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In this study, GO/PVA/AgNWs nanocomposites were exposed to gamma irradiation at doses of 8, 25, and 50
kGy to investigate the effects of gamma radiation on their structural and morphological properties.
Structural modifications induced by irradiation were examined using X-ray diffraction (XRD) analysis and
Raman spectroscopy, while morphological changes were evaluated through scanning electron
microscopy (SEM). The findings demonstrate that gamma irradiation significantly affects the crystallinity
of the nanocomposites. Although no considerable morphological alterations were observed, Raman
spectroscopy confirmed the presence of radiation-induced structural defects. Analysis of the Ip/Ig ratio
revealed that the most prominent defect formation occurred in the sample irradiated with 8 kGy, which
exhibited an Ip/lg ratio of 1.07. Furthermore, the study underscores the influence of gravitational forces

during the composite fabrication process, as evidenced by the preferential accumulation of fillers in the
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Accepted 23rd April 2025 lower regions of the nanocomposites. This phenomenon was validated through both XRD and SEM
analyses. Overall, the study offers valuable insights into the role of gravitational effects in composite

DOI: 10.1039/d5ra01344e formation and elucidates the influence of low-dose gamma irradiation on the structural integrity,
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1 Introduction

In recent years, polymer nanocomposites have garnered signifi-
cant interest due to their unique properties and lightweight
nature. The versatile characteristics of nanocomposites make
them applicable in various fields."” Polymer nanocomposites are
formed by combining polymer matrices with nanofillers such as
carbon-based nanoparticles, metal nanoparticles, metal oxide
nanoparticles, and others.>* Due to their wide range of applica-
tions, polymer nanocomposites have attracted considerable
attention from the scientific community, including uses in
conductive coatings, sensors, energy storage devices, and more.>®
Among these, nanocomposites with PVA (polyvinyl alcohol)
matrices stand out prominently. PVA is an excellent polymer
matrix for hybrid nanoparticles because of its superior thermal
stability, chemical resistance, film-forming ability, high mechan-
ical strength, and water solubility. Notably, PVA effectively prevents
the agglomeration of nanoparticles. Cross-linking reactions asso-
ciated with PVA are widely employed to enhance its physical
properties.”® The hydrophilic nature of PVA facilitates the creation
of composites with graphene oxide (GO), which is also water-
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morphology, and optical characteristics of GO/PVA/AgNWs nanocomposites.

soluble.” In GO/PVA-based nanocomposites, GO is uniformly
dispersed, enabling the formation of homogeneous composites.*
Furthermore, when multi-layered GO is used, it can intercalate
between polymer layers and create new orientations." Studies
have shown that the reduction of GO in GO/PVA composites
decreases defects, improves crystallinity, and enhances thermal
conductivity.” Additionally, the properties of such composites can
be tailored by altering the concentration of GO within the polymer
matrix. Yashia I. S. et al. determined that the absorption coefficient
of (PVA/GO) nanocomposites increase with the concentration of
GO nanoparticles, while the bandgap decreases. The AC electrical
conductivity of (GO/PVA) nanocomposites increases with
frequency and the concentration of GO nanoparticles.”®* Due to
their tunable properties, these composites hold potential appli-
cations in sensors, membranes, supercapacitors, and more."*"*
However, research on graphene oxide-based nanomaterials has
been limited by poor dispersion and processing capabilities. To
overcome this, noble metal nanoparticles such as silver (Ag) have
been widely utilized with GO to enhance stability and prevent the
restacking of GO layers. Researchers have conducted extensive
studies on composites of graphene-based materials decorated with
Ag nanoparticles, offering various intriguing properties.””*® On the
other hand, GO sheets can prevent contact between Ag nanowires,
thus maintaining the 1D structure of the nanowires.” Literature
on GO/PVA/Ag ternary composites remains limited. However,
R. M. Attia et al. investigated the effects of electron beam radiation
on such composites.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Another intriguing aspect is the modification of materials
using gamma radiation. Research in this area has particularly
focused on the effects of Y’ radiation on the properties of carbon
materials. Studies reveal that Y radiation can alter the oxygen
content in such compounds.** Atta M. M. et al. reported that the
maximum specific capacitance of GRGO prepared at 80 kGy
increased to ~174 F g "> Dumée L. F. et al. found that the
electrical conductivity of reduced GO increased by 400 times
under gamma radiation.” Literature also demonstrates that Y’
irradiation can induce large and stable hole concentrations in
graphene.** Studies on GO/PMMA composites suggest their
potential application in gamma radiation dosimetry.>® For GO/
PVA composites, Y radiation has been shown to play a central
role in the reduction of GO and the formation of cross-links.*®
Furthermore, it has been determined that the bandgap
decreases when such composites are modified with Y radia-
tion.””*® In GO/AgNWs composites, strain calculations indicate
that the strain reaches a maximum value for GO at a dose of 25
kGy under gamma radiation.”

