
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
21

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Features of struc
aNano Research Laboratory, Baku State Univ

Baku AZ1148, Azerbaijan. E-mail: bmbaghir
bINFN—Laboratori Nazionali di Frascati, Vi
cInstitute of Radiation Problems of the M

Republic of Azerbaijan, AZ 1143, B.Vahabza
dInstitute of Geology and Geophysics of the

Republic of Azerbaijan, H.Javid av., 119, Ba

Cite this: RSC Adv., 2023, 13, 35648

Received 21st October 2023
Accepted 24th November 2023

DOI: 10.1039/d3ra07186c

rsc.li/rsc-advances

35648 | RSC Adv., 2023, 13, 35648–
ture and optical properties GO and
a GO/PVA composite subjected to gamma
irradiation

Mahammad Baghir Baghirov, *a Mustafa Muradov,a Goncha Eyvazova,a

Sevinj Mammadyarova, a Lala Gahramanli,ab Gunel Aliyeva,a Elchin Huseynovc

and Mahammadali Abdullayevd

In this study, a modified Hummers' method was employed to prepare graphene oxide (GO), which was then

mixed with polyvinyl alcohol (PVA) polymer at varying weight concentrations (1 wt% and 5 wt%). The

prepared GO and GO/PVA nanocomposite films were subjected to gamma (g) radiation at different

doses (10, 500, and 1500 kGy) to analyze the effects on their structure and optical properties. The

structural changes in the nanocomposites were analyzed using X-ray diffraction (XRD), allowing for the

determination of any alterations resulting from exposure to radiation at different doses. Furthermore,

elemental analysis was conducted using an energy-dispersive spectrometer (EDS) to gain insights into

the elemental composition of the samples. The optical properties of the samples were investigated using

ultraviolet-visible (UV-Vis), Fourier-transform infrared (FTIR), Raman spectroscopy, and scanning electron

microscopy (SEM). These analysis methods provided valuable information regarding any changes

induced by gamma radiation. Notably, in the study, the decomposition and oxidation of residual graphite

were observed under the influence of g radiation. One noteworthy finding was the decrease in the band

gap value of the samples with increasing gamma radiation. This observation indicates that the radiation

exposure influenced the electronic properties of the nanocomposites, leading to changes in their optical

behavior. The Raman spectra clearly showed that the strength of the G and D bands dropped at low

doses and reached a maximum at higher doses. FTIR intensity varies with radiation, indicating the

separation of oxygenated groups during exposure. The SEM images revealed that as the radiation dose

increases, the disintegration of GO on the polymer's surface happens, and at the greatest dose, the

distribution of GO and PVA in the pores occurs due to the heating action of radiation.
1. Introduction

There has been a growing interest in graphene and graphene-
based composites in recent years due to their exceptional
properties. These materials nd applications in various elds
such as batteries, supercapacitors, catalysis, sensors, and elec-
tronics. One specic area where graphene is particularly
advantageous is as an electrode in supercapacitors.1 Graphene
oxide (GO) is a derivative of graphene that has garnered
signicant attention. It possesses a hexagonal carbon structure
similar to graphene but is distinguished by the presence of
various oxygen-based functional groups, including hydroxyl (–
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OH), alkoxy (C–O–C), carbonyl (C]O), and carboxylic (–COOH)
groups.2 The incorporation of these oxygen groups imparts
distinct properties to GO. For instance, GO exhibits solubility in
several organic solvents due to the presence of hydrophilic
functional groups.3 Moreover, the van der Waals interactions
between GO layers are weaker compared to graphene, making it
more compatible with certain polymers. Furthermore, the
hydrophilic nature of GO, attributed to the carbonyl and
carboxyl groups present in its layers, enables its dispersion in
water.4 These characteristics make GO a versatile material that
can be easily dispersed and functionalized. Another noteworthy
attribute of GO is its ability to form chemical bonds with other
materials, including polymers, through the oxygen groups
present on its surface. This feature allows for the development
of graphene-based composites by combining GO with various
polymeric matrices. The oxide groups on GO readily engage in
chemical interactions, facilitating the formation of strong
bonds with other materials.5

Polymers are a class of materials that have garnered signif-
icant interest. In their pure form, polymers typically exhibit
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07186c&domain=pdf&date_stamp=2023-12-06
http://orcid.org/0000-0002-0300-1856
http://orcid.org/0000-0002-7941-0090
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07186c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013050


