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1. Introduction

Noble metal nanostructures, particularly those composed of
silver (Ag) or gold (Au), have garnered significant interest due to
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Gamma-induced one-step synthesis of reduced
graphene oxide-silver nanoparticles with
enhanced propertiesy

Souad Abou Zeid, 2 *@ Liran Hu,? Rasta Ghasemi,® Matthieu Gervais, (2
Jaspreet Kaur Randhawa, (2 ¢ Prem Felix Siril2 € and Samy Remita ) *@’

This study presents a novel gamma-induced one-pot synthesis of reduced graphene oxide—silver nano-
particle (rGO-Ag NPs) nanocomposites. Syntheses were conducted in a deoxygenated aqueous
medium containing 0.2 g L™t graphene oxide (GO), silver ions (10~ or 1072 mol L™, and 0.2 mol L™*
isopropanol at ambient temperature and pressure. Multi-technique characterization confirmed the
reduction of GO and silver ions, forming nanocomposites with significantly improved physicochemical
and electrochemical properties compared to pristine GO, rGO alone, and rGO-Ag NPs prepared by
other methods. UV-Vis absorption spectroscopy revealed tunable optical properties, while UPS
measurements provided insights into the energy band structure, highlighting interactions between rGO
and Ag NPs that enhance electronic properties. XPS and ATR-FTIR confirmed the successful reduction
processes. SEM—EDX analyses demonstrated uniform silver nanoparticle distribution on rGO sheets. The
C/O ratio significantly increased after irradiation, with values of 10.8 and 9.6 for composites synthesized
with 1073 and 1072 mol L™t in silver ions, respectively, compared to 11.2 for rGO alone. Raman spectro-
scopy showed a lower intensity ratio (Ip/lg) between D and G bands (1.18 for nanocomposites vs.
1.40 for rGO), indicating fewer structural defects. Improved thermal stability was evidenced by reduced
weight loss (10%) at 300-800 °C. Electrochemical studies revealed exceptional specific capacitance
values of 218 F g1 (107® mol L™ Ag™ at 50 kGy) and 298 F g~ (1072 mol L™ Ag™ at 70 kGy), surpassing
the 125.4 F g~* for rGO alone. These findings highlight the potential of gamma-induced synthesis for
producing rGO-Ag NPs nanocomposites for high-performance supercapacitor applications.

their unique physical and chemical properties, which are intrinsi-
cally linked to their size, shape, and composition."™ These proper-
ties make noble metals highly valuable in a myriad of applications,
ranging from catalysis and electronics to sensors and biomedical
devices.”® However, the integration of noble metals with other
functional materials has become an important strategy to enhance
their performance and broaden their applicability.'®"* This
synergy not only enhances the performance of the individual
components but may also yield novel functionalities that are
critical for advanced technological applications."* ™

Among the materials that hold great promise for the devel-
opment of noble metal-based composites, graphene and its
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derivatives stand out prominently. Graphene, a two-
dimensional sp*hybridized carbon allotrope, has revolutio-
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nized materials science due to its exceptional properties,
including high electron mobility, excellent mechanical stiff-
ness, extraordinary electronic transport, and high electrical
conductivity."”*° These characteristics position graphene as a
crucial material for applications ranging from nanoelectronics
and energy storage to biosensing and drug delivery.**°

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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However, the scalable production of pristine graphene
remains a significant challenge, driving researchers to explore
alternative routes for synthesizing graphene-like materials.”” In
this context, graphene oxide (GO) and reduced graphene oxide
(rGO) have emerged as viable alternatives for large-scale pro-
duction and application.®

GO, obtained via the oxidation of graphite, contains various
oxygen-containing functional groups, such as epoxy, hydroxyl,
carbonyl, and carboxyl moieties. These functionalities play
a crucial role in modifying the electronic structure of
graphene while significantly enhancing GO’s processability
and dispersibility in various solvents.” This makes GO an ideal
precursor for synthesizing graphene-based nanocomposites.
The reduction of GO into rGO is a critical step in restoring
the desirable characteristics of graphene while retaining some
beneficial traits of GO that facilitate composite formation.*®
Conventional methods for reducing GO include chemical tech-
niques employing reducing agents such as hydrazine or sodium
borohydride, as well as thermal and electrochemical reduction
processes.*™*? Despite their effectiveness, these methods often
present challenges, such as the use of hazardous chemicals,
high energy consumption, and limitations in scalability.*?
Moreover, achieving complete reduction of GO while maintain-
ing structural integrity and ensuring the preservation of intrin-
sic properties remains a formidable obstacle in the field.>”

In our previous work,*” we demonstrated the feasibility of
using y-ray irradiation to reduce GO through water radiolysis.
This method not only proved to be efficient but also more
environmentally friendly compared to conventional reduction
techniques, which often rely on hazardous chemicals. However,
we acknowledge that the use of y-ray irradiation is not without
its own environmental considerations, including the manage-
ment of radioactive materials and the need for proper safety
protocols. Despite these considerations, our study revealed that
rGO produced through y-ray irradiation exhibited a relatively
high specific capacitance, indicating its significant potential for
energy storage applications. Furthermore, we established an
exponential correlation between capacitance and the absorbed
dose of radiation, underscoring the tunability of the rGO
properties through controlled irradiation. Notably, we deter-
mined that the theoretical absorbed dose required for complete
reduction of 0.2 g L' GO is precisely 6 kGy (this value being
contingent upon the specific characteristics of the commercial
GO used in our experiments, such as oxidation rate), marking a
clear benchmark for optimizing the reduction process. These
findings highlighted the potential of radiolytic reduction as a
scalable and effective approach for producing high-quality rGO,
paving the way for its application in various graphene-based
nanocomposites and advanced materials.

Building on these findings,** this current research focuses
on the one-pot radiolytic synthesis of rGO-Ag nanocomposites.
The integration of silver nanoparticles with graphene-based
materials provides an opportunity to synergistically enhance
the properties of both components, leading to nanocomposites
with superior functionalities.>*™” In catalytic applications, the
presence of Ag NPs on the rGO surface can enhance electron
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transfer rates and increase the active surface area, leading to
improved catalytic activity and stability.*** Similarly, in sen-
sing applications, the combination yields heightened sensitiv-
ity and selectivity for various analytes.’®*! Furthermore, the
antimicrobial properties conferred by AgNPs present potent
antibacterial effects, making these nanocomposites valuable
for water treatment and biomedical applications.*>*? In energy
storage, rGO-Ag nanocomposites have shown promise as elec-
trode materials with enhanced capacitance and charge transfer
capabilities.****

Traditional synthesis methods for rGO-Ag nanocomposites
often rely on hazardous reducing agents. These chemical
reduction processes typically entail multi-step procedures and
the use of surfactants to stabilize the nanoparticles.*®*” How-
ever, these surfactants can adversely affect the performance
of the resulting composites due to their strong adsorption on
the metal NPs, limiting the overall efficacy in practical
applications.>**®*° To address these limitations, alternative
techniques have been developed.**”>* Thermal reduction and
electrostatic assembly methods have shown promise, while
recent studies have explored more innovative approaches. Li
et al.>* demonstrated a facile and rapid microwave irradiation
method, and Ali Mohamed et al.>® reported an eco-friendly
sonication approach. These methods offer advantages such as
reduced processing time and improved energy efficiency. How-
ever, challenges persist in terms of scalability, precise control
over nanoparticle characteristics, and uniform dispersion of Ag
NPs on the rGO surface. Moreover, these techniques may not
fully meet the growing demand for sustainable and efficient
synthesis methods. In this context, radiolytic synthesis emerges
as an innovative alternative. Several studies have explored this
approach, demonstrating its potential for producing high-
quality rGO-Ag nanocomposites.’*™*® However, many existing
radiolytic methods still require multiple steps or additional
reducing agents, leaving room for further optimization. Addi-
tionally, detailed analysis of nanocomposite properties has
been limited in previous studies.

Our research focuses on a novel radiolytic synthesis method
that offers several key advantages over existing techniques. This
method utilizes a one-pot, single-step process without addi-
tional reducing agents, allowing for precise control over nano-
particle size and distribution. It ensures uniform dispersion of
Ag NPs on the rGO surface, offers high reproducibility
and scalability potential, and provides an environmentally
friendly approach with minimal waste generation. The process
employs gamma-irradiation to generate reducing species
directly within the reaction medium via water radiolysis,
enabling simultaneous reduction of graphene oxide and silver
ions. The reducing power of species such as hydrated electrons
(eag ), hydrogen atoms (H*) or isopropanol radicals, allows
for precise and quantitative control over the reduction
process. Moreover, gamma-irradiation produces reducing
agents uniformly throughout the solution, ensuring a homo-
geneous initial dispersion of components—critical for achiev-
ing high monodispersity and reproducibility of formed
nanostructures.®'
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Fig. 1 Schematic representation of the radiolytic synthesis of rGO—-Ag NPs in aqueous solution (a). Photographs showing the effect of increasing
absorbed dose on the one-step reduction of a degassed aqueous solution containing 0.2 mol L™ IPA and 0.2 g L™! of GO together with [Ag*ly =

1073 mol L™ (series A) (b) or [Ag*lo = 1072 mol L™? (series B) (c).

Previous studies conducted in our laboratory have high-
lighted the benefits of the radiolytic approach compared to
conventional chemical and electrochemical methods for fabri-
cating metallic nanoparticles and conductive polymers.®'~®® In
particular, in our recent work,*® we demonstrated the efficient
synthesis of rGO-Au nanocomposites using gamma irradiation,
showcasing the effectiveness of this approach in producing
high-quality nanomaterials. The self-regulating nature of
gamma irradiation refers to its ability to generate reducing
species uniformly and consistently throughout the reaction
medium, enabling precise control over the reduction process
without external intervention. This characteristic not only
simplifies the synthesis process but also enhances the purity
of the final product, making it particularly suitable for applica-
tions in catalysis, sensing, and environmental remediation.”®

In this study, we will continue our exploration of the
reduction of GO via radiolysis with an experimental approach
involving the irradiation of aqueous solutions containing GO at
a concentration of 0.2 g L™, silver ions at concentrations of
either 10> or 107> mol L' (from silver perchlorate), and
isopropanol at 0.2 mol L™" as a radical scavenger to enhance
the stability of radiolytic species (Fig. 1(a)). By varying the
absorbed dose and silver ion concentration, we aim to elucidate
the formation mechanism of rGO-Ag nanocomposites and

978 | Mater. Chem. Front., 2025, 9, 976-1001

optimize synthesis conditions to achieve superior physico-
chemical properties.