In this study, the structural and morphological changes in
samples irradiated with different gamma doses (8, 25, and 50
kGy) were investigated. The primary objective was to explore the
physical processes occurring in these composites under the
influence of gamma radiation. To achieve this, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Raman spec-
troscopy analyses were conducted, and the obtained results
were thoroughly discussed.

2 Materials and methods
2.1 Synthesis of graphene oxide (GO)

Graphene oxide (GO) was synthesized using a modified
Hummers' method.*>*" To begin, 3 g of graphite powder and
1.5 g of sodium nitrate (NaNO;) were placed in a 500 ml
container. Then, 70 ml of concentrated sulfuric acid (H,SO,4)
was added to the mixture, which was subsequently cooled to 0 ©
C using an ice bath. The mixture was stirred for 1 hour under
these conditions with a magnetic stirrer. Gradually, potassium
permanganate (KMnO,) was added at a controlled rate,
ensuring the reaction temperature remained below 20 °C. After
KMnO, addition, the mixture was stirred for 3 hours, followed
by stirring for an additional hour at 35 °C after removing it from
the ice bath. Next, 150 ml of water was slowly added while
maintaining stirring at 98 °C for 30 minutes. Subsequently,
300 ml of water was gradually added, and the mixture was
stirred for an additional hour. To conclude the reaction, 15 ml
of 30% hydrogen peroxide (H,0,) was introduced, and the
mixture was stirred for 30 minutes. The resulting product was
filtered through filter paper and washed with 250 ml of distilled
water containing hydrochloric acid (HCI) in a 1:10 ratio to
remove residual metal ions. Finally, the GO product was dried at
room temperature.

2.2 Synthesis of silver nanowires (AgNWs)

Silver nanowires (AgNWs) were synthesized following a modified
polyol method inspired by prior research.**** Ethylene glycol (EG)
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was utilized as both a solvent and a reducing agent, while poly-
vinylpyrrolidone (PVP, molecular weight: 360 000) served as
a stabilizing capping agent. Sodium chloride (NaCl) and CuBr,
were employed to maintain charge balance and support nano-
wire growth. The process began by dissolving PVP in EG at
a concentration of 295.6 mM, which was stirred for 3 hours at an
elevated temperature and then cooled to room temperature.
Separate solutions of CuBr, (3.2 mM) and NaCl (15.7 mM) in EG
were prepared for later use. Silver nitrate (AgNO3) was dissolved
in EG to achieve a concentration of 187.8 mM. For the synthesis,
5 ml of EG was placed in a 20 ml vial and heated in a silicone oil
bath at 160 °C. After 10 minutes, 100 pl of CuBr, and 150 pl of
NaCl solutions were injected into the vial. Subsequently, 1.5 ml of
AgNO; and 1.5 ml of PVP solutions were added dropwise over
a 15-minute period. The reaction was maintained for 1.5 hours
before cooling to room temperature. To collect the silver nano-
wires, acetone was added to the reaction mixture to precipitate
the product. The precipitates were isolated by centrifugation at
4000 rpm for 8 minutes and washed three times with acetone to
remove residual chemicals. The final product was dispersed in
ethanol for further use.

2.3 Preparation of GO/PVA/AgNWs nanocomposites

As illustrated in Fig. 1, the fabrication of GO/PVA/AgNWs
nanocomposites involved a multi-step solution-casting
process designed to ensure uniform dispersion and optimal
interaction among the composite components. Initially, PVA of
medium molecular weight was dissolved in distilled water (DW)
at elevated temperature (~60 °C) until a clear, homogeneous
solution was obtained. In a separate beaker, GO was also
dispersed in distilled water and sonicated for several minutes to
promote exfoliation and uniform suspension of GO sheets.
Once both solutions were prepared, the GO suspension was
gradually added to the PVA solution under vigorous stirring to
prevent aggregation. The resulting mixture was subjected to
ultrasonic treatment for 6 minutes using a probe-type ultra-
sonicator. This step was critical for enhancing the interfacial
interaction between the GO sheets and the PVA polymer chains.

