Ó Indian Academy of Sciences

Bull Mater Sci
(2020) 43:233
https://doi.org/10.1007/s12034-020-02177-5

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Preliminary study of linearity response of c-irradiated graphene
oxide as a novel dosimeter using the Raman spectroscopy
NESA EBRAHIMI1, MOHAMMAD AMIN HOSSEINI2 and SHAHRYAR MALEKIE3,*
1

Department of Nuclear Engineering, Islamic Azad University, Arsanjan Branch, Arsanjan, Iran
Ionizing and Non-Ionizing Radiation Protection Research Center (INIRPRC), Shiraz University of Medical Sciences,
Shiraz, Iran
3
Radiation Application Research School, Nuclear Science and Technology Research Institute, PO Box 31485-498, Karaj,
Iran
*Author for correspondence (smaleki@aeoi.org.ir)
2

MS received 12 January 2020; accepted 23 May 2020
Abstract. In this experimental study, graphene oxide (GO) nanopowder was prepared and irradiated by the 60Co c-rays
in different absorbed doses of 0, 10, 30, 50, 80, 100, 120 and 150 kGy at dose rate of 1.62 Gy s-1 at room temperature.
Field emission scanning electron microscope and high-resolution transmission electron microscopy analyses were used to
investigate structural defects in GO material. Then, using Raman spectroscopy, the ratio of ID/IG related to D- and
G-bands in the wavenumbers of 1350 and 1586 cm-1 was, respectively, measured in terms of absorbed dose to determine
the dose–response of GO material. The results showed that the dose–response of c-irradiated samples at the dose range of
0–50 kGy was linear. There was a decline in dose–response after 100 kGy due to graphitization of carbon nanostructure
material or annealing the defects in the sample. The results of this study showed that the linearity response of c-irradiated
GO as a novel passive dosimeter is suitable for the dosimetry of c-rays at the radiation processing level.
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Introduction

Carbon nanostructured materials (CNMs) due to high
mechanical properties, especially high melting point, can
be used as an ionizing radiation dosimeter to record the
absorbed dose in the harsh radiation fields like nuclear
reactors. Also, CNMs via incorporation into polymeric
matrices can form ultra-lightweight nanocomposites with
extraordinary electrical, thermal and mechanical properties, with potential applications in spacecraft, radiation
shielding, sensors and dosimeters [1–11]. c-Radiation
interacts with the material through various statistical
events, involving the photoelectric effect, Compton scattering and pair production [12]. The relative importance
of these effects depends on the c-ray energy and the
material. High energy radiations including photons and
electrons via interaction with CNMs can manipulate the
structure of these materials, which leads to atom displacement (knock-on effect), change in the crystal structure, emission of photons and secondary electrons,
excitation, ionization and bond breakage. Irradiation of
CNMs like graphene oxide (GO) with energetic c-rays
can lead to the creation of atomic defects that can be
utilized in a controllable manner for dosimetry purposes
[13,14].

Raman spectroscopy as a non-destructive analysis is used
as a powerful tool to characterize the CNMs to detect such
atomic defects [15,16]. The origin of Raman spectroscopy
can be explained by the fact that laser light with a certain
wavelength interacts with carbon atoms of the CNMs,
which causes the vibrations of the atoms and target molecules, and ultimately via an inelastic scattering is dispersed
with a different wavelength. The difference in the input and
output wavelengths of the laser light, or so-called Raman
Shift is indicative of sample structural defect [17,18].
A typical Raman spectrum of a GO includes two main
peaks of D- and G-bands at 1344 and 1574 cm-1, respectively. Also, there is another peak G0 , which is an indicator
of the second mode of vibrations in the carbon atoms near
2680 cm-1 [18]. The ratio of ID/IG is a characterizing agent
to determine the structural defects created in the CNMs via
c-irradiation. This point seems to have attracted researchers’ attention in their studies of radiation on the CNMs
[19,20].
Various articles were published concerning to the effect
of ionizing radiation on the structural properties of the
carbon-family material [19–25]. Recently, characterization
of the structural defects of c-irradiated CNMs including
single-walled carbon nanotube, multi-walled carbon nanotube, single-walled carbon nanotube-OH, multi-walled
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carbon nanotube-OH, graphene nanoplate and GO was
carried out, using the multi-analytical approaches [26]. As
GO showed more favourable properties compared to the
studied materials, GO was selected in this study for
dosimetry purpose.
There have been several investigations on c-irradiation of
graphene-based CNMs. Ansón-Casaos et al [20] reported
that c-irradiation on few-layered graphene materials affected graphene carbon lattice, leading to the exchange of
oxygen atoms between the carbon lattice and the environment. Hence, it is expected that substituting carbon with
oxygen in the graphene lattice would lead to an upshift in
the G-band position [24]. Also, Funaro et al [27] investigated the effect of a 6-MeV photon beam on the dosimetry
characteristics of vertically aligned multiwall carbon nanotubes and graphene. Kashid et al [28] studied the effect of
60
Co c-irradiation on graphene, using Raman spectrometry
with the radiation dose up to 22.7 kGy. However, there is
insufficient knowledge on how to use the induced-defects in
CNMs for the benefit of dosimetry purposes. Hence, in this
experimental study, the ID/IG parameter at different radiation doses up to 150 kGy was considered as the dose–response of c-irradiated GO nanopowder to determine the
linearity response of CNMs, using the Raman spectroscopy.