This study not only seeks to deepen the understanding of
radiolytic nanocomposite synthesis but also lays the ground-
work for developing advanced materials with tailored proper-
ties. By offering a simple, environmentally friendly, and
scalable synthesis route, our research addresses significant
challenges in the field of nanomaterial production. The
insights from this work are expected to impact a wide range
of sectors, including energy storage, catalysis, sensing, and
water purification, ultimately bridging the gap between
laboratory-scale production and practical, large-scale applica-
tions of these advanced materials.

2. Materials and methods
2.1 Materials and reagents

The synthesis of reduced graphene oxide-silver nanocompo-
sites was conducted using a variety of commercially sourced
materials. Graphene oxide, serving as the precursor for reduced
graphene oxide, was obtained in aqueous dispersion at a
concentration of 4 g L™ (C,O,H,, purity >95%) from Sigma
Aldrich. The reduction process involved the use of anhydrous

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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silver perchlorate (AgClO,) in a concentration of 97%, also
sourced from Sigma Aldrich, which acted as the precursor for
silver nanoparticles. Isopropanol (IPA) ((CH;),CHOH, anhy-
drous, >99.5%) used at a concentration of 0.2 mol L ™" as a
radical scavenger in the synthesis process, was also provided by
Sigma Aldrich. Deionized water (DI), produced through a
Millipore system with a resistivity of 18.2 MQ cm, served as
the solvent for all experimental procedures unless specified
otherwise. This deionized water was utilized not only as a
reaction medium but also as a reference standard during UV-
Vis absorption spectroscopic measurements.

To maintain an inert atmosphere during the experiments,
nitrogen gas (N,) with a purity of >99.9% was employed for the
degassing of the aqueous solutions; this nitrogen gas was
obtained from Air Liquide. In the context of electrochemical
experimentation, Nafion™ 117 solution, comprising approxi-
mately 5% in a mixture of lower aliphatic alcohols and water,
was utilized as a binder. Potassium hydroxide (KOH), sourced
from Fisher Scientific, served as the electrolyte in the electro-
chemical characterizations. All chemicals were used as
received, without undergoing further purification prior to
experimentation.

2.2 Instrumentation of irradiation source

The irradiation source utilized in this study was a ®°Co v-
source. The current activity of this source at the time of
experimentation was approximately 3000 Curie (Ci). This
source is securely housed in a lead container, allowing for
precise mechanical control in raising and lowering the source
during irradiation.

Irradiation was performed within a panoramic chamber
specifically designed to ensure safety and efficiency. Samples,
comprised of aqueous solutions contained in glass vials, were
placed on a fixed platform inside the chamber.

The intensity of the irradiation was quantified by the
absorbed dose (D), which measures the amount of energy
deposited in the irradiated solutions. The dose rate during
the experiments was standardized at 3.3 kGy h™', ensuring
precise control over the dosing process while maximizing both
safety and treatment efficacy during irradiation. This value was
consistently used throughout our experiments to achieve the
required irradiation dose effectively.

The dose rates were accurately determined using Fricke’s

dosimetry, which relies on the oxidation process of Fe*" to
Fe* 71,72

2.3 Preparation of rGO-Ag nanocomposites via y-irradiation

Prior to the experimental procedure, the commercial GO sus-
pension was thoroughly shaken and allowed to stand undis-
turbed for 5 hours to prevent sedimentation. Subsequently, two
separate 500 mL Erlenmeyer flasks were prepared, designated
as flask A and flask B. Each flask contained aqueous solutions
with consistent concentrations of GO (0.2 g L") and IPA
(0.2 mol L") but with different concentrations of AgClO,. In
flask A, the concentration was 10> mol L™ !, while in flask B, it
was increased to 10> mol L™".

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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To ensure homogeneity, the suspensions were thoroughly
shaken before being transferred into two series of transparent
glass vials (40 mL). Series A, corresponding to flask A, included
10 glass vials, while series B, corresponding to flask B, also
comprised 10 glass vials. Each vial was sealed with septa and
further protected from light exposure by wrapping them in
aluminium foil due to the light sensitivity of Ag(i) silver salt.

To remove dissolved oxygen which could negatively impact
the reduction process, the GO/Ag" suspensions underwent N,
degassing for 20 minutes. Following the degassing process, the
samples were subjected to gamma-irradiation using the *°Co
y-source at a dose rate of 3.3 kGy h™". In series A, the samples
were irradiated with increasing absorbed doses from 0 kGy up
to a maximum of 50 kGy (samples A1 to A10, Fig. 1(b)). Mean-
while, series B samples were irradiated at doses increasing from
0 kGy to 70 kGy (samples B1 to B10, Fig. 1(c)).

The selection of absorbed doses was informed by previous
studies. Our prior work indeed determined the reduction yield
of the used commercial GO to be 3.3 x 107° g ], establishing
that a theoretical dose of approximately 6 kGy is necessary
for the quantitative reduction of 0.2 g L™" of this GO in
water in presence of 0.2 mol L™' in isopropanol. In these
conditions, isopropanol molecules scavenge H* and HO® radi-
cals produced from water radiolysis, leading to isopropanol
radicals, (CH;),C*OH, which act together with hydrated elec-
trons (e,q , also produced from solvent radiolysis) as reducing
radicals.?” Additionally, earlier research demonstrated that the
reduction yield of Ag" ions (from silver perchlorate) was 6.2 x
1077 mol J~! in the same experimental conditions, in presence
of 0.2 mol L™ isopropanol. This reduction yield has been
demonstrated to be the sum of the production yields of redu-
cing species generated by water radiolysis: hydrated electrons,
isopropanol radicals and potentially H® radicals, depending
on Ag" concentration.”’ To quantitatively reduce 10> or
1072 mol L' of Ag" ions, absorbed doses of 1.7 kGy or
17 kGy were determined to be necessary, respectively. Thus,
for the system containing 0.2 ¢ L™" of GO and 103 mol L ™" of
Ag' (series A), the theoretical absorbed dose required was
calculated to be 7.7 kGy. In contrast, for the solution containing
0.2 gL " of GO and 10 > mol L * of Ag" (series B), the required
reduction dose was calculated to be 23 kGy. These theoretical
doses guided the selection of irradiation levels for the respec-
tive series studied in the present work.

After the irradiation process, the resultant products were
collected through centrifugation at 7000 rpm for 15 minutes.
The precipitated materials from each sample of the two series A
and B were then dried in a hot air oven at 100 °C overnight to
yield the dried products.

All experiments were conducted in duplicate to ensure
reproducibility.

2.4 Reduction mechanisms and kinetics in radiolytic systems

Following the procedural description of the one-step gamma
irradiation synthesis of rGO-Ag nanocomposites, it is essential
to examine the underlying reduction mechanisms that drives
this transformation. In our prior work,*” we detailed the water
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radiolysis process, describing the variety of reactive species
produced under ionizing radiation and how they contribute
to creating a reducing environment under controlled condi-
tions. For the present study, which employs similar experi-
mental parameters, these insights remain directly applicable.

In our experiments, conducted at neutral pH and under a
nitrogen atmosphere in the presence of isopropanol, water
radiolysis generates reactive species that establish a strong
reducing environment. Indeed, hydrated electrons (e,q ) and
isopropanol radicals ((CH3),C*OH) act as reducing agents,
where isopropanol not only scavenges HO® oxidative radicals
but also contributes to the generation of additional reducing
species, thus amplifying the overall reducing capacity.®>”*7*

The reduction of GO in environments containing e,,~ and
(CH;),C*OH reactive species proceeds through multiple path-
ways targeting the oxygenated functional groups on GO.
Hydrated electrons are for instance particularly effective in
reducing epoxide and carbonyl groups present on GO sheets
into hydroxyl groups. These hydroxyl groups can then undergo
further reduction, restoring the sp>bonded carbon structure
essential for determining the material’s electrical properties.

Through these reactions, the progressive deoxygenation of
GO leads to the restoration of the graphitic sp” carbon network,
crucial for applications relying on the electrical and structural
properties of rGO. Meanwhile, isopropanol radicals participate
in the reduction process, primarily targeting hydroxyl and
carbonyl groups, IPA radicals being oxidized by hydroxyl groups
into acetone.

Simultaneously, the reduction of silver ions (Ag") into zero-
valent silver atoms (Ag®) occurs via multiple pathways, includ-
ing interactions with hydrated electrons, isopropanol radicals,
and hydrogen atoms. These reactions are summarized as
follows:”>7%77

Ag+ teyq — Ago (1)
Ag" + (CH;),C*OH — Ag° + (CH;),CO + H* (2)
Agt+H®* - Ag® +H' (3)

Silver atoms are thermodynamically unstable. They aggre-
gate into silver oligomers, then into bigger silver nanoparticles,
the properties of which depend on particle size.”® Silver aggre-
gation process can be summarized by the following reactions:

Ag’ + Agt — Ag," (4)
AP+ AZ™ — A, P (5)

To mitigate and control aggregation, GO should serve as a
stabilizing support, limiting particle growth, ensuring a uni-
form size distribution and enhancing the overall performances
of the resulting rGO-Ag nanocomposites.