Following the initial sonication, a predetermined amount of
AgNWs was introduced into the GO/PVA mixture. The AgNWs
were added dropwise while stirring to prevent clumping, and
the entire mixture was further sonicated for an additional 4
minutes to ensure uniform distribution of the nanowires
throughout the matrix. The final nanocomposite solution was
then cast into Petri dishes and allowed to settle. To remove
excess solvent and promote film formation, the samples were
left to dry at room temperature under ambient conditions for
approximately one week. This slow drying process facilitated
the formation of uniform, crack-free composite films. The
concentrations of the active components were optimized based
on preliminary trials and maintained constant throughout the
study. Specifically, the GO content was fixed at 3 wt% relative to
the mass of PVA, while the concentration of AgNWs was kept at
1 wt%. These concentrations were selected to ensure adequate
dispersion and to investigate the synergistic effects of GO and
AgNWs within the PVA matrix.
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Fig. 1 Preparation of GO/PVA/AgNWs nanocomposites and the effect of gamma radiation.

Upon complete drying, the resulting GO/PVA/AgNWs nano-
composite films were carefully removed and cut into appro-
priate sizes for subsequent irradiation. The samples were then
exposed to gamma radiation at doses of 8, 25, and 50 kGy using
a cobalt-60 gamma source. The irradiated samples were sub-
jected to comprehensive structural, morphological, and spec-
troscopic analyses to evaluate the effects of gamma radiation on
the physicochemical properties of the nanocomposites.

2.4 Characterization

The structural properties of the synthesized samples were
analyzed using a Rigaku Mini Flex 600 X-ray diffractometer (A =
1.5406 A) with Ni-filtered Cu Ko radiation. Low-vacuum SEM
backscattered-electron imaging was carried out at 5 kV accel-
erating voltage and pressure of 50 Pa using Apreo 2S (Thermo
Fisher Scientific). Light microscopy in brightfield mode was
done using Axio Imager.Z2m. Transmission Electron Micros-
copy (TEM) was performed with a JEM-1400 (JEOL, Japan) at 80—
120 kv.

The vibrational properties of the samples were examined
using Raman spectroscopy with a WITec Alpha 300 RS scanning
confocal Raman microscope. Raman measurements were con-
ducted in a backscattering geometry, utilizing a frequency-
doubled Nd:YAG laser (532 nm) focused through a 100x/0.9
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microscope objective. The laser power used during measure-
ments was approximately 1.4 mW. Gamma irradiation experi-
ments were carried out using a ®*Co gamma source. The average
energy of the y-radiation was 1.25 MeV, with the gamma
quantum energy approximately 1.33 MeV.

3 Results and discussion
3.1 X-ray diffraction analysis

The structural analysis of GO/PVA/AgNWSs nanocomposites
before and after gamma irradiation is presented in Fig. 2.
Fig. 2A corresponds to the non-irradiated sample, while Fig. 2B-
2D represent samples irradiated with gamma doses of 8, 25, and
50 kGy, respectively. The broad peak at 26 = 19.88° is charac-
teristic of PVA (JCPDS 36-1451).>* Additionally, peaks at 26 =
38.49°,45.21°, 64.82°, and 81.78° correspond to the (111), (200),
(220), and (311) planes of AgNWs, as indexed in JCPDS card no.
04-0783.*> Notably, peaks characteristic of GO, located at 20 =
10.97° and 42° (indexed as (001) and (100), (JCPDS card #75-
2078)), were not observed in the XRD diffractogram. This
absence suggests that GO was fully dissolved in the PVA matrix
and distributed homogeneously throughout the composite.*
Fig. 2-1 and 2 illustrate the structural analysis of the top and

bottom layers of the GO/PVA/AgNWs nanocomposites,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 XRD diffraction patterns of GO/PVA/AgNWs nanocomposites: 1
— top layer, 2 — bottom layer: (A) non-irradiated sample, (B) irradiated
at 8 kGy, (C) irradiated at 25 kGy, (D) irradiated at 50 kGy.