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
21

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
high dielectric properties and low conductivity. However, these
properties can be modied by incorporating llers into the
polymer matrix.6 The resulting changes depend on several
factors, including the specic polymer-ller combination, their
concentration, and the presence of an external eld. One
notable polymer-ller pair is polyvinyl alcohol (PVA) and gra-
phene oxide (GO). PVA is characterized by its dielectric prop-
erties, hydrophilicity, and optical semi-transparency.7 It is
widely studied due to its easy solubility in water and the ability
to manipulate its properties by incorporating additives.1 Studies
conducted on PVA–GO nanocomposites have revealed an
intriguing trend: as the concentration of GO within the nano-
composite increases, the band gap value decreases.8,9 The band
gap is an important parameter that determines the electrical
behavior and optical properties of materials. The decrease in
the band gap suggests that the incorporation of GO alters the
electronic structure of the nanocomposite, leading to changes
in its optical and electrical properties. These ndings highlight
the potential of PVA–GO nanocomposites as variable materials
with controllable electrical and optical characteristics. The
ability to manipulate the band gap by adjusting the concen-
tration of GO offers opportunities for tailoring the functionality
of these materials for specic applications in elds such as
optoelectronics, sensors, and energy storage.

Gamma irradiation has gained attention from researchers
due to its environmentally friendly nature, cost-effectiveness,
and the ability to be performed at room temperature. g-Ray,
a type of electromagnetic radiation with a short wavelength and
high energy, is known to induce the production of free radicals
and defects in materials through processes like excitation and
ionization. This radiation-induced modication leads to both
physical and chemical changes in the substance.10 When either
pure polymer or graphene oxide (GO), as well as their nano-
composite, are exposed to g radiation, certain differences in
their structural and physical properties can be observed. The
scientic literature describes the breakdown of the PVA polymer
chain under the effect of gamma radiation, resulting in changes
in the optical characteristics and band gap value of PVA with
increasing exposure.11 Furthermore, scientic data show that
gamma radiation reduces GO.12 Furthermore, investigations
show that when exposed to varying amounts of radiation, GO
endures breakdown and oxidation of the remaining graphite
from the manufacturing process.13

In the present work, GO was synthesized by a modied
Hummers' method. GO and GO/PVA composite lms with
1 wt% and 5 wt% concentrations of GO were exposed to gamma
irradiation at different doses (10, 500, and 1500 kGy). The
changes in the physical properties of the samples with the
increase of the dose during irradiation at different doses were
studied. The structure, optical properties and morphology of
the non-irradiated and irradiated samples were studied.

2. Materials and methods
2.1 Synthesis of GO and GO/PVA composite

GO was synthesized using a modied Hummers' method.14,15

The synthesis procedure proceeded as follows: in a 500 ml
© 2023 The Author(s). Published by the Royal Society of Chemistry
beaker, 3 g of graphite powder and 1.5 g of sodium nitrate
(NaNO3) were combined. Subsequently, 70 ml of concentrated
sulfuric acid (H2SO4) was added slowly to the mixture. The
solution was then cooled to 0 °C in an ice bath and stirred for 1
hour. Next, KMnO4 was intermittently added to the mixture.
Notably, the temperature of the reaction should be kept below
20 °C during this stage. The solution was stirred at this
temperature for 3 hours. Following this, the solution was
removed from the ice bath and stirred at 35 °C for 1 hour.16,17 A
dropwise addition of 150 ml of water was performed, and the
resulting solution was stirred at 98 °C for 30 minutes. Subse-
quently, 300 ml of water was slowly added, and the solution was
stirred for an additional hour. 15 ml of 30% hydrogen peroxide
(H2O2) was added to the solution and stirred for 30 minutes.
Then, the solution was ltered through lter paper, washed
with a 1 : 10 mixture of hydrochloric acid (HCl) and distilled
water (DW) (250 ml) to remove metal ions, and dried at room
temperature.18 Aer thoroughly cleaning the GO with DW
multiple times, it was added to DW and sonicated for 1 hour by
the ultrasonic. The suspension was then centrifuged and dried.
To prepare the GO/PVA composite lm, a solution casting
method was employed. Firstly, a PVA solution was prepared by
dissolving the required amount of PVA in distilled water. Next,
GO was added to the PVA solution at different weight concen-
trations (1 wt% and 5 wt%). The nal mixture was subjected to
ultrasound for 2minutes. Finally, the product was dried at room
temperature.
2.2 Instrumentations