From a mechanistic point of view, it is important to consider
the kinetic competition between two reduction mechanisms:
the reduction of GO by e, and (CH3),C*OH on the one hand,
and the reduction of Ag" by the reducing species on the other
hand. The reduction of GO by these reducing radicals has been
investigated using pulse radiolysis. The rate constants obtained
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are approximately k; = 2.8 x 10’ L g~ s ' for e, and k| =
8 x 10* L g ! s~ for (CH;3),C*OH.”® It should be noted that
these rate constants are expressed in L g~ ' s due to the
unknown molar mass of GO. Also, the reduction of GO by e,
occurs significantly faster than that by (CH3),C*OH. Similarly,
Ag" ions are reduced extremely rapidly by solvated electrons,
with a rate constant roughly k, = 3.6 x 10" L mol ' s ~.7°
Furthermore, Ag" can also be reduced by hydrogen atoms (H*),
with a rate constant of k; = 1.5 x 10°L mol™*'s™.%° The
contribution of H* to the reduction of Ag' is particularly
significant under the employed experimental conditions.

To compare the kinetics of GO reduction with that of Ag”
ions, we can focus on their reactions with e,q ", which is the
fastest route. Thus, we can estimate the competition ratio (R):

k1 x [GOJ x [e;q]

= (6)
ky x [AgT] x [e;q]

where [GO] is the concentration of GO in g L', [Ag'] is the

concentration of silver ions in mol L™, k; is the rate constant

for the reduction of GO in L g~ * s™*, and k, is the rate constant

for the reduction of silver ions in L mol " s~ .

This competition kinetics highlights the importance of care-
fully tuning reaction conditions, inter alia, by adjusting GO and
Ag' initial concentrations, to achieve optimal outcomes in the
synthesis of rGO-Ag hybrid materials.

2.5 Characterization of rGO-Ag nanocomposites

The radiosynthesized materials were characterized using a
comprehensive suite of analytical techniques to evaluate their
chemical, optical, electronic, structural, morphological, ther-
mal, and electrochemical properties. These analyses provide
crucial insights into the formation, composition, and function-
ality of the materials, which are essential for their potential
applications. All experiments were conducted in duplicate to
ensure reproducibility.

UV-Vis absorption spectroscopy was employed to investigate
the evolution of GO and Ag" concentrations in irradiated
samples as a function of absorbed dose. This technique pro-
vided insights into the nature of the bonds and functional
groups present, as well as their physicochemical and optical
properties. Additionally, UV-Vis absorption spectroscopy
allowed the determination of the band gap of synthesized
hybrid material within each sample, confirming the reduction
of GO into rGO and the conversion of Ag" ions into Ag NPs.
Absorption spectra were recorded using an Agilent/HP
8453 UV-Vis spectrophotometer over the wavelength range of
200-800 nm, with distilled water serving as a reference. Mea-
surements were conducted immediately after gamma-
irradiation, with a dilution factor of 10 applied to the second
series of samples (series B) initially containing 0.2 g L™ " GO,
102 mol L™ AgClO,4, and 0.2 mol L™ IPA.

Fourier transform infrared spectroscopy-attenuated total
reflectance (FTIR-ATR) was utilized to examine the functional
groups present in both irradiated and non-irradiated samples.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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The powdered samples were analyzed using a Bruker Vertex 70
spectrometer. They were placed on a diamond crystal attached
to an ATR plate (Pike MIRacle™ crystal plate diamond/ZnSe)
and scanned in the range of 4000-600 cm ™' using a mercury
cadmium telluride (MCT) detector integrated with a liquid
nitrogen cooling system for enhanced sensitivity. This charac-
terization was vital for identifying changes in functional groups
that occurred during irradiation.

Raman spectroscopy was employed to analyze the structural
transformation of GO into rGO and the formation of rGO-based
nanocomposites. Samples were prepared by depositing 20 pL of
aqueous suspension onto indium tin oxide (ITO) substrates,
followed by spin coating at 3000 rpm for 30 seconds and drying
at 100 °C for 10 minutes. Raman spectra were recorded using a
Horiba Lab RAM HR Evolution system with a 532 nm laser, set
to a power of 1 mW, and focused with a 50x objective lens
(0.5 NA). Analyzing the spectra in the range of 200-2000 cm ™"
allowed the confirmation of changes in hybridization states
and the crystalline quality of the synthesized materials.

X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) were carried out on thin
films prepared on ITO substrates following the same prepara-
tion conditions as for Raman analysis. The XPS measurements
were conducted using a Thermo Scientific NEXSA Surface
Analysis System with a monochromatic Al Ko X-ray source
(1486.6 eV) and a spherical analyzer. The data were analyzed
with Thermo Scientific Avantage software. For UPS, He I radia-
tion (Av = 21.22 eV) was used to probe the valence bands,
providing insights into the electronic properties and surface
characteristics of the materials.

Scanning electron microscopy (SEM) was utilized to observe
the morphology of the synthesized materials using a HITACHI
S3400N-IDA system. This technique was supplemented by
energy dispersive X-ray spectroscopy (EDX) to assess the ele-
mental composition. Samples were prepared by depositing a
small quantity of solid material onto a carbon support. EDX
analysis facilitated qualitative and quantitative assessments of
the elemental constituents, collecting signals from defined
areas imaged by SEM to yield average concentration values
for each detected element.

Thermogravimetric analysis (TGA) was performed using a
TGA Q500 (TA Instruments, USA) to evaluate the thermal
stability and composition of the materials. The analysis was
conducted under an oxygen flow rate of 60 mL min ", covering
a temperature range from 22 °C to 900 °C at a heating ramp rate
of 10 °C min".

Cyclic voltammetry (CV) measurements were conducted
using a Metrohm Autolab potentiostat equipped with Nova
software to assess the electroactivity of the synthesized materi-
als. For the electrochemical experiments, a conventional three-
electrode cell configuration was utilized, employing 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 cm®. Prior to use, the working electrodes
were polished using SiC-paper and thoroughly rinsed with
ultrapure water (18.2 MQ cm). The preparation of the samples

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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involved utilizing 180 uL of a 0.2 g L™" aqueous solution, to
which 20 pL of Nafion was added as a binder. A 10 puL solution
of each sample was then drop-casted onto the GC working
electrode and allowed to dry slowly under ambient conditions.
During the electrochemical measurements, a 0.1 M KOH aqu-
eous electrolyte was utilized within a voltage range of —0.4 V to
+0.4 V, with varied scan rates ranging from 10 to 200 mV s~ .
This characterization aimed to calculate the specific capaci-
tance of the samples, contributing to the understanding of
their potential applications in energy storage.

2.6 Electronic and electrochemical characterization methods

2.6.1 Band gap determination. The optical band gap (E;) of
the materials was determined using the Tauc method, which
relates the energy gap to the absorption coefficient («) through
the Tauc relation:*'

(ahv)" = A(hv — Ey) (7)

where: A is a material-dependent constant, hv represents the
photon energy, with hv = hc/A, 4 being the wavelength of
incident light, « is the absorption coefficient, r reflects the
nature of electronic transitions between the valence and con-
duction bands (for direct allowed transitions, r = 1/2; for
indirect allowed transitions, r = 2).

For an indirect transition semiconductor, as in the case of
the synthesized nanocomposites, E, was obtained by plotting
(xhv)? against hv and extrapolating the linear portion of the plot
near the absorption onset.

Physical constants used in these calculations include:

- Speed of light: ¢ =3 x 10* m s *

- Planck’s constant: s = 6.63 x 10> J s

- Elementary charge: e = 1.6 x 10~ *° C

2.6.2 Energy band diagram construction. Using ultraviolet
photoelectron spectroscopy (UPS), we determined the maxi-
mum of the valence band (VB,,ax), as well as the work function
(WF), to analyze the electronic properties near the Fermi level,
essential for understanding material properties like conductiv-
ity and semiconducting behavior.

Key definitions and calculations:

- Fermi level (Eg): the highest occupied energy level by
electrons at 0 K, situated within the conduction band in metals
and in the band gap for semiconductors and insulators.

- Work function (WF): defined as the minimum energy
required to move an electron from the Fermi level to the
vacuum level (Nv), calculated as:

WF = Nv — Ep (8)
For semiconductors, the electron affinity (y) is used in

place of
WEF, calculated as:

7 =Nv — &C 9)

where ¢C represents the conduction band minimum energy.
From UPS data, we identified the electron cutoff energy
Ecutofr and calculated WF as:
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WF = 21.22 eV — Eeypoft (10)

With values of VB,,,.x and WF, the valence band energy (VB)
is given by:

VB = VBpax + WF (11)

Using the previously calculated band gap, the conduction
band energy (CB) was determined as:

CB=VB — E, (12)

2.6.3 Specific capacitance determination. To evaluate the
electrochemical performance of the nanocomposites, the spe-
cific capacitance was derived from the cyclic voltammetry
measurements. By integrating the area under the CV curve over
a specified potential range, it is possible to quantify the energy
storage capacity. The specific capacitance calculation reflects
the material’s charge-discharge characteristics, redox behavior,
and efficiency in energy storage applications. Ideally, a super-
capacitor’s CV curve presents a rectangular shape, which sig-
nifies low internal resistance and favorable electrochemical
properties.

The specific capacitance (Cs,) was calculated using the
following equation:

[i(E)dE

(E27E1)><m><v (13)

Cyp =
where: Cg, is the specific capacitance in F g™, E, —E; repre-
sents the potential range in the CV measurements (V), m is the

mass of the active material on the working electrode (g), v is the
E,

scan rate (V s'), [

i(E)dE is the integrated voltammetric

charge.

3. Results and discussions
3.1 Visual characterization and kinetic studies

The visual results from the sample of both series, A and B,
before and after gamma irradiation at varying absorbed doses,
are presented in Fig. 1(b) and (c), respectively. Post-irradiation
visual assessments revealed pronounced alterations in color
and morphology. Initially, both samples corresponding to
series A (A1) and series B (B1) exhibited a characteristic
brown hue, attributed to the mixture of colorless silver ions
and brown colored graphene oxide. However, a significant
change in color was detected upon irradiation, even at the
lowest absorbed doses.