respectively. It is important to note that the peak positions are
identical for both layers. However, the intensity of the peaks
attributed to Ag is higher in the bottom layer (Fig. 2-2). This
indicates that the filler preferentially accumulates in the lower
regions of the polymer composite, likely due to gravitational
forces during the drying process at room temperature.®®
Furthermore, the broader half-width of the XRD peak for PVA in
the bottom layer suggests increased filler accumulation, chain
scission of the polymer, and a reduction in the degree of poly-
mer crystallinity. In the non-irradiated samples, the half-width
of the PVA peak is 3.08°. After Y irradiation, the half-width for
the bottom layer increased to 3.48°, 3.49°, and 4.03° for doses of
8, 25, and 50 kGy, respectively. In contrast, the top layer showed
a more modest increase from 3.08° to 3.36°. This disparity can
be attributed to the filler accumulation in the bottom layer
acting as a cross-linking center under gamma radiation. This
reduces crystallinity, decreases crystallite size, and alters the
strain within the crystal structure.

3.2 Morphology

3.2.1 Optical microscopy. Fig. 3 shows the optical micro-
scope images of the GO/PVA/AgNWSs composite obtained in
reflection mode. Fig. 3A corresponds to the top layer of the
composite, where the silver nanowires are observed to be
homogeneously distributed. Additionally, the AgNWs exhibit
random orientations rather than alignment in a single

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical microscope images of GO/PVA/AgNWs composite: (A)
top layer, (B) bottom layer for GO/PVA/AgNWs.

direction. Bright spots in the image represent AgNWs oriented
perpendicularly to the surface. Fig. 3B represents the bottom
layer of the composite. As seen in the image, this layer appears
darker, which is attributed to the greater distribution of GO in
the lower regions, reducing the reflectivity. Furthermore, in
addition to silver nanowires, bulkier particles are observed in
this layer. These particles are likely silver structures that did not
form nanowire shapes during synthesis. The absence of such
bulky particles in the upper layer can be explained by their
higher mass, which causes them to settle in the lower regions of
the polymer under the influence of gravitational forces during
the drying process.

3.2.2 TEM and SEM analysis. Fig. 4 displays the TEM
images of the synthesized GO and AgNWs. Fig. 4A and B
correspond to GO samples. As shown, the synthesized GO
exhibits a multilayered structure with varying degrees of folding
and wrinkling. Not all GO sheets consist of the same number of

RSC Adv, 2025, 15, 13574-13582 | 13577
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Fig. 4 TEM images of nanomaterials: (A and B) GO nanosheets, (C and D) Ag nanowires.

layers; Fig. 4A highlights instances of single-layer GO sheets.
Furthermore, the size of the synthesized GO sheets spans
a broad range, with dimensions varying between 0.7 and 2 um.
Fig. 4C and D illustrate the TEM image of AgNWs synthesized
via the polyol method. The TEM results confirm the successful
synthesis of silver nanowires. Based on the TEM analysis, the
AgNWs exhibit diameters ranging from 50 to 110 nm and
lengths from 2.7 to 5 pm. Additionally, the images reveal the
presence of silver particles alongside the nanowires. These
particles are attributed to silver structures that did not fully
form into nanowires during the synthesis process.

3.2.3 SEM analysis. Fig. 5 illustrates the SEM images of the
GO/PVA/AgNWs nanocomposites. Fig. 5A and B correspond to
the top surface of the sample. These results confirm the

13578 | RSC Adv, 2025, 15, 13574-13582

uniform distribution of Ag nanowires in different directions,
aligning with the findings from the optical microscope analysis.
However, it was also observed that the concentration of silver
nanowires varies across the sample. Fig. 5B shows a region with
a denser distribution of AgNWs, where randomly oriented
nanowires intersect with each other. Fig. 5C and D depict the
bottom surface of the GO/PVA/AgNWs nanocomposites. The
images reveal bulky silver particles on this surface, which can be
attributed to gravitational forces during the formation of the
composite.