2.
2.1

Experimental
Preparation of the materials

Purified GO powder with purity *99%, thickness
3.4–7 nm, the average number of layers 6–10, specific
surface area 100–300 m2 g-1, lateral dimension 10–50 lm
and density 1 g cm-3 was purchased from US Nano Inc.
Total of 200 mg nanopowder was measured and placed into
a plastic vessel for c-irradiation. The thickness of the
nanopowder samples in the plastic vessel was estimated at
*0.5 cm. The prepared sample was exposed to c-rays with
the average energy of 1.25 MeV, using Gammacell 220 at
the dose rate of 1.62 Gy s-1 in the dose range of
0–150 kGy. In this study, to measure the ID/IG parameter
for different CNMs, Raman spectroscopy-model Takram
P50C0R10, using 532 nm Nd:YAG laser with power of 100
mW, spectral resolution 10 cm-1, optical spatial frequency
1200 line mm-1, and exposure time interval 15 ms to
10 min, in the range of 200–4000 cm-1 was used. Figure 1
displays a schematic view of the procedure performed in
this study.

3.
3.1

Results and discussion
FESEM and HRTEM analysis

Field emission scanning electron microscope (FESEM)
analysis of GO was carried out, using the HITACHI-S4160
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at 20 kV accelerating voltage. As can be seen in figure 2,
FESEM analysis of the GO in different doses of 0 and
50 kGy is depicted. As it can be seen from this figure, at
50 kGy, the dislocation of carbon atoms from the hexagonal
lattice network of CNMs might be due to the recombination
of defects that results in bridging between neighbouring
layers in crosslinking due to di-vacancy so-called Frenkel
pair of defects [29].
According to figure 3, high-resolution transmission
electron microscopy (HRTEM) analysis of GO is depicted
in different doses of 0, 50 and 150 kGy. To prepare
HRTEM samples, 1 mg of sample in 5 ml absolute ethanol
was dispersed, and sonicated for 30 min. Then, a Pasteur
pipette was applied to put one drop onto the grid. As it can
be seen from figure 3, it can be stated that most of the
structural defects are from 50 kGy, and then up to 150 kGy
these structural defects annealed qualitatively. On the other
hand, at higher doses after 50 kGy, the graphitization of GO
carbon atoms is observable, in which this effect is in
agreement with other experimental studies [30–32].

3.2

Raman spectroscopy

The Raman spectra for the pristine and c-irradiated GO at
the selected doses are shown in figure 4. As can be seen in
the plots, there are two characteristic peaks D and G (at
1350 and 1586 cm-1, respectively) and a third peak of G0 at
around 2680 cm-1 appeared at different intensities and
widths. According to previous studies, the variations in the
D-band are due to the defects and disorders caused by the
in-plane vibration of sp2-hybridized carbon bounds in GO
structures [28,33]. Also, the variations in the G-band can be
attributed to the ion exchange process (here oxygen)
between the carbon lattice and the environment [20,34]. As
it can be seen, the G0 peak is flattened in all the curves. The
previous study showed that the appearance of the G0 band as
a distinct, sharp peak in multilayer graphene derivatives is
much smaller than that of monolayers [35]. Besides, the
variations in their intensity in addition to other ionic
exchanges can be attributed to other factors [20]. Accordingly, it seems that the reason for the flattening of the G0
peak in our observations, in addition to the points mentioned, is due to the quality of the material used in the study
and is line with the trends reported in refs [35,36].