In series A (Fig. 1(b)), the irradiation effects mirrored
established behaviors of GO. Between absorbed doses of 1
and 3 kGy, the solution maintained a uniform dark appearance,
indicative of the onset of reduction activity. An increase in the
absorbed dose from 3 to 6 kGy facilitated the emergence of
visible hydrophobic aggregates at the surface, culminating in
sedimentation at higher doses. This enhancement in hydro-
phobicity correlates with a marked reduction in oxygen-
containing functional groups on the GO, including -OH,
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-COOH, and epoxy groups, which are known to increase
hydrophilicity via hydrogen bonding. As highlighted in our
previous works, the gradual depletion of these groups under
irradiation enhances hydrophobic interactions and re-
establishes n-m stacking ones among the aromatic rings of
GO, thus fostering aggregate formation as the absorbed dose
surpassed 6 kGy. Notably, the reduction of silver ions at a
concentration of 10~® mol L " over a range of 1.7 kGy in series
A was not distinctly observable, complicating the assessment of
whether the reduction of silver ions outpaced that of GO.

Conversely, series B exhibited more pronounced color
changes from the outset of irradiation. As shown in Fig. 1(c),
transition to a grayish suspension occurred, with sedimenta-
tion becoming increasingly evident at elevated irradiation
levels. Between 17 and 23 kGy, the formation of hydrophobic
aggregates at the surface was observed, eventually leading to
their settling at the bottom of the sample. This behavior
indicates that the higher concentration of silver ions in series
B (10> mol L) facilitated a more rapid reduction compared
to GO. Specifically, complete reduction of silver ions occurred
around 17 kGy, establishing a pivotal threshold at which
significant reduction of GO commenced.

To quantitatively assess the kinetic processes across both
series, the competition ratio R was calculated using eqn (6)
derived in Section 2.4. The results from the experimental series
are as follows:

- For series A:

2.8 x 107 x 0.2
R=———-=0.1
3.6 x 1019 x 10-3 0-15 (14)
- For series B:
2. 107 2
§x 100 %02 15 (15)

T3.6x 1010 x 102

These calculated values indicate that in series A, the reduction
of silver occurs approximately seven times faster than that of
GO, while in series B, the rate is about seventy times faster. This
trend explains and validates the visual data presented in
Fig. 1(b), which demonstrates that the reduction of GO
becomes evident only after the complete reduction of silver
ions (17 kGy).

From these initial findings, it can be concluded that rtGO-Ag
NPs composites have been successfully synthesized in a single
experimental process. It is crucial to determine whether these
rGO-Ag NP composites produced via radiolysis exhibit proper-
ties that are distinct from those of the individual components.
Moreover, an exploration of how variations in absorbed dose
and silver concentration influence the optical, electronic, struc-
tural, thermal, and capacitive properties of the radiosynthe-
sized materials is essential. A comparative analysis of these
properties with those of rGO-Ag NPs composites synthesized
through alternative methods reported in the literature will
provide valuable insights into the efficacy and uniqueness of
this synthesis approach. These aspects will be systematically
addressed in the subsequent sections.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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3.2 UV-Vis absorption spectroscopy characterization

The UV-Vis spectra of samples from series A and B were
systematically recorded before and after gamma-irradiation,
as depicted in Fig. 2(a) and (b). These spectral analyses revealed
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significant alterations that correlate with the absorbed dose,
providing critical insights into the reduction mechanisms of
GO and silver ions. Initially, the absorption spectra for the
unirradiated samples, A1 (0 kGy) and B1 (0 kGy), exhibited two

Cc=C . Ag NPs ——B1 (0 kGy)
10T : ———B2 (6 kGy)
et —B3 (10 kGy)
Ly i B4 (17 kGy)
3 08 ——B5 (23 kGy)
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o
0
2
<

0000360 400 500 600 700 800
Wavelength (nm)

| P,
45
4.0 o

F- | e I B ERURR S S e
3.0
2.5
2.0
1.5
1.0
0.5
0.0

E (eV)

0 5 10152025303540455055 6065 70
Dose (kGy)

2.0

E (eV)

15

1.0

0.5

0-00-51015 202530352045 5055606570
Dose (kGy)

Fig. 2 UV-Vis monitoring of the radiolytic reduction of a solution containing GO (0.2 g L™) in the presence of isopropanol (0.2 mol L™) and [Ag*lo =
1073 mol L™ (series A) (a) or [Ag*lo = 1072 mol L~ (series B) (b), diluted tenfold. Reference: ultrapure water. Optical pathlength: 0.2 cm. Evolution of the
energy gap (eV) as a function of the absorbed dose for series A (c) and series B (d). Experimental uncertainty for repeated measurements is less than 5%.
Evolution of the energy gap (eV) of silver nanoparticles as a function of the absorbed dose for series A (e) and series B (f). The margin of error for the

obtained values is less than 5%.
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distinct broad bands characteristic of GO: the first one centered
around 230 nm, attributed to 1 — w* electronic transitions
within the aromatic C—=C bonds indicative of the graphitic
structure, and the other one at approximately 295 nm, which
corresponds to n — w* transitions associated with carbonyl
C=O0 functional groups.®” These spectral features establish a
baseline for subsequent observations during the reduction
process.

Upon initiating gamma-irradiation, a marked increase in
the intensity of the plasmon band which characterizes silver
NPs was observed, reaching a peak at approximately 400 nm.
This peak emerged and reached a maximum at an absorbed
dose of 1.7 kGy for series A (Fig. 2(a)) and 17 kGy for series B
(Fig. 2(b)), confirming the faster reduction of silver ions com-
pared to that of GO, as already presumed (see R values) and in
agreement with the visual observations (Fig. 1). The emergence
of this plasmon band is pivotal as it indicates the conversion of
Ag' ions into Ag NPs, which is characterized by surface plasmon
resonance (SPR). The physics of metallic nanoparticles dictates
that when exposed to incident light, the free conduction
electrons oscillate in response to the electric field of the light
wave, creating a resonant condition known as SPR. For sphe-
rical silver nanoparticles, this resonance typically occurs
within the wavelength range of 350-500 nm, peaking around
410 nm >

As the absorbed dose increased, a notable red shift of the
C—C transition band from 230 nm to 265 nm was recorded at
doses of 7.7 kGy for series A and 23 kGy for series B, these
absorbed doses being the theoretical doses required for com-
plete reduction of both GO and silver ions. This red shift is
indicative of the effective reduction of GO to rGO, highlighting
a structural transformation that enhances the electronic and
optical properties of the material. Concurrently, a substantial
decrease in absorbance at 295 nm was observed, which reflects
the diminishing concentration of C=O groups, further con-
firming the reduction of GO.%¢"%

Importantly, once the reduction of silver ions was consid-
ered complete at 1.7 kGy for series A and 17 kGy for series B,
sedimentation of nanoparticle suspensions was noted. This
phenomenon led to irreversible aggregation of the formed
nanomaterials and a subsequent decrease in the absorbance
for both Ag NPs (evidenced by reduced intensity of the plasmon
band) and GO (indicated by decreased absorbance at 230-
265 nm and at 295 nm). This sedimentation complicates the
quantification of the reduction yield of GO at 295 nm, a
challenge not encountered in prior studies.** The spectral
characteristics of the plasmon absorption band displayed
intriguing differences between the two series. For series A,
the plasmon band appeared symmetrical around 390 nm,
indicative of relatively uniform nanoparticle size, while in
series B, the plasmon band exhibited asymmetry with a peak
at around 410 nm, suggesting the presence of larger and
potentially more polydisperse nanoparticles. This observation
emphasizes the critical role that silver ion concentration
plays in determining nanoparticle morphology and size
distribution.
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The UV-Vis spectral analysis demonstrates the concomitant
formation of predominantly spherical silver nanoparticles
alongside rGO sheets throughout the irradiation process. The
optimal theoretical absorbed dose for synthesizing hybrid
rGO-Ag NPs, when [GO] = 0.2 g L' and [Ag'] = 10™® mol L™*
(series A), is identified as 7.7 kGy, whereas for [Ag'] =
107> mol L' (series B), the required absorbed dose escalates
to 23 kGy. Notably, the increase in Ag* concentration from 10>
to 10”2 mol L™ " did not significantly alter the kinetics of silver
reduction or the overall nanoparticle morphology; however, it
did result in a marked increase in the size and a broader size
distribution of the resulting metallic structures. These findings
collectively highlight the efficiency of gamma-irradiation as a
versatile method for producing rGO-Ag NP hybrids, illustrating
the ability to fine-tune their morphological and optical proper-
ties through careful manipulation of absorbed doses and silver
ion concentrations.

Furthermore, leveraging the UV-Vis data illustrated in
Fig. 2(a) and (b), the band gap values of all samples were
determined. The energy gaps were extracted from the absorp-
tion data using Tauc plots, where the intersection with the x-
axis indicates the energy gap for each sample. Tauc plots for
series A and B are provided in Fig. S1 and S2 (ESIT). Fig. 2(c) and
(d) demonstrate the evolution of the energy gap of the starting
materials (GO-Ag") as a function of the absorbed dose for both
series. For series A (Fig. 2(c)), the energy gaps of the samples,
E,, including both non-irradiated and irradiated conditions,
range from 4.4 eV to 3.1 eV. Notably, E, value decreases
significantly with increasing absorbed dose, reaching a value
of 3.1 eV at an absorbed dose of 7.7 kGy, which coincides with
the completion of the reduction process of both GO and Ag"
ions. Beyond this absorbed dose, at 10 kGy and higher, the
energy gap value stabilizes at 3.1 eV. In contrast, for series B
(Fig. 2(d)), the energy gaps span from 5.0 eV to 3.6 eV. A
pronounced reduction in E, value is observed up to approxi-
mately 23 kGy, an absorbed dose that theoretically corresponds
to the complete reduction of silver ions and GO. Beyond this
point, E, value reaches a plateau around 3.6 eV. Importantly,
the energy gap for series B, which features a higher concen-
tration of Ag" ions, is greater than that observed for series A.