The structural analysis of the samples was conducted using the
Rigaku Mini Flex 600 X-ray diffractometer (l = 1.5406 Å) with
Ni-ltered Cu Ka radiation. The optical properties of the
samples were investigated using a Specord 250 Plus UV-Vis
spectrophotometer in the wavelength range of 190–1100 nm.
FTIR measurement has been carried out within 400–4000 cm−1

region on a Varian 3600 FTIR spectrometer. For the elemental
analysis, an EDS study was performed using the X-Max energy
dispersive spectrometer. Gamma irradiation was employed
using a 60Co gamma source, with the average energy of g radi-
ation being 1.25 MeV. It is noteworthy that the energy of the
gamma quantum is approximately 1.33 MeV. The morphology
of the samples was investigated by the Vega Tescan. The Raman
spectrum of the samples was obtained using Renishaw inVia
Raman Microscope.
3. Results and discussion
3.1 X-Ray diffraction (XRD) analysis

X-Ray diffraction (XRD) was employed to investigate the struc-
tural changes in graphene oxide and PVA/GO composite lms
before and aer exposure to g-radiation. Fig. 1a–d illustrates the
XRD patterns of non-irradiated GO and GO samples irradiated
at doses of 0, 10, 500, and 1500 kGy, respectively. The XRD
pattern of the non-irradiated GO displayed three distinct peaks
located at 2q = 11.98°, 26.30°, and 42.04°, corresponding to the
(001), (002), and (100) planes, respectively. The high-intensity
RSC Adv., 2023, 13, 35648–35658 | 35649
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Fig. 1 Diffractograms of GO exposed to different doses of gamma
radiation: (a) non-irradiation; (b) 10 kGy; (c) 500 kGy; (d) 1500 kGy.
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peak observed at 2q = 11.98° and the low-intensity peak at 2q =
42.04° are indicative of the presence of GO and signify the
successful completion of the synthesis process.19 The peak at 2q
= 26.30° corresponds to graphite, suggesting the existence of
residual graphite within the synthesized GO.20,21

From Fig. 1, the peak corresponding to GO exhibited a shi
from 2q = 11.98° to 2q = 11.01° upon exposure to 10 kGy g

radiation. This shi can be attributed to an increase in the
interlayer distance caused by the g radiation. According to
Bragg's law,22 a decrease in the diffraction angle indicates an
increase in the interplanar spacing (d) when subjected to g

radiation.13 Under the inuence of gamma rays, this type of
shi may result in the production of vacancies in the crystal
lattice, the formation of a defect structure, and the formation of
residual stress. Particular irregularities in the crystal arrange-
ment may develop as a result of their effect, as evidenced by
shis in the XRD spectrum. The crystallite sizes of non-
Fig. 2 Diffractograms of GO/PVA composites with (A) 1 wt% and (B) 5 wt
(a) non-irradiation; (b) 10 kGy; (c) 500 kGy; (d) 1500 kGy.

35650 | RSC Adv., 2023, 13, 35648–35658
irradiated GO, GO irradiated at 10 kGy, 500 kGy, and 1500
kGy were determined as d= 4.68 nm, d= 5.68 nm, d= 5.34 nm,
and d = 2.34 nm, respectively. Furthermore, the peak corre-
sponding to graphite completely disappeared, which can be
attributed to the suppression of van der Waals interactions, an
increase in the interlayer distance, and structural disruption
caused by the radiation. During irradiation, the separated
graphite layers undergo oxidation, resulting in the formation of
larger GO particles. This phenomenon is evident in the XRD
results, which display a decrease in the half-width of the peak
from 1.78° to 1.47°. In Fig. 1c and d, it is apparent that the peaks
have shied to higher angles (2q = 11.14° and 2q = 11.27°)
compared to Fig. 1b. This shi is attributed to the wrinkling and
folding of the GO sheets at higher radiation doses, leading to an
increased angle.