3.3

Linearity response

The curve showing the variations in Raman spectroscopy
of GO specimens in terms of ID/IG ratio is illustrated in
figure 5. As can be seen, initially a desirable linear response
(R2 = 0.9932) is exhibited in the range of 0–50 kGy in the
curve, and this trend is accompanied by an increase in ID/IG
values. Besides, there is a nonlinear correlation between ID/
IG values and dose values in certain doses. As an example,
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Figure 1. A schematic view of the research procedure, including the sample preparation, c-irradiation and post-irradiation
measurements by Raman spectroscopy.

Figure 2.

FESEM image of (a) pristine GO and (b) irradiated GO at 50 kGy.

Figure 3.

HRTEM images of GO: (a) pristine, (b) 50 and (c) 150 kGy.
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Figure 4. Raman spectroscopy data for pristine and c-irradiated
GO in different radiation doses up to 150 kGy.

at the 80 kGy point, there was a marked decrease and again
an increase in the 100 kGy dose. The first explanation for
these variations may be an increase/decrease in the ID/IG
values in light of previous studies; the increase in ID/IG
values in GO after irradiation is associated with the defects
in the network of atoms. Consequently, the decreased ID/IG
values are justified by the reduction in ID/IG values due to
structural restorations and modifications after the formation
of the defects [20,28]. This is well understood in line with
the trend observed in our study (see figures 2 and 3). In
other words, it can be suggested that when c-rays interact
with carbon atoms via the Compton scattering, several
electrons are deposited. When transferred energy to electrons is less than the displacement threshold energy, the
carbon atoms vibrate around their equilibrium position and
the transferred energy converts into thermal energy, leading
to increased local temperature, annealing, graphitization or
self-healing of the CNMs [37].
Here, it is necessary to raise a few points regarding the
use of Raman spectroscopy in detection and dosimetry of
the c-rays: first, it can be mentioned that Raman spectroscopy is a non-destructive analysis. Since the melting
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point of the CNMs including graphene is very high (about
4510 K) [38], so detection and dosimetry of the ionized
radiations in the harsh conditions like nuclear explosions or
nuclear accidents can be possible using the Raman spectroscopy of such materials. It should be considered that in
the harsh conditions, the detection and dosimetry process is
very hard for routine detectors or dosimeters.
Second, it should be noted that due to the unique nature
of the Raman technique in determining carbon structures in
particular, there has been a lot of efforts in recent years to
develop and find ways to reduce the costs associated with
this technique [39–41]. Therefore, we believe that if the
Raman spectroscopy, as an important part of a dosimetry
system, finds applicability, the approach to applying this
technique will be much more justified and will be considered more seriously in the near future. In practice, one can
imagine that GO nanopowder can be packed like thermoluminescent dosimeters and exposed to c-irradiation, and
then the dose–response can be read by Raman spectroscopy
[42].
Finally, it can be stated that the linearity response of cirradiated GO, using the Raman spectroscopy is suitable at
high doses between 0 and 50 kGy with potential application
in radiation processing dosimetry.

4.

Conclusions

In this experimental study, GO nanopowder was prepared
and irradiated by the 60Co c-rays in different absorbed doses
of 0–150 kGy at room temperature. The structural defects in
c-irradiated GO were detected by FESEM and HRTEM
analyses. Then, to determine the dose–response of this
material, the ID/IG ratio of D- and G-bands at the
wavenumbers of 1350 and 1586 cm-1 was measured,
respectively, using Raman spectroscopy and plotted vs. the
absorbed dose. The results showed that dose–response of
c-irradiated GO due to the creation of structural defects in
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Figure 5.

The ratio of ID/IG vs. absorbed dose for GO and exhibition of linearity in the range of 0–50 kGy.
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carbon lattice within 0–50 kGy was linear, in which the
dose–response of the sample in the range of 50–150 kGy
was saturated and decreased due to annealing or graphitization of the samples. The HRTEM images showed that
crosslinking of the carbon atoms at high doses near 50 kGy
may affect the dose–response of this material. The results of
this study showed that GO material had potential applications as a dosimeter for dosimetry of c-rays at the radiation
processing level up to 50 kGy.
However, this study was not without limitations. As such,
we considered that the performance of follow-up studies
would be essential. To find suitable dosimetry, in addition
to the linear dose–response that is of prime importance,
other criteria such as repeatability, reproducibility, dose–
response, incidence angle, fading and long-term stability
need to be taken into account, and hence further studies are
warranted.
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