The band gap energy of semiconducting silver nanoparticles
depends on the size of the nanoparticles. For an indirect band
gap, the literature estimates the band gap energy to range
between 2.8-3.5 eV.°*®* As shown in Fig. S1 and S2 (ESIf),
the data from this study reveal a distinct leftward shift in the
band gap with increasing absorbed dose, suggesting a size-
related impact on the electronic properties. To further investi-
gate this trend, the energy gap data are summarized in Fig. 2(e)
(series A) and Fig. 2(f) (series B) as a function of absorbed dose.
Both series A and B show an initial energy gap of 3.5 eV at
0 kGy, with a final energy gap consistently recorded at 2.3 eV
after irradiation. This indicates that while Ag" ions concen-
tration has minimal effect on the energy gap of the Ag NPs, it
does influence the final energy gap in the nanocomposites,
which are 3.1 eV for series A and 3.6 eV for series B, as it will be
summarized in Tables 1-3.
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Table 1 Values required for the calculation of the energy band structure
of the GO (0.2 g L™)-Ag" (10~° mol L™ samples, both unirradiated and
irradiated at various absorbed doses (series A). The uncertainty associated
with the repeated experimental values is less than 5%

Series A

Samples Eg (€V) VBpax (€V) Ecuorr (€V) WF (eV) VB (eV) CB (eV)
A1 (0 kGy) 4.4 2.0 16.2 5.0 7.0 2.6
A2 (1kGy) 42 21 16.3 4.9 7.0 2.8
A3 (1.7 kGy) 4.0 2.1 16.3 4.9 7.0 3.0
A4 (3kGy) 3.8 2.1 16.3 4.9 7.0 3.2
A5 (6kGy) 3.5 2.1 16.3 4.9 7.0 3.5
A6 (7.7 kGy) 3.3 2.1 16.4 4.8 6.9 3.6
A7 (10 kGy) 3.2 2.2 16.5 4.7 6.9 3.7
A8 (15 kGy) 3.1 2.2 16.5 4.7 6.9 3.8
A9 (30 kGy) 3.1 2.2 16.5 4.7 6.9 3.8
A10 (50 kGy) 3.1 2.2 16.5 4.7 6.9 3.8

Table 2 Values required for the calculation of the energy band structure
of the GO (0.2 g L™Y)-Ag* (1072 mol L™} samples, both unirradiated and
irradiated at various absorbed doses (series B). The uncertainty associated
with the repeated experimental values is less than 5%

Series B

Samples Eq (€V) VBpax (€V) Ecueofr (€V) WF (eV) VB (eV) CB (eV)
B1 (0 kGy) 5.0 2.0 16.1 5.1 7.1 2.1
B2 (6 kGy) 5.0 2.1 16.2 5.0 7.1 2.1
B3 (10 kGy) 4.8 2.1 16.4 4.8 6.9 2.1
B4 (17 kGy) 3.8 2.2 16.5 4.7 6.9 3.1
B5 (23 kGy) 3.7 2.2 16.6 4.6 6.8 3.1
B6 (30 kGy) 3.7 2.3 16.7 4.5 6.8 3.1
B7 (40 kGy) 3.6 2.4 16.8 4.4 6.8 3.2
BS (50 kGy) 3.6 2.5 16.9 4.3 6.8 3.2
B9 (60 kGy) 3.6 2.5 16.9 4.3 6.8 3.2
B10 (70 kGy) 3.6 2.5 16.9 4.3 6.8 3.2

3.3 UPS spectroscopy analysis and band diagram
determination

After determining the energy gap values, it is essential to
explore how absorbed doses influence the electronic properties
of the rGO-Ag composites. In particular, the work function,
conduction band, valence band, and Fermi level will be exam-
ined as a function of the absorbed dose for samples of both
series A and B. These properties are pivotal in understanding
the behavior of the composites, particularly their electronic and
catalytic characteristics, under varying irradiation conditions.
Before analyzing the evolution of these properties, it is
important to note that the work function of Ag, like other
metals, has been determined experimentally by various
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methods, including photoemission measurements, thermionic
emission, and contact potential measurements.’*°® These
techniques allowed the precise characterization of WF, which
is critical in understanding the surface electronic properties of
metals and their interaction with surrounding materials.

For silver, the reported WF value is approximately 4.3 eV.”’
While this value is well established for bulk silver, changes in
the WF can occur when silver is in nanoparticle form. It has
been shown that the work function of nanoparticles, particu-
larly those with diameters smaller than 20 nm, increases as
their size decreases.”® Additionally, the interaction between Ag
NPs and rGO substrate in tGO-Ag NPs composites may further
influence the WF, a phenomenon that has not been extensively
studied in the context of synthesized silver nanoparticle com-
posites. This interaction, along with the irradiation-induced
changes, is a key focus of the present study.

To investigate these interactions, UPS was employed to study
the work function of irradiated and non-irradiated GO in the
presence of silver ions at concentrations of 10> and 10~> mol L™,
The UPS spectra for both series of samples (A and B) are shown in
Fig. S3 and $4 (ESIt). The spectra were obtained using He I radiation
(hv=21.21 eV), and the values of VB,.x and E,.oe Were extracted for
analysis.

In Fig. 3(a), the UPS spectra for samples A1 (0 kGy), A6
(7.7 kGy), and A10 (50 kGy) from series A are presented, while in
Fig. 3(b), the UPS spectra for samples B1 (0 kGy), B5 (23 kGy),
and B10 (70 kGy) from series B are shown.

In the first series (A) (Fig. 3(a)), UPS spectra revealed a
spectral shift to the left with increasing absorbed dose up to
7.7 kGy. However, at higher absorbed doses, the values of VB«
and E .o remained constant, stabilizing at 2.2 eV and 16.5 €V,
respectively. This trend indicates that the modification of the
work function reaches a plateau after a certain absorbed dose,
reflecting a saturation of changes in the electronic structure of
the composites. The apparent work function of the rGO-Ag NPs
composites also remained stable despite further irradiation,
indicating that the particle size and the interaction with rGO
are dominant factors in determining the work function at
higher absorbed doses.

A similar shift was observed for the second series (B)
(Fig. 3(b)) with an absorbed dose of 7.7 kGy, after which the
VBmax and Ec.ofe Values again stabilized at 2.2 eV and 16.5 eV.
Notably, despite differences in the initial silver ion concen-
tration (10> mol L™ versus 10~> mol L™ "), the final values of
VBmax and E.ue.oe Were identical for all samples at the highest
absorbed doses. This suggests that the concentration of silver

Table 3 Comparative study on the electronic effect of the association of silver nanoparticles at different Ag* concentrations (10~° mol L™ and

1072 mol L™} with rGO

Samples Eg (eV) VBpmax (€V) WF (eV) VB (eV) CB (eV)
GO (0.2 g L™)-Ag"(0 mol L") at 0 kGy 4.4 1.3 4.9 6.2 1.8
rGO-Ag'(0 mol L ™) at 50 kGy 3.3 1.7 4.3 6.0 2.7
A1 (0 kGy): GO (0.2 g L™")-Ag*(107° mol L™Y) 4.4 2.0 5.0 7.0 2.6
A10 (50 kGy): rGO-Ag NPs 3.1 2.2 4.7 6.9 3.8
B1 (0 kGy): GO (0.2 g L™ ")-Ag" (107> mol L) 5.0 2.0 5.1 7.1 2.1
B10 (70 kGy): rtGO-Ag NPs 3.6 2.5 4.3 6.8 3.2
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 976-1001 | 985
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Fig. 3 Evolution of UPS spectra, obtained using Hel radiation (hv = 21.21 eV) for rGO-Ag NPs composites at varying absorbed doses: (a) series A
([Ag*1o = 1073 mol L%, AL (0 kGy), A6 (7.7 kGy), A10 (50 kGy)), (b) series B ([Ag*lo = 1072 mol L%, B1 (0 kGy), B5 (23 kGy), B10 (70 kGy)). (c) Band diagrams
illustrating changes in the electronic structure: GO before irradiation, rGO synthesized with 50 kGy irradiation without silver ions, and rGO-Ag NPs
synthesized at 50 kGy ([Ag*lo = 1072 mol L™, sample A10 (50 kGy)) and 70 kGy ([Ag*lp = 1072 mol L% sample B10 (70 kGy)).
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ions has a minimal effect on the final electronic properties of
the rGO-Ag NPs composites when irradiated at high doses. On
the other hand, the work function values for rGO before
irradiation were observed to be slightly lower (1.9 eV for VB ;.
and 17 eV for E.ycoff)-

To complete this UPS study, the positions of the VB and CB
of the radiosynthesized materials relative to the Ep, as well as
the WF of each sample, were determined using the same
calculation methods detailed in Section 2.6. Tables 1 and 2
summarize the values obtained for each sample. Fig. S5 and S6
(ESIT) also illustrate the evolution of the band structure of our
radiosynthesized rGO-Ag NPs composites.

For series A (Table 1), the absorbed dose resulted in a
decrease in the bandgap from 4.4 eV to 3.1 eV, with a simulta-
neous increase in VB (from 2.0 eV to 2.2 eV) and E.y¢.of (from
16.2 eV to 16.5 eV). The work function also decreased from
5.0 eV to 4.7 eV, suggesting that the modification in the work
function is related to the changes in the band structure caused
by irradiation. The CB increased from 2.6 eV to 3.8 eV, reflect-
ing a shift towards a more reduced state of the rGO-Ag NPs
composites. This is illustrated in Fig. S5 (ESIT).

For series B (Table 2), the bandgap (E,) also decreased from
5.0 eV to 3.6 eV, while VB« increased from 2.0 eV to 2.5 eV.
Ecuroff increased from 16.1 eV to 16.9 eV, and the work function
decreased from 5.1 eV to 4.3 eV with the absorbed dose.
Similarly, to series A, the CB value of series B increased from
2.1 eV to 3.2 eV. This is illustrated in Fig. S6 (ESIf). This
consistent trend across both series indicates that the absorbed
dose is a key factor in modulating the electronic structure of the
rGO-Ag NPs composites.