In this study, the structural properties of GO/PVA composite
lms containing 1 wt% and 5 wt% GO were examined before
and aer exposure to gamma radiation in Fig. 2. The XRD
results of the GO/PVA composite lm with non-irradiated 1 wt%
and 5 wt% GO are presented in Fig. 2A-a and B-a, respectively.
The main peak at 2q = 19.90° corresponds to PVA,23 while
additional peaks at 2q = 14.11° and 2q = 16.89° are observed in
the non-irradiated sample. The absence of the characteristic GO
peak in this pattern indicates the complete dispersion of GO
into individual layers within the polymer matrix.24 The presence
of the peaks at 2q = 14.11° and 2q = 16.89° suggests the
formation of new oriented structures due to the incorporation
of GO into the polymer.25

Fig. 2 shows the structural properties of the 1 wt% GO/PVA
composite lm. Fig. 2A-b–d show the structural properties of
samples irradiated with 10 kGy, 500 kGy, and 1500 kGy,
respectively. As can be seen, the intensity of the peaks at 2q =

14.11° and 16.89° increases under the inuence of radiation.
Starting at 500 kGy, an additional peak appears at 2q = 25.40°.
These peaks are thought to be due to gamma radiation breaking
hydrogen bonds, tearing and wrinkling GO sheets, and creating
% concentration of GO exposed to different doses of gamma radiation:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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new orientations. Also, Fig. 2B-b–d show that the intensity of
additional peaks in the GO/PVA composite lm increases due to
g radiation. This phenomenon can be attributed to breaking
hydrogen bonds and separating GO particles, which enables the
polymer to ll the spaces between these layers and form a new
oriented structure.26 In the pattern of irradiated samples with
doses of 500 kGy and 1500 kGy, a new peak at 2q = 25.40° is
observed. We believe that this peak emerges because of the
wrinkling, folding, and stacking of the GO sheets, which
becomes more pronounced at higher doses. At higher doses,
hydrogen bonds are disrupted, the polymer undergoes so-
ening, and the GO sheets fold, facilitating the penetration of the
polymer between the layers and promoting the formation of
a new oriented structure.

3.2 SEM and EDS results

SEM can provide information on the morphology of a sample's
surface. To obtain varied atomic percentages percent of GO on
Fig. 3 SEM images of GO (a) non-irradiated; (b) 10 kGy; (c) 500 kGy; (d

© 2023 The Author(s). Published by the Royal Society of Chemistry
the PVA polymer matrix, the examined samples were irradiated
with varying doses of gamma rays. In terms of investigating the
surface of irradiated materials, morphology is thought to be
particularly intriguing. SEM images of pure GO, 1 wt% GO/PVA,
and 5 wt% GO/PVA are demonstrated in Fig. 3–5.

Fig. 3a shows SEM images of pure and non-irradiated GO
layers, while Fig. 3b shows pure GO layers irradiated with 10
kGy, 500 kGy, and 1500 kGy radiation doses. The thin mono-
layer GO layers are bound together to create multilayer GO, as
shown in the SEM images of pure non-irradiated GO layers in
Fig. 3a. Based on the cross-sectional area of GO in the photo-
graph, we can see that a layer of adequate thickness has
developed. Fig. 3b shows that relatively small particles are
distributed on the surface of the layers formed aer irradiation
with a radiation dose of 10 kGy. As a result, these layers are
broken into small pieces and smaller particles, disrupting the
overall structure of the GO layer. This low-dose radiation
disrupts the weak bonding contacts (van derWaals) between the
) 1500 kGy.

RSC Adv., 2023, 13, 35648–35658 | 35651
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Fig. 4 SEM images of 1 wt% GO/PVA (a) non-irradiated; (b) 10 kGy; (c) 500 kGy; (d) 1500 kGy.
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layers of the GO layer, resulting in the creation of defects in the
GO layer's surface structure. This is because the heating action
of gamma radiation locally injected into pure GO layers disrupts
the interlayer and van Der Waals forces between the layers,
resulting in the production of smaller particles.

