, providing crucial insights into the chemical and 
structural transformations during the radiolytic reduction 
process.86 

Table 2. Comparison of the C/O ratios of GO and rGO obtained using different 
reduction methods reported in the literature and using our radiolytic method. 

Reduction Method 
C/O ratio  

for GO 
C/O ratio 
for rGO 

Reference 

Chemical 

2.0 
2.4 
2.2 
2.3 
1.6 

9.5 
7.1 
5.9 
9.1 
3.0 

16

87

83

84

17

Thermal 
2.3 
2.4 
1.6 

5.1 
6.5 
6.2 

19

18

17

Electron beam 1.6 5.4 17

Hydrothermal 1.6 7.9 88

Gamma irradiation 

1.1 
2.9 
2.6 
1.6 
3.3 

10.1 
6.5 
5.0 
4.1 

11.1 

41

49

48

17

Our study 
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 3.6 Structural and morphological characterizations 

In the pursuit of comprehensive characterization, SEM and EDX 
were employed to respectively study the variation in 
morphology and in elemental composition of the samples with 
increasing the absorbed dose. 
Figure 7a exhibits distinctive features of a typical wrinkled 
structure and folded flat surfaces of GO, indicative of its thin 
and smooth layering.89 Upon performing radiolysis, the layers 
became more discernible, with a reduction in oxygenated 
functional groups becoming apparent, particularly notable at 6 
kGy, where the features displayed smaller dimensions and 
folded wrinkles. This effect was further accentuated at the 
maximal absorbed dose of 50 kGy, as illustrated in Figure 7a, 
resulting in a highly disordered, aggregated, and fully inflated 
structure in the carbon skeleton90,91, consistent with the Raman 
data. This transformation aligns with the removal of oxygenated 
functional groups, leading to a reduction in the distance 
between layers of the GO and the subsequent self-assembly of 
graphene layers. The aggregation of rGO at higher absorbed 
doses may be attributed to factors such as reduced solubility, 
interlayer interactions, covalent bond formation, morphological 
changes induced by radiation, and the formation of byproducts. 
These elements lead to the observed aggregation, contrasting 
with the typical structure of non-irradiated GO.  

SEM micrographs in the ESI, Figure S4, further support this 
visual progression with additional evidence of structural 
changes. 
Furthermore, to substantiate these findings, TEM images of the 
aqueous suspensions were examined, confirming the thin-
layered structures of both GO and reduced graphene oxide 
(rGO), as depicted in Figure S5, in agreement with prior 
studies.92,93 To affirm the chemical compositions and purity of 
rGO, EDX was carried out over various locations of the different 
irradiated and non-irradiated samples. The spectra revealed the 
presence of both carbon and oxygen elements within the 
graphene sheet. By evaluating the C/O ratio, the extent of 
reduction was quantified. The calculated C/O ratio increased 
from 3.3 for non-irradiated GO to 11.2 for rGO obtained at the 
highest absorbed dose (50 kGy), as depicted in Figure 7b. These 
results are in excellent agreement with the XPS findings detailed 
in the previous section. This significant increase in C/O ratio (3.4 
times higher in case of rGO) highlights the effective 
aromatization in the graphene sheet together with the 
consumption of oxygenated functionalities initially present in 
GO through radiolytic processes. It is worth noting that to the 
best of our knowledge, this C/O ratio surpasses those achieved 
through other reduction methods as proposed in the existing 
literature.16–18  

 6 kGy 50 kGy 0 kGy 



3.7 Thermogravimetric analysis (TGA) 

Given the success of the radiolytic route in synthesizing rGO, it 
became imperative to investigate the thermal stability of the 
obtained materials. TGA not only serves as a potent tool for 
examining the thermal stability of various samples but also for 
validating the efficiency of reduction processes. 94 
The mass loss of non-irradiated GO (depicted in black, 0 kGy) 
and those of irradiated samples (represented in green, 6 kGy, 
and violet, 50 kGy) were plotted against temperature, as 
depicted in Figure 8.  
The TGA plot of GO unveils three distinct stages of weight loss. 
Initially, in the first stage, the elimination of low-boiling 
solvents, including moisture, occurred below 100°C. 
Subsequently, at mid-range temperatures, mass loss was 
attributed to the decomposition of oxygenated groups such as 
epoxy, hydroxyl, carboxyl, anhydride, or lactone groups, in 
agreement with reported literature.95 The final stage of mass 
loss (400 - 600°C) corresponds to the final decomposition of the 
carbon skeleton.  
Consistent observations were made for the samples irradiated 
at 6 kGy and 50 kGy. Significantly, the radiation-induced 
synthesis of rGO demonstrated superior thermal stability of rGO 
as compared to that of GO. Indeed, in case of non-irradiated GO, 
a weight loss of 27% was observed in the temperature range of 
160-280°C. This weight loss decreased to 15% and 10% in case
of rGO prepared upon 6 kGy and 50 kGy irradiation,
respectively. This substantial increase in thermal stability
highlights the successful synthesis of rGO via radiolytic
reduction of GO, corroborating existing literature.95