The evolution of all the energy values is consistent for both
series, independent of the initial concentration of Ag" ions.
However, the energy values before and after irradiation differ
significantly, depending on silver ion concentration (0, 10>, or
107> mol L™"). These data are summarized in Table 3. For
comparison, the energy diagrams of GO before irradiation and
rGO synthesized by radiolysis at 50 kGy without Ag" and with
Ag" are presented in Fig. 3(c). These findings open up possibi-
lities for further tailoring of the electronic structure of these
materials through controlled irradiation and ion concentration,
which could be beneficial for applications in catalysis, sensing,
and other areas involving electronic interfaces.

3.4 XPS analysis

As previously demonstrated, the presence of Ag NPs, along with
variations in Ag" concentration, significantly impacts the opti-
cal and electronic properties of radiolytically synthesized rGO
composites. To further investigate the surface chemistry of
these materials, XPS analysis was conducted on both irradiated
and non-irradiated samples from series A and B, prepared with
Ag" concentrations of 10° mol L™" and 10> mol L™, respec-
tively. This technique provides valuable insights into the
surface-level chemical transformations, which are essential
for understanding the reduction processes and the structural
modifications occurring within the material.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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The survey spectra of selected samples from series A and B
are presented in Fig. 4(a) and (b), respectively. These spectra
clearly indicate the presence of silver in the form of AgClO,,
alongside carbon and oxygen components derived from the GO
structure, aligning with previous findings in the literature.®®™*°
A significant observation is the increased silver content in
series B, which was prepared with a higher Ag" concentration
(107> mol L7"). This highlights the ecritical role that Ag"
concentration plays in determining the surface composition
of the composites. The elevated silver content in series B is
expected to influence both the reduction behavior and the
electronic properties of the rGO-Ag NPs composite, as the
increased Ag" concentration likely promotes greater interaction
between silver ions and the rGO surface during the radiolytic
reduction process. As absorbed dose increases, a clear
reduction in the oxygen content (as indicated by the O1s band)
was observed in both series (Fig. 4(a) and (b)). This deoxygena-
tion process is attributed to the reduction of oxygenated groups
on the surface, suggesting that irradiation induces the removal
of oxygen functionalities. The reduction of oxygen groups is
essential for the modification of material’s electronic proper-
ties, as it leads to enhanced conjugation and conductivity of the
rGO structure.

To investigate the reduction of Ag" to metallic Ag, the Ag 3d
region of the XPS spectra was deconvoluted (Fig. 4(c) and (d)).
The spectra show a prominent peak at 368.4 eV (Ag 3ds)),
which is characteristic of Ag" ions, and a peak at 369.6 eV
corresponding to metallic silver (Ag° in its reduced state)."**
This indicates that irradiation effectively reduces Ag" into Ag®
through radiolysis. Furthermore, at higher absorbed doses, the
Ag 3ds/, peak becomes slightly asymmetric, suggesting a minor
degree of oxidation on the silver surface, likely due to the
presence of residual oxygen in the system.

The C1s region of the XPS spectra for series A (samples A1 (0
kGy), A6 (7.7 kGy), and A10 (50 kGy)) and series B (samples B1 (0
kGy), B5 (23 kGy), and B10 (70 kGy)) are presented in Fig. 4(e)
and (f), respectively. These spectra provide critical insights into
the reduction of GO and the structural transformations occur-
ring during irradiation. Two primary peaks are evident in the
spectra: one at 284.6 eV, corresponding to sp> C—=C bonds, and
another at 285.1 eV, associated with sp> C-C bonds.**>™*** with
increasing absorbed dose, a shift from sp® to sp> hybridization
was observed, indicating an enhancement in the conjugation
within the material. This shift is crucial for improving the
electronic properties of the rGO-Ag NPs composites, as sp>
carbon-carbon bonds are more conductive than sp® bonds. The
decrease in sp® carbon content and the increase in sp” content
with irradiation reflect the significant structural transforma-
tion induced by the irradiation process.*?

In addition to the primary sp* and sp® peaks, minor compo-
nents at higher binding energies (286 eV, 288 eV, and 289 eV)
were attributed to carbon-oxygen bonds, such as C-O, C=0,
and O-C=O groups. These components are indicative of
oxygenated functionalities on the surface of rGO. With increas-
ing absorbed doses, the intensity of these peaks decreases,
providing further evidence of the reduction of oxygenated
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Fig. 4 XPS survey spectra showing the elemental composition of rGO-Ag NPs composites: (a) series A (IOG] = 0.2 g L™, [IPA] = 0.2 mol L™, [Ag™] =
10~ mol L™Y) and (b) series B ([OG] = 0.2 g L% [IPA] = 0.2 mol L™, [Ag™] = 1072 mol L™3). High-resolution XPS Ag 3d spectra highlighting the chemical

states of silver: (c) series A and (d) series B. XPS Cls core-level spectra showing the evolution

of carbon chemical states at varying absorbed doses: (e)

series A (Al: O kGy, A6: 7.7 kGy, A10: 50 kGy) and (f) series B (B1: 0 kGy, B5: 23 kGy, B10: 70 kGy).
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carbon species. This deoxygenation supports the hypothesis
that irradiation facilitates the conversion of oxygenated carbon
species into conjugated carbon-carbon bonds, enhancing the
electronic conductivity of the material.

This XPS analysis confirms that irradiation facilitates
both the reduction of Ag" to metallic Ag and the deoxygenation
of GO, resulting in a more conjugated structure in rGO.
The ability to control these surface chemical properties
through irradiation presents a valuable approach to tailoring
the characteristics of rGO-Ag NPS composites for electronic
applications.

3.5 ATR-FTIR spectroscopy analysis

Building on the findings from XPS, which provided surface-
level chemical information, ATR-FTIR spectroscopy offers com-
plementary insights into the bulk chemical transformations of
rGO-Ag NPs nanocomposites. This technique enables the
detailed analysis of functional groups across the material’s
volume. ATR-FTIR spectra were recorded for both series A
and B before and after irradiation to examine the effect of
absorbed dose on the composition and stability of oxygen-
containing functional groups within the composites. The
obtained spectra are presented in Fig. 5(a) and (b).

For the non-irradiated samples (A1 and B1, 0 kGy), the FTIR
spectra (black curves in Fig. 5(a) and (b)) exhibit distinct peaks
characteristic of graphene oxide (GO). These include broad
hydroxyl (-OH) stretching bands at 3450 cm™ ", ketone (C=O0)
vibrations at 1735 cm ™', alkene (C=C) stretching at 1615 cm™ ",
epoxide and C-O-C groups at 1230 cm ™', and carboxylic acid
C-O stretching at 1041 cm ™', Additionally, the broad band
between 3700-3100 cm ™" corresponds to water (H-OH) mole-
cules associated with the hygroscopic nature of GO.'%*°° These
peaks confirm the presence of oxygen-rich functional groups
typical of GO in both series A and B.

a A1 (0 kGy) A2 (1 kGy) A3 (1.7 kGy) A4 (3 kGy) A5 (6 kGy)
A6 (7.7 kGy) A7 (10 kGy) A8 (15 kGy) A9 (30 kGy) A10 (50 kGy)

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 '110'00 500
Wavenumber (cm )
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Upon irradiation, significant changes are observed in the
spectra of series A (Fig. 5(a)). A progressive reduction in the
intensity of the bands characteristic of oxygen-containing func-
tional groups, occurs with increasing dose, becoming especially
notable up to 7.7 kGy (sample A6). At this absorbed dose,
minimal oxygenated functional groups remain, as evidenced
by the near disappearance of their associated bands.

Beyond 7.7 kGy, the spectra stabilize, indicating that further
irradiation does not significantly alter the functional group
composition. Concurrently, a band at 1590 cm™", attributed
to C=C stretching in aromatic rings, becomes prominent,
signifying the partial restoration of the conjugated aromatic
network characteristic of rGO. This result aligns with
literature findings and previous work, suggesting a significant
restructuring of the composite’s conjugated network during
irradiation.>'%771%°

In contrast, the spectra for series B (Fig. 5(b)) reveal a similar
but less pronounced trend. Although the intensity of oxygen-
containing functional group bands decreases with increasing
absorbed dose, residual oxygenated functional groups persist
even at the highest dose of 70 kGy (sample B10). This aligns
with the XPS results, which also show incomplete deoxygena-
tion for series B at higher doses. The persistence of these
groups is likely due to the higher Ag" concentration in series
B, which may modulate the radiolytic reduction process and
limit complete deoxygenation.

Overall, ATR-FTIR analysis confirms the restoration of the
conjugated sp® carbon network in rGO upon radiolytic
reduction of GO, with the elimination of most oxygen-
containing functional groups in both series A and B. The
differences between the two series underscore the influence
of Ag" concentration on the extent of deoxygenation and aro-
matic network restoration. These findings enhance the under-
standing of how irradiation parameters and silver ion

b  B1(0kGy) B2(6kGy) B3 (10 kGy) B4 (17 kGy) BS5 (23 kGy)
B6 (30 kGy) B7 (40 kGy) B8 (50 kGy) B9 (60 kGy) B10 (70 kGy)
T % O Q
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Fig. 5 ATR-FTIR spectra of non-irradiated and irradiated OG (0.2 g L™)~Ag* at increasing absorbed doses (under N»): (a) [Ag*] = 10> mol L™* (series A)

and (b) [Ag*] = 1072 mol L2 (series B).
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concentration affect the structural and chemical evolution of
rGO-Ag NPs nanocomposites.

3.6 Raman spectroscopy analysis

Following the ATR-FTIR analysis, which offered insight into the
chemical structure of the rGO-Ag NPs nanocomposites, Raman
spectroscopy was used to evaluate their structural properties
and assess changes induced by irradiation.