Fig. 3c depicts the delamination process in the layers as the
dose of gamma rays increases. As the dose is increased, the
ordered structure of the layers is disrupted, and tearing
processes occur in the layers. In Fig. 3d, agglomeration forma-
tion is caused by van Der Waals and electrostatic interactions
under the inuence of a high dose. When we observe other
images, the free-form group of the layers is disturbed (the
process of agglomeration at the ends of the layers). Although
certain GO layers are free, the space between them shrinks due
to high-dose gamma radiation, and these layers bond together.
As a result, the layers are assembled and form large-scale
agglomerates.
35652 | RSC Adv., 2023, 13, 35648–35658
Fig. 4a show a 1 wt% GO/PVA that has not been irradiated,
Fig. 4b shows a 1 wt%GO/PVA that has been irradiated with a 10
kGy radiation dose, Fig. 4c shows a 1 wt% GO/PVA that has been
irradiated with a 500 kGy radiation dose, and Fig. 4d shows
a 1500 kGy radiation exposure. SEM images of a 1 wt% GO/PVA
nanocomposite material are shown. The SEM picture of unir-
radiated 1 wt% GO/PVA shows that the GO is crystalline and
randomly distributed on the surface of the PVA. It is assumed
that GO was formed in the pores of PVA, while larger particles
were distributed on the surface of the PVA polymer matrix.

Fig. 4b clearly illustrates the GO nanostructures generated in
the lower layers (pores) as a result of the PVA matrix surface
being destroyed by 10 kGy radiation. Fig. 4c depicts how the
inuence of 500 kGy radiation causes the GO nanostructures in
the pores to agglomerate and form sharper crystalline forma-
tions. The image clearly shows that large and small agglomer-
ates of varying sizes have formed here. The morphology of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of 5 wt% GO/PVA (a) non-irradiated; (b) 10 kGy; (c) 500 kGy; (d) 1500 kGy.
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sample obtained from the irradiation of 1 wt% GO/PVA nano-
composite lm at a radiation dose of 1500 kGy shows that they
form a mixed structure in a relatively dispersed form due to the
high dose of radiation melting or breaking down the polymer
and GO nanostructures. The strong radiation dose not only
caused the PVA to melt due to the thermal effect, but it also
shattered the GO nanostructures generated in the crystal
structure into relatively smaller particles.

Fig. 5a depicts unirradiated 5% GO/PVA, Fig. 5b depicts 5%
GO/PVA irradiated with 10 kGy dose, Fig. 5c depicts 5% GO/PVA
irradiated with 500 kGy dosage, and Fig. 5d depicts 5% GO/PVA
irradiated with 1500 kGy radiation dose. We present SEM
photos of wt% GO/PVA nanostructures. The size of the non-
irradiated 5 wt% GO/PVA (Fig. 5a) is greater than the size of
the non-irradiated 1 wt% GO/PVA (Fig. 4a) based on the SEM
pictures. This suggests that the mechanism of GO synthesis on
the surface of the PVA matrix is the same and that increasing
© 2023 The Author(s). Published by the Royal Society of Chemistry
the proportion of GO leads to the formation of bigger nano-
structures on the surface of the PVA polymer matrix. That is, GO
layers are already created on the surface of PVA aer the
production process of GO in its pores (adsorption centers)
nishes (saturation limit). As the atomic phase amount of GO
increases, the process of manufacturing larger-size crystallites
happens. When 5 wt% GO/PVA nanostructures are exposed to
10 kGy irradiation, the big agglomerates break down due to heat
action, and smaller crystallites develop (see Fig. 5b). At a radia-
tion dose of 500 kGy, tiny particles can be seen in addition to the
large-sized aggregated GO layers in Fig. 5c. Other thick layers
and agglomerates seen in Fig. 5c are fully shattered and smaller
particles emerge at higher irradiation values (1500 kGy). As
a result of the high-dose gamma radiation effect, the integrity of
GO is destroyed, faults arise in the structure, and fragmentation
ensues. Low dosages (10, 500 kGy) do not give enough energy to
break the chemical connections between the layers, resulting in
RSC Adv., 2023, 13, 35648–35658 | 35653
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Fig. 6 EDS results of g-irradiated 5 wt% GO/PVA composites: (A) 0 kGy, (B) 10 kGy irradiated, (C) 1500 kGy irradiated samples.
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incomplete fragmentation. However, 1500 kGy of radiation is
sufficient to disrupt these chemical bonds.