Fig. 5E displays a cross-sectional SEM image of the sample,
revealing a lower concentration of nanoobjects in the upper
layer of the composite. The cross-sectional morphology indi-
cates the presence of smaller nanowires predominantly on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Typical SEM images of GO/PVA/AgNWs nanocomposites: (A and B) top surface, (C and D) bottom surface and (E) cross-section of the 3%
GO/PVA/AgNWSs sample.

top side of the sample. This distribution is attributed to gravi- evaporation. The composition of this surface layer, whether rich
tational effects and the development of a dense, polymer-rich or deficient in nanoparticles, is influenced by the interaction
skin layer at the liquid/vapor interface during solvent strength between the nanoparticles and the polymer matrix.*”
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It is important to note that Y radiation did not induce any
noticeable morphological changes in the nanocomposite, as no
significant differences were observed between irradiated and
non-irradiated samples.

3.3 Raman spectroscopy analysis

The Raman spectra of the GO/PVA/AgNWs nanocomposites
reveal two primary bands: D Band (1349 cm '): this band is
associated with the A,g breathing mode of sp” carbon rings,
which becomes activated due to structural defects or disorder in
the graphene lattice. In graphene oxide (GO), the D band
intensity increases as defects introduced by oxidation create sp®
carbon bonds, signifying the level of disorder or defects in the
carbon lattice. G Band (1593 cm ™ "): This band corresponds to
the E,, phonon mode, related to the in-plane vibration of sp*
hybridized carbon atoms in graphene. The G band represents
the graphitic structure, indicating the presence of ordered sp>
carbon domains within the material. Additional bands were
observed at 2677 em™ " and 2912 cm ™. A characteristic band for
PVA was identified at 2933 cm ™! (Fig. 6).

Upon comparing the spectra depend on irradiation doses
(Fig. 6B-D), it can be observed that the positions and presence
of peaks are consistent in all cases. However, changes in the
intensity ratio of the D and G bands are evident. The ratio of the
intensities of the D and G bands (Ip/I; ratio) is often used to
assess the level of disorder or defect density in graphene oxide.*®
A higher Ip/I; ratio indicates more defects (higher oxidation or
more disordered structure), while a lower ratio suggests a more
graphitic, ordered structure. The calculated ratios for the
samples are presented in Table 1. The sample not exposed to Y’
radiation exhibited the lowest Ip/I; ratio, indicating the
minimal degree of structural disorder. In contrast, samples
exposed to Y radiation showed higher levels of disorder, with
the most significant increase observed in the sample irradiated

@
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Fig. 6 Raman spectra for GO/PVA/AgNWSs nanocomposites: (A) non-
irradiated sample, (B) irradiated at 8 kGy, (C) irradiated at 25 kGy, (D)
irradiated at 50 kGy.
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Table 1 /p/lg ratios of GO/PVA/AgNWSs nanocomposites irradiated at

different doses

GO/PVA/AgNWs

Dose of gamma

irradiation In/lg
Non-irradiation 1/0.98 = 1.02

8 kGy
25 kGy
50 kGy

1/0.9331 = 1.07
1/0.9628 = 1.04
1/0.9524 = 1.05

with an 8 kGy dose. This nonlinear effect of Y radiation on
structural disorder aligns with previously reported findings.*

4 Conclusion

In this study, GO was synthesized using a modified Hummers'
method, while AgNWs were synthesized using a modified Polyol
method. Subsequently, GO/PVA/AgNWs nanocomposite mate-
rials were prepared using the casting method. The prepared GO/
PVA/AgNWs nanocomposites were exposed to Y radiation at
doses of 8, 25, and 50 kGy for first time. After exposure to Y
radiation, the structure and morphology of the GO/PVA/AgNW5s
nanocomposites were investigated, and Raman measurements
were conducted. The results indicate that during the prepara-
tion of the samples, part of the filler sedimented into the lower
layers due to the effect of gravity. Structural analysis shows that
the impact of Y radiation on the degree of crystallinity was more
pronounced on the lower side of the sample due to the sedi-
mentation of nanoparticles. Although the effects of Y radiation
on morphology were not clearly visible in the morphological
analyses, they confirmed the sedimentation of particles under
the influence of gravity. Raman results indicate that gamma
radiation increased defects and disordered structures in the
samples; however, this increase was not linear. The highest
disorder was observed in the nanocomposite exposed to 8 kGy,
with an I/Ig ratio of 1.07.
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