Raman spectra, shown in Fig. 6(a) and (b) for series A and B,
highlight characteristic rGO bands: D, G, 2D, and D + D/,
located at 1350 cm ™!, 1580 cm™*, 2700 cm ™%, and 2950 cm™?,
respectively. These features confirm the presence of rGO in the
nanocomposites, which is consistent with prior analyses and
literature findings for rGO alone.?***°

A key observation in this study is the enhanced intensity of
the Raman signal for samples containing silver nanoparticles, a
phenomenon that can be attributed to surface-enhanced
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Raman scattering (SERS) effects.'" The increase in signal
intensity is proportional to the concentration of silver in the
composite, as evidenced by the more prominent bands in series
B compared to those of series A. This intensity enhancement
confirms that the silver nanoparticles effectively contribute to
the SERS effect by amplifying the Raman response, a result of
localized surface plasmon resonance associated with nanoscale
silver.

The intensity ratio (Ip/Ig) between D and G bands, often
used to quantify the degree of disorder in carbon-based materi-
als, was analyzed for each series to assess structural variations
with irradiation. In series A (Fig. 6(c)), the Ip/I; ratio rises from
0.99 before irradiation to 1.18 at 50 kGy, suggesting an increase
in defect density likely due to the formation of new sp>
domains. A similar trend is seen in series B (Fig. 6(d)), where
Ip/I; also increases from 1.00 to 1.18, in agreement with values
typically observed for rGO-Ag nanocomposites. Interestingly,

b B1 (0 kGy) B2 (6 kGy) B3 (10 kGy) B4 (17 kGy) B5 (23 kGy)
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Fig. 6 Raman spectra of non-irradiated and irradiated OG (0.2 g L™})~Ag* samples at increasing absorbed doses, taken with a 1 mW laser: (a) series A, (b)
series B. Exponential fitting of the Ip//g ratio as a function of the absorbed dose: (c) series A, (d) series B. The uncertainty associated with the obtained

values is less than 5%.
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this ratio is lower than that observed for pure rGO (1.40),>*
indicating that the presence of silver contributes to a reduction
in structural defects, possibly due to stabilization of the rGO
structure.

These results highlight the crucial role of silver in enhancing
Raman sensitivity and reducing defect density within the rGO-
Ag NPs nanocomposites. Furthermore, they underscore the
effectiveness of the radiolytic synthesis method in fabricating
stable nanocomposites with optimized structural and spectro-
scopic characteristics, consistent with findings reported in the
literature.**>~**

3.7 SEM and EDX combined analysis

To further confirm the successful one-pot radiolytic synthesis
of rGO-Ag nanocomposites, the morphological and composi-
tional evolution of both series A and B samples was analyzed in
detail by using scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy. This analysis elucidates
the morphological evolution of graphene oxide sheets and the
spatial distribution of silver nanoparticles under varying
gamma-irradiation dose. To remember, the samples contained
consistent concentrations of GO (0.2 g L™') and IPA
(0.2 mol L"), with two distinct initial silver ion concentrations:
107* mol L' (series A) and 10~> mol L™" (series B), ensuring
controlled comparisons between the two systems.

The SEM images of selected samples, as presented in
Fig. 7(a) and (b), provide a visual representation of the micro-
structural changes as a function of absorbed dose for series A
and series B, respectively.

In the unirradiated samples A1 (0 kGy) and B1 (0 kGy), the
morphology of GO remains unchanged, with large flat gra-
phene oxide sheets clearly visible. Notably, no silver nano-
particles were observed in these samples, indicating that in
the absence of light, under aluminium, Ag" ions were not
reduced onto GO sheets prior to irradiation.

Upon gamma-irradiation, a notable morphological transfor-
mation occurs in both series. In series A (Fig. 7(a)), the initial
absorbed doses lead to the formation of spherical Ag NPs that
begin to decorate the GO sheets. These nanoparticles are
relatively uniform in size and are evenly distributed across
the surface of the sheets. The average diameter of AgNPs in
this series was measured to be approximately 42 nm at an
initial concentration of 10~ mol L™". This rapid formation of
silver nanoparticles indicates the efficient reduction of Ag"
ions, which is consistent with the 1.7 kGy required to reduce
silver ions at an initial concentration of 10™° mol L. Up to a
dose of 7.7 kGy, which corresponds to the complete reduction
of both GO and Ag' ions in series A, the graphene sheets
remain smooth and planar. However, as the absorbed dose
reaches 7.7 kGy, a noticeable transformation occurs in the
structure of the GO sheets when their reduction into rGO is
theoretically complete. This transformation is accompanied by
the curvature of the GO sheets, interlayer entanglement, and
the onset of sheet aggregation, typical of rGO. This could be
explained by the radiation-induced drastic consumption of
oxygenated functionalities which induces the enhancement of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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hydrophobic interactions within rGO sheets and between dif-
ferent rGO sheets. Despite these structural changes, the size
and distribution of the Ag NPs remain stable across all doses,
which underscores the robustness of the nanocomposites
synthesized through this radiolytic process. This stability of
silver nanoparticles, even at higher absorbed doses, suggests
that the reduction of Ag" does not result in nanoparticle
aggregation or changes in particle size, ensuring the consis-
tency of the nanocomposite’s structure and properties.

For series B (Fig. 7(b)), the higher initial concentration in
Ag" ions (107> mol L") led to a higher density of Ag NPs upon
irradiation. The average diameter for this series was measured
to be approximately 60 nm. A progressive increase in the
number of Ag NPs is observed as the absorbed dose increases,
with a notable increase in nanoparticle density up to a dose of
17 kGy, which corresponds to the complete reduction of Ag*
ions. The Ag NPs in series B are slightly larger than those in
series A, which is consistent with the broader and red-shifted
plasmon absorption bands observed in UV-Vis absorption
spectra (Fig. 2(b) versus Fig. 2(a)). This red-shift reflects the
changes in particle distribution and optical properties as the
nanoparticles grow in size. Despite the increased nanoparticle
size at doses up to 17 kGy, no further size increase is observed
upon subsequent irradiation. Once the silver reduction process
reaches completion at 17 kGy, the distribution of Ag NPs across
the graphene sheets stabilizes and no further aggregation is
observed.

At this stage, after the complete reduction of Ag" ions, the
reduction of GO begins. Up to an absorbed dose of 23 kGy,
which corresponds to the complete reduction of both GO and
Ag' ions in series B, the graphene sheets remain relatively
smooth and planar. Above 23 kGy, one can observe morpholo-
gical changes, including the formation of sheet curvature,
folding, and eventual aggregation of rGO sheets, as described
in case of series A after 7.7 kGy.

These morphological transformations align closely with the
kinetic reduction processes previously discussed in Section 3.1,
further confirming the interdependent reduction of silver ions
and graphene oxide in the radiosynthesis of rGO-Ag NPs
nanocomposites.

The EDX analysis (see Fig. S7, ESIf) complemented these
observations by confirming the elemental composition of the
nanocomposites. The detected elements include carbon, oxy-
gen, silver, and chlorine, the latter originating from the silver
perchlorate precursor used in the synthesis. Series B samples
exhibit higher silver and chlorine concentrations due to their
tenfold greater initial AgClO, content. Of particular interest in
this study is the evolution of the carbon-to-oxygen (C/O) ratio,
as it provides a clear indication of the degree of reduction of GO
in both series. The C/O ratio, derived from EDX measurements,
indeed serves as a reliable parameter to track the reduction
process as a function of the absorbed dose.

Fig. 7(c) and (d) illustrate the evolution of the C/O ratio with
absorbed dose for series A and series B, respectively. Initially,
for the unirradiated samples (A1 and B1), the C/O ratios are
both 3.0, which reflects the oxygen-rich nature of GO. As the
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(a) SEM images of series A samples: Al (0 kGy), A3 (1.7 kGy), A6 (7.7 kGy), and A10 (50 kGy). (b) SEM images of series B samples: B1 (0 kGy), B4

(17 kGy), B5 (23 kGy), and B10 (70 kGy). Exponential fitting of the C/O ratio evolution with absorbed dose for rtGO-Ag NPs composites: (c) series A ([GO] =
0.2 g L% [IPAl = 0.2 mol L%, [Ag*] = 1073 mol L™ and (d) series B (IGO] = 0.2 g L% [IPA] = 0.2 mol L™%, [Ag*] = 1072 mol L™Y). The experimental

uncertainty is less than 5%.

absorbed dose increases, the C/O ratio in series A gradually
rises, reaching 10.8 at 50 kGy, indicating significant deoxygena-
tion during rGO formation. Similarly, in series B, the C/O ratio
reaches 9.6 at 70 kGy, reflecting a comparable degree of
reduction, albeit with a slightly lower value due to the higher
initial Ag" ion concentration in this series.

992 | Mater. Chem. Front., 2025, 9, 976-1001

These findings are consistent with trends observed in XPS
and ATR-FTIR spectra, reinforcing the deoxygenation process of
GO under gamma-irradiation and aligning with findings
reported in the literature.'™>'*®

Notably, in previous studies where silver was absent,** the C/
O ratio reached a slightly higher value of 11.2, which suggests
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Table 4 Comparative study of C/O ratios for GO, rGO (50 kGy), and GO-
Ag* at different silver ion concentrations before and after irradiation (A1,
B1, A10, and B10)

Samples C/O ratio
GO (0.2 g L") (0 kGy) 3.1%2
rGO (50 kGy) 11.2%
A1: GO (0.2 g L") + Ag"(107% mol L") (0 kGy) 3.0
A10: rGO-Ag NPs (50 kGy) 10.8

B1: GO (0.2 g L™ + Ag*(107> mol L") (0 kGy) 3.1
B10: rGO-Ag NPs (70 kGy) 9.6

that the complete deoxygenation process is more pronounced
in the absence of silver. This discrepancy highlights the role of
silver concentration in modulating the reduction degree of GO.

The data presented in Table 4 underscores this observation,
further emphasizing the impact of Ag" concentration on the
efficiency of graphene oxide reduction in the synthesis of rGO-
Ag nanocomposites.