Fig. 6 illustrates the EDS results of 5 wt% GO/PVA composite
lm, both before and aer exposure to irradiation at doses of 10
and 1500 kGy. In the non-irradiated sample, the EDS results
show that the atomic percentages of carbon and oxygen are
65.48% and 34.52%, respectively. Fig. 6b displays the EDS
outcomes of the 5 wt% GO/PVA composite lm aer being
subjected to g-irradiation at a dose of 10 kGy. Due to the radi-
ation inuence, the atomic percentage of oxygen decreased
slightly from 34.52% to 34.48%. The sample irradiated at 1500
kGy exhibited the lowest atomic percentage of oxygen,
measuring 32.75%. The C/O percentage ratio values for the non-
Fig. 7 The transmittance spectrums of GO/PVA composite thin films with
10 kGy; (3) 500 kGy; (4) 1500 kGy g irradiated samples.

35654 | RSC Adv., 2023, 13, 35648–35658
irradiated, 10 kGy irradiated, and 1500 kGy irradiated samples
are 1.897, 1.900, and 2.053, respectively. The increase in the C/O
ratio indicates that the GO was reduced under the inuence of g
radiation, resulting in the potential removal and decomposition
of oxygen-containing functional groups into CO, CO2, and
H2O.27 Furthermore, no peaks for other elements were detected
in the EDS images, suggesting that the studied samples are
chemically pure, based on these EDS results.
3.3 UV-Vis spectroscopy

The transmittance spectrum of 1 wt% and 5 wt% GO/PVA
nanocomposite lm material was investigated by an
(a) 1 wt% and (b) 5 wt% concentration of GO, respectively: (1) 0 kGy; (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ultraviolet-Visible (UV-Vis) spectrophotometer and shown in
Fig. 7 for all samples.

Fig. 7a and b demonstrate a noticeable alteration in the
transmittance spectrum of the samples following gamma radi-
ation exposure. The lowest transmittance spectrum value is
observed at the highest radiation dose (1500 Gy) due to the
reduction of GO induced by gamma radiation. This reduction
leads to an increase in absorption. However, the decrease in
optical transmittance is not directly proportional to the dose
value, as structural changes during radiation do not exhibit
a linear dependence on gamma doses. Under the inuence of
gamma radiation, the breaking of hydrogen and hydroxyl
groups has occurred in the PVA polymer, while the GO/PVA
composite lms undergo the disruption of hydrogen
bonds.28,29 Because of these structural modications, absorp-
tion increases, resulting in a decrease in the transmittance
spectrum. The UV-Vis spectroscopy ndings enable the obser-
vation of changes in the band gap value of both gamma-
irradiated and non-irradiated samples about the radiation
dose. The Tauc method was employed to determine the band
gap value.30,31

The band gap values for PVA and GO are reported as 6.27 eV
(ref. 32) and 2.20 eV,33 respectively. It should be noted that the
band gap value of the reduced GO (rGO) can range from 1.00 eV
to 1.69 eV depending on the degree of reduction. To determine
the band gap energy of the samples, the linear portion of the
curves was used to extrapolate to zero absorption (a = 0). The
ndings reveal that the band gap value decreases as the weight
Fig. 8 FTIR spectrum of (a) 1 wt% GO/PVA; (b) 5 wt% GO/PVA. (1) Non-

Table 1 The band gap values for samples depending on the dose of ga

Samples

Dose of gamma radiation (kGy)

Band gap value (eV)

0 10

GO powder 2.00 � 0.02 eV 1.60 � 0.0
1% GO/PVA 2.69 � 0.02 eV 2.60 � 0.0
5% GO/PVA 1.88 � 0.02 eV 1.63 � 0.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration of GO in the polymer increases. This can be
attributed to the diminished distance between GO particles.
Specically, the band gap values for non-irradiated GO/PVA
composites containing 1 wt% and 5 wt% GO are 2.69 eV and
1.88 eV, respectively. The alterations in band gap values of
samples exposed to different doses of gamma radiation are
presented in Table 1.