3.8 Cyclic voltammetry (CV) analysis 

As demonstrated in our work, radiolytic reduction of GO has led 
to enhanced aromatization and, by inference, should have 
improved electrical conductivity of graphene-based materials. 
Keen to delve into the intrinsic electrochemical characteristics 
of our materials, we engaged CV experiments to detail their 
capacitive responses. 
Using a three-electrode cell immersed in 1 M KOH aqueous 
electrolyte, we recorded the cyclic voltammograms of 
irradiated and non-irradiated samples, over a series of scan 
rates from 10 to 100 mV s-1. The potential window was carefully 
selected from 0 to 0.8 V (referenced to Ag/AgCl) to preclude any 
faradaic processes throughout the experiments.  
The obtained cyclic voltammograms, represented in Figures 9 
a-c, show a direct proportionality of the current intensity to the
scan rate, indicating a behavior consistent with capacitive
currents. Notably, rGO synthesized at higher absorbed doses,
particularly from 6 to 50 kGy, exhibited nearly rectangular cyclic
voltammograms at a scan rate of 100 mV s-1, a stark contrast to
non-irradiated GO and a characteristic indicative of ideal
supercapacitive behavior (Figure 9d).

To quantify this performance, we calculated the specific 
capacitance (C) of the materials from the CV curves using the 
general equation: 

𝐶 =	
∫ 𝑖𝑑𝑉.!
.$

∆V ×𝑚 × 𝑣
Eq.8 

Here, C represents the specific capacitance in F g-1, "i" signifies 
the positive/negative scan current (A), "V" denotes the 
corresponding voltage (V), ∆V represents the potential window 
in volts, "m" indicates the active material mass in grams, and "	𝑣 
" is the scan rate in mV s-1. 

The rGOs materials prepared at 6 kGy and 50 kGy demonstrated 
specific capacitances of 124 F g-1 and 229 F g-1 at 100 mV s-1, 
respectively, very much higher than that obtained in case of 
non-irradiated GO, which amounted to only 15 F g-1 at the same 
scan rate (Figure 9 e). This clearly demonstrates that the rGO 
synthesized using our radiolytic method can achieve a specific 
capacitance up to fifteen times greater than that of GO before 
irradiation. It is well-known that the capacitance performance 
of carbon materials is heavily reliant on their specific surface 
area and pore size. In this context, structural defects and 
surface chemistry, including the nature and amount of oxygen 
groups, play a crucial role in improving the capacitive 
performance of carbon materials.96 Defects, heteroatom 
doping, and residual oxygen alter the electro-neutrality of 
graphene, facilitating easy access of ions and electrolytes to the 
electrode. This, in turn, leads to increased pseudocapacitance, 
high charge storage capacity, and rapid charge-discharge rates. 
In comparison to literature, rGO obtained through chemical 
reduction with hydrazine hydrate illustrated a specific 
capacitance of 135 F g-1 in 5.5 M KOH 97 and 49.9 F g-1 in 1.5 M 
KOH 98. Similarly, reductions with hydrobromic acid resulted in 
capacitances of 348 F g-1 and 158 F g-1 in 1M H2SO4 and BMIPF6, 
respectively,99 while using ascorbic acid produced values of 
137.4 F g-1 at 10 mV s-1 and 41.3 F g-1 at 100 mV s-1, in 6 M 
KOH.100 Electrochemically reduced GO and flame-reduced GO 
showcased capacitances of 223.6 F g-1 (at 5 mV s-1 in 1M H2SO4), 
101 and 212 F g-1 (in 2 M KOH),102 respectively. Hydrothermally 
reduced GO and thermally exfoliated rGO both presented lower 
specific capacitances of 139 F g-1 (in 1 M KOH)103 and 117 F g-1

(in H2SO4) 104, correspondingly.  
The variability in the obtained capacitance values agrees with 
the understanding that the method of GO reduction influences 
factors such as morphology, oxygen functional group 
concentration, and the presence of defects and impurities 
within the rGO sheets. Additionally, the choice of electrolyte 
significantly impacts specific capacitance measurements, as 
observed in comparison between aqueous (acidic or alkaline) 
and organic electrolytes, KOH being often favored due to its 
non-toxicity, cost-effectiveness, and excellent conductivity.105 
Parameters such as electrolyte concentration and scan rate 
further modulate specific capacitance values.98  
In light of this analysis, our radiolytically prepared rGO emerges 
as an exceptional candidate for supercapacitor applications, 
demonstrating outstanding specific capacitance when 
benchmarked against reported values in the field. 