3.8 TGA analysis

TGA analysis was further conducted to understand the role of
silver nanoparticles in influencing the thermal behavior of rGO
and to evaluate the thermal stability of the radiosynthesized
rGO-Ag NPs nanocomposites. Fig. 8 presents the TGA profiles
obtained under a nitrogen atmosphere for unirradiated GO,
rGO synthesized at 50 kGy in the absence of silver ions (from a
previous study), and the rGO-Ag NPs nanocomposites synthe-
sized in presence of silver ions: A10 (50 kGy) from series A and
B10 (70 kGy) from series B.

The TGA profile of GO reveals a characteristic three-stage
thermal degradation process. In the first stage, around 100 °C,
approximately 10% weight loss occurs, attributed to the

—— GO (0kGy) ——rGO (50 kGy)
B10 (70 kGy)
100
80
;\? ___________________
= 60F -V
c
20 b
T
= a0}
51% 70%
20

0 A i L 2
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 8 TGA profiles obtained under nitrogen atmosphere for GO and rGO
synthesized at 50 kGy in the absence of silver ions, and rGO-Ag NPs
nanocomposites synthesized at 50 kGy (sample A10, series A) and at 70
kGy (sample B10, series B) in presence of silver ions.
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evaporation of water molecules trapped within the hydrophilic
GO structure. The second stage, beginning around 200 °C,
shows a significant 27% weight loss associated with the decom-
position of oxygenated functional groups such as hydroxyl,
epoxy, and carbonyl groups. In the final stage, between 400
and 500 °C, a dramatic 51% weight loss is observed, corres-
ponding to the degradation of the carbon backbone. This
extensive weight loss reflects the structural instability of GO
and aligns with previously reported thermal behavior for such
materials.

In contrast, rGO synthesized via radiolytic reduction at 50
kGy demonstrates significantly enhanced thermal stability. The
first two stages of degradation are notably reduced, with only a
10% weight loss occurring in the 160-280 °C range, attributed
to the removal of most oxygenated functional groups during the
reduction process. In the final stage, a 70% weight loss is
observed between 400 and 700 °C. This shift to higher degrada-
tion temperatures indicates enhanced thermal stability of rGO
compared to GO. The reduction process restores the sp> carbon
network, which requires higher temperatures for decomposi-
tion due to its increased structural integrity. The greater weight
loss at these higher temperatures reflects the complete degra-
dation of the more stable carbon framework. While radiolytic
reduction effectively removes oxygenated groups, any residual
defects or weak points in the structure may still influence
decomposition, but they do not negate the overall improved
thermal resilience of rGO.

For the rGO-Ag NPs nanocomposites, both A10 (50 kGy) and
B10 (70 kGy) exhibit markedly improved thermal stability
compared to rGO alone. In the first stage, no significant weight
loss is observed below 200 °C, indicating the effective removal
of residual water. In the second stage, minor weight losses of
6% for A10 (50 kGy) and 2% for B10 (70 kGy) are attributed to
the decomposition of residual oxygenated functional groups.'*°
These reduced losses highlight the stabilizing effect of Ag NPs,
which likely minimize the presence of thermally unstable
groups. In the final stage (300-800 °C), weight loss remains
low, with a maximum of approximately 20% for A10 (50 kGy)
and just 10% for B10 (70 kGy). The superior stability of the
nanocomposites is first attributed to the interaction between
silver nanoparticles and the graphene sheets, which likely act
as thermal barriers and restrict carbon framework decomposi-
tion at elevated temperatures, but it is also explained by the
high silver content within rGO-Ag NPs composites. Among the
composites, B10 (70 kGy), synthesized with a higher silver ion
concentration (10~> mol L"), shows the lowest overall weight
loss in the TGA analysis. This is primarily due to its higher
silver content, estimated to be about 90 wt%, compared to
approximately 80 wt% for A10 (50 kGy). The apparent enhanced
thermal stability is thus largely a result of the higher proportion
of thermally stable silver nanoparticles rather than an intrinsic
change in the rGO’s thermal properties.’*® The uniform dis-
tribution of silver nanoparticles within the graphene matrix
may contribute to the overall thermal behavior of the compo-
sites, potentially influencing the decomposition process of the
carbonaceous component.
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Interestingly, the gradual increase in silver content from
series A to series B not only improves thermal stability but also
aligns with the observed reduction trends in chemical compo-
sition, as evidenced by the increasing C/O ratio with absorbed
dose. These observations are consistent with previously
reported findings, where metal nanoparticle incorporation
enhances the thermal properties of graphene derivatives, high-
lighting the reproducibility and robustness of the radiolytic
approach. The findings suggest that optimizing the concen-
tration of the silver precursor during synthesis could serve as a
strategic approach to tailor the thermal properties of graphene-
based nanocomposites for specific applications.

3.9 Cyclic voltammetry analysis

Following the exploration of the physicochemical, structural,
and thermal stability properties of our samples (series A and B),
the focus shifted to examining their electrochemical character-
istics through cyclic voltammetry. CV is an essential tool for
rapid and straightforward evaluation of surface properties and
interactions of materials within a reaction medium. By apply-
ing a linearly varying potential, CV reveals critical insights into
redox behavior and material’s electron transfer capabilities,
with the electrode surface playing a pivotal role as the site of
electrochemical reactions. Here, the samples were character-
ized by CV in an aqueous 0.1 M KOH electrolyte at ambient
temperature, within a potential range of —0.4 V to +0.4 V vs. Ag/
AgCl. This approach aimed to analyze the oxidation and
reduction reactions of silver and to compare the CV profiles
of rGO-Ag NPs composites with that of rGO alone, in the
absence of silver. Additionally, this study examined the evolu-
tion of specific capacitance as a function of absorbed dose and
silver ion concentration to understand their effects on the
material’s electrochemical performances.

Fig. 9(a) and (b) show the cyclic voltammograms (CVs) for
the nanocomposites from series A and B, respectively, covering
both non-irradiated (A1 (0 kGy) and B1 (0 kGy)) and irradiated
samples at different absorbed doses (A6 (7.7 kGy), A10 (50 kGy)
in series A, and B5 (23 kGy), B10 (70 kGy) in series B) recorded
at scan rates ranging from 10 to 200 mV s~ ". Additional CVs for
all samples from series A and B are provided in Fig. S8 and S9
(ESIt), respectively. The CV results demonstrate a progressive
increase in current density with scan rate for all samples in
both series, indicating robust specific capacitance. These vol-
tammograms reveal characteristic redox peaks, which reflect
the faradaic processes occurring at the electrode surface. For
series A (Fig. 9(a) and Fig. S8, ESIT), two primary domains are
observed during the positive potential sweep: a broad double-
layer region spanning —0.4 V to 0.2 V vs. Ag/AgCl and an
oxidation peak around 0.34 V, followed by a reduction peak
near 0.07 V. For series B (Fig. 9(b) and Fig. S9, ESI{), a similar
pattern emerges with a broad double-layer region in the range
of —0.4 V to 0.2 V vs. Ag/AgCl and two distinct oxidation peaks
at 0.26 V and 0.34 V, respectively. Notably, the oxidation peaks
in the positive potential sweep appear more pronounced with
increased silver concentration, whereas the reduction process
features a single peak with a maximum at approximately 0.05 V
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vs. Ag/AgCl. An increase in both anodic and cathodic currents
with increasing Ag concentration is evident, reflecting
enhanced capacitive behavior.

A comparative analysis of the irradiated and non-irradiated
samples shows a substantial increase in the area under the
charge and discharge curves with rising absorbed dose, sug-
gesting an enhancement in specific capacitance as a function of
absorbed dose. The observed broad double-layer in both series
can be attributed to the pseudo-capacitive contributions from
the rGO matrix (manifested by the quasi-rectangular shape) as
well as the minor metallic behavior of the Ag NPs. This minor
metallicity of Ag NPs was corroborated through UV-Vis absorp-
tion spectroscopy, which exhibited broad plasmon absorption
peaks, indicating non-metallic characteristics.

To further elucidate the impact of absorbed dose and Ag
concentration on electrochemical performance, specific capa-
citances were calculated for each sample from the CV curves
obtained at different scan rates (10 to 200 mV s~ ') using a
three-electrode configuration. Fig. 9(c) and (d) display the
evolution of specific capacitance as a function of scan rate for
all samples in series A and B, respectively. At higher scan rates
(40 to 200 mV s~ '), specific capacitance tends to decrease
linearly for all samples, highlighting the influence of ion
mobility limitations. At lower scan rates (<40 mV s '), the
specific capacitance decreases more sharply, potentially due to
contributions from porosity.'**?

Specific capacitance values calculated at 10 mV s~ ' across
various absorbed doses are presented in Fig. 9(e) and (f). For
series A composites synthesized with 107 mol L™' Ag"
(Fig. 9(e)), specific capacitance increased from 46.5 F g '
(before irradiation) to 218.0 F g~ ' (post-irradiation at 50 kGy).
Similarly, for series B composites synthesized with 10~> mol L™ *
Ag" (Fig. 9(f)), specific capacitance rose from 63.0 F g~ " (before
irradiation) to 298.0 F g~ ' (post-irradiation at 70 kGy). This trend
demonstrates a notable enhancement in specific capacitance attri-
butable to both irradiation and increased Ag" concentration. In
comparison, rGO synthesized at 50 kGy in the absence of silver
ions, exhibited a maximum specific capacitance of 125.4 F g~ ' at
10 mV s~ in 0.1 M KOH electrolyte. Table 5 summarizes the
specific capacitance values obtained at 10 mV s~ for all radio-
synthesized samples, with and without silver. These findings
clearly reveal the beneficial impact of Ag NPs on the capacitive
response of the irradiated nanocomposites, where the specific
capacitance increased by approximately 50% with a rise in Ag"
concentration from 10™° mol L™" (series A) to 10”> mol L™
(series B). Furthermore, comparisons with the literature indi-
cate that the specific capacitances of radiosynthesized rGO-