The addition of GO to PVA introduces new energy levels
between the conduction and valence bands, leading to
a decrease in the band gap value of the nanocomposite.28 This
decrease becomes more prominent with an increased concen-
tration of GO. As observed in the table, the band gap value
decreases with higher doses of gamma radiation. This can be
attributed to the presence of free radicals generated by the
radiation, as well as the formation of new chemical bonds and
localized states within the energy bands. The reduction of GO
also occurs under the inuence of gamma radiation.11 However,
it is important to note that the band gap value is inuenced by
factors apart from the radiation dose, including particle size,
interactions with the environment, and other factors.34 GO/PVA
nanocomposites with adjustable optical properties hold
signicant potential for applications in polymer-based opto-
electronic devices.35

The band gap value falls as the atomic percentage of GO in
the PVA polymer matrix increases. Thus, although the Eg of
a 1 wt% GO/PVA nanocomposite lm is 2.69 eV, the Eg of
a 5 wt% GO/PVA nanocomposite is 1.88 eV. The explanation for
this is due to an increase in charge carrier density inside the
irradiated; (2) 10 kGy; (3) 500 kGy; (4) 1500 kGy.

mma radiation

500 1500

2 eV 1.44 � 0.02 eV 1.33 � 0.02 eV
2 eV 2.57 � 0.02 eV 2.00 � 0.02 eV
2 eV 1.44 � 0.02 eV 1.20 � 0.02 eV

RSC Adv., 2023, 13, 35648–35658 | 35655
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PVA polymer matrix. As a result of the decrease in energy
required for electronic transitions as charge carrier density
increases, the value of Eg drops.

The Eg value decreased with increasing gamma radiation
dosage in both cases (1 wt% and 5 wt%) GO/PVA nano-
composite. This drop is related to the creation of defect struc-
tures in the structure due to the action of gamma rays, which
grow with increasing exposure, making the electron transition
simpler. As a result, increasing the radiation exposure causes
a drop in the Eg value.

3.4 FTIR spectroscopy

The samples were subjected to FTIR to assess the interaction
between the elements in the GO/PVA nanocomposite lm based
on the percentage and dose of gamma radiation, and the nd-
ings are displayed in Fig. 8.
Fig. 9 Raman spectrum of irradiated at different doses of (a) GO; (b) 1 w

35656 | RSC Adv., 2023, 13, 35648–35658
FTIR spectroscopy, a valuable technique for analyzing gra-
phene oxide, was employed to identify diverse functional
groups, notably oxygen-based ones, present on the material.
The FTIR results, depicted in Fig. 8, detail the impact of radi-
ation doses (0, 10, 500, and 1500 kGy) on GO/PVA composite
lms. In the FTIR spectra of 1 wt% GO/PVA composite lms, the
broad peak at 3295–3307 cm−1 corresponds to the O–H
stretching vibration of hydroxyl groups. Notably, its intensity
varies with radiation, indicating the separation of oxygenated
groups during exposure. Additionally, asymmetric and
symmetric C–H stretching occurs at 2939 cm−1 and 2907 cm−1,
respectively, in the spectrum of non-irradiated 1 wt% GO/PVA.
In this spectrum, the peak at 1717 cm−1 signies C]O
stretching of carboxyl groups.36,37 The lms also exhibit CH/CH2

deformation vibrations around 1323 cm−1.38 The band at
1083 cm−1 is assigned to the C–O stretching vibrations of C–O–
t% GO/PVA; (c) 5 wt% GO/PVA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C. The peak at 944 cm−1 corresponds to the epoxy or peroxide
group.39–41 This characteristic peak shis to a wavelength of
970 cm−1 in the spectrum of 1500 kGy irradiated 1 wt% GO/PVA
composite. This is due to the separation of oxide groups due to
the reduction process caused by radiation. The bands observed
in the spectrum of 1 wt% GO/PVA composite are very similar to
the bands that appeared in the spectrum of 5 wt% GO/PVA
composite.

3.5 Raman microscopy

The Raman spectra of samples are reected in Fig. 9. The G
peak, characteristic of all carbon structures corresponding to
the C–C stretching within the range of 1584–1607 cm−1, is
observed for all samples. At low and medium radiation doses,
the strength of the characteristic peak corresponding to the G
band is relatively reduced, which is related to the vibration of
sp2 hybridization bonds and relative structure degradation.
Nevertheless, the outcomes documented in the academic liter-
ature reveal that the peaks identied in the case of pure PVA are
not conspicuously observed.42 The intensity of the G band will
increase further compared to the initial sample at the highest
dose of radiation (1500 kGy), resulting in the formation of
graphene or its derivatives, the re-establishment of connections
between carbon atoms, and the development of a new structure
due to the reconstruction processes between GO layers.