3.9 Solubility of rGO 

Though numerous materials have demonstrated superior 
properties at the lab scale, their limited solubility often hinders 
their practical and industrial applications.106 rGO is also affected 
by this limitation due to its hydrophobic nature caused by 
aromaticity and scarcity of hydrophilic functional groups. It is 
thus imperative to mention that rGO prepared by radiolysis 
exhibited exceptional solubility without the use of harsh 
conditions.  
A comprehensive assessment involving eighteen different 
solvents (Figure 10) was conducted to showcase this notable 
property. Specifically, rGO prepared with 50 kGy-irradiation 
underwent bath-sonication at room temperature for 2 hours 
and was then left undisturbed to observe the extent of 
sedimentation. The results revealed the excellent solubility of 
rGO in DMF (see Figure.S6 in the ESI), even after 10 minutes of 
centrifugation at 4200 rpm, while also demonstrating notable 
stability in environmentally benign solvents such as ethanol. 
Conversely, poor solubility was observed in aqueous systems, 
possibly attributable to the mismatch in surface tension 
between the rGO layers and water. The enhanced solubility in 
DMF can be ascribed to the solvent’s high polarity, surface 
tension, cohesive energies, and solvation effect on the rGO 
sheets.107 It is crucial to acknowledge that while some solvents 
may share similarities in polarity with DMF or ethanol, their 
unique solvating abilities and cohesive energies could impact 
the dispersibility of rGO.  

The dispersibility of rGO in various solvents is primarily 
determined by the surface functionalities of the rGO and 
Hansen parameters of the solvents.107 The presence of polar 
hydroxyl groups and residual oxygen functional groups at the 
edges of GO sheets, confirmed by FTIR and XPS data, facilitates 
intermolecular hydrogen bonding with polar solvents, 
attributing to the enhanced solubility in DMF. 
Sonication is widely employed for dispersing rGO into solvents, 
predominantly by creating shear stresses and cavitation, 
although extreme conditions have been reported to enable 
dispersion into poor, low boiling point solvents, albeit with 
longer sonication times (48 h). However, prolonged sonication 
times are generally undesired as they can reduce sheet size and 
introduce defects that undermine rGO's properties.108 
The critical role of surface tension in solvent selection for 
graphene and its derivatives cannot be overstated.109 The 
presence of oxygen-containing groups in GO results in higher 
surface energy compared to rGO, where the loss of surface 
polarity increases its hydrophobicity.  
Wettability and contact angle measurements have estimated 
the surface energies of GO and rGO to be approximately 62 mN 
m-1 and 46 mN m-1, respectively.110 Solvents with surface
tensions similar to these values are the most effective for
dispersing GO and rGO.
Further provisional examinations are necessary to verify and
explore these findings.
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Conclusion 
Addressing the need for eco-friendlier and safer rGO production 
methods, our study harnessed the power of gamma 
irradiation to reduce commercial GO in an eco-friendly 
aqueous medium under standard conditions. The 
process initiates the homogeneous formation of rGO 
in aqueous solution by generating reducing radicals. We 
delved into the impact of absorbed dose on GO reduction 
in deoxygenated aqueous solutions containing isopropanol 
or tert-butanol, establishing the radiolytic yield of GO 
reduction as independent of the initial GO concentration but 
dependent on the used alcohol.  The reduction yield of GO 
in the presence of isopropanol was found to be 3.3 × 10-5 g J-1, 
approximately 1.7 times higher than the yield observed in the 
presence of tert-butanol (1.9 × 10-5 g J-1). This insight is 
particularly valuable for predicting the necessary absorbed 
dose for a given amount of GO, with a noticeably lower 
absorbed dose required for IPA compared to t-BuOH. 
Crucially, the reduction process underwent 
comprehensive scrutiny utilizing advanced instruments and 
remarkably, it does not necessitate any external agents apart 
from the radiation source.  
The gamma rays effectively reduced 0.2 g L-1 of GO across a 
spectrum of 6 kGy to 50 kGy, each exhibiting unique efficacies. 
The suite of characterization techniques 
implemented, including UV-Vis spectroscopy, Raman 
spectroscopy, ATR-FTIR spectroscopy, XPS, EDX, and TGA, 
verified the effective elimination of most oxygen-
containing groups and the re-establishment of the sp2 
carbon lattice indicative of rGO. 

Markedly, the rGO synthesized at an absorbed dose of 50 kGy 
showed superior qualities in comparison to both rGO from this 
study at lower dosages and those produced through other 
methodologies, namely: 

a. A considerably high C/O ratio exceeding 11,
b. Pristine purity levels,
c. An ID/IG ratio of 1.4,
d. A substantial specific capacitance reaching 229 F g-1,
e. Notable thermal stability,
f. And outstanding solubility in DMF.

These encouraging outcomes demonstrate that gamma 
irradiation stands as a promising, clean, and efficient alternative 
for fabricating rGO, making it exceptionally suitable for 
applications like supercapacitors and thermoresistors. 
Our team remains committed to the advancement of 
nanocomposites based on rGO, envisioning the broad 
adaptation of the radiolytic approach, which could revolutionize 
multiple industrial sectors. 
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