Additionally, the D peak at 1358–1366 cm−1 is noticed,
indicating distortions in the sample's structure.43,44 As previ-
ously stated, the strength of the G band increased with
increasing radiation dose. A decrease in defects is shown by an
increase in the intensity of the D band at the highest radiation
dose, according to the same criteria. This demonstrates that GO
layer reassembly happens at the maximum radiation dose,
implying that defect structures are eliminated. The ID/IG ratios
were measured dependent on radiation dozes. For irradiated
samples at 0, 10, 500, and 1500 kGy, the ID/IG ratios are recorded
as 0.90, 0.83, 0.93, and 0.82 respectively, and given in Table 2.
The tendency of these values to change is associated with the
removal of oxide groups, bends in the sheets, etc., depending on
the dose. Calculations show that at a dose of 500 kGy, more
defects and distortions are observed. Notably, in samples irra-
diated at doses of 10 and 1500 kGy (Fig. 9b and c), the 2D peak is
observed. This is related to the tendency of GO sheets to stack
on top of each other. At 1500 kGy, the intensity of this peak
sharply increases, indicating sharper stacking of the sheets.
Additionally, at 1500 kGy, the G + D peak is also visible, which is
associated with defects and twisting of the sheets due to radi-
ation effects.45
Table 2 ID/IG ratios by Raman spectra

Samples

ID/IG

Non-radiation 10 kGy 500 kGy 1500 kGy

GO 0.90 0.83 0.93 0.82
1 wt% GO/PVA 0.95 0.94 0.96 0.92
5 wt% GO/PVA 0.92 0.88 0.93 0.91

© 2023 The Author(s). Published by the Royal Society of Chemistry
Raman spectra for 1 wt% and 5 wt%GO/PVA composite lms
are depicted in Fig. 7b and c. The D peak at 1355 cm−1 and the G
peak at 1609 cm−1 are observed for the samples. Moreover,
a small peak at 2908 cm−1, characteristic of PVA and corre-
sponding to the –CH2 vibration, is also noted.46 It is evident that
the highest value of the ratio is observed in the composite
materials at 500 kGy, as shown in the Fig. 9.
4. Conclusion

This study involved the synthesis of GO using a modied
Hummers' method, followed by the preparation of composites
with PVA at different weight concentrations (1 wt% and 5 wt%).
Initially, it was observed that incorporating PVA into GO resul-
ted in a decrease in the band gap. This decrease in the band gap
was attributed to the creation of new energy levels between the
conduction and valence bands within the PVA/GO composite
lm. The investigation also explored the impact of gamma
radiation at various doses on both GO and GO/PVA composites.
The exposure to gamma radiation induced structural modi-
cations in the GO/PVA composite lm. The radiation caused the
breakage of hydrogen bonds, separation of GO sheets, and the
incorporation of polymer between the GO sheets, leading to the
formation of new cross bonds. Consequently, the diffraction
peaks exhibited new features due to changes in bond congu-
rations and the creation of a distinct polymer structure
surrounding the GO sheets. Gamma radiation was found to
break or deform the bonds between the polymer and GO,
resulting in the formation of radicals. These radicals contrib-
uted to the decrease in the band gap by generating intermediate
energy levels. Additionally, gamma radiation caused the
reduction of GO, which was conrmed by the EDS results,
providing evidence for the reduction of graphene oxide.
Comparing the two composites, it was observed that the band
gap value decreased with an increase in the concentration of
GO. Therefore, by adjusting either the concentration of GO
within the composite or the radiation exposure, control over the
band gap value of the sample could be achieved. However, it was
noted that both the structural and optical properties did not
exhibit a linear dependence on the radiation dose. Further-
more, the XRD results indicated the disintegration and oxida-
tion of the residual graphite structure under the inuence of
gamma radiation, as well as its combination with GO. FT-IR and
Raman spectroscopy conrm the formation of GO. According to
Raman spectroscopy results, the ID/IG ratios were calculated as
0.90, 0.83, 0.93, and 0.82 for 0, 10, 500, and 1500 kGy irradiated
GO, respectively, and changes in these values is ascribed to the
removal of oxide groups, bends in the sheets depending on the
dose. The SEM images demonstrated that when the radiation
dose increases, the breakdown of GO on the polymer's surface
occurs, and at the highest dose, radiation heating causes the
distribution of GO and PVA in the pores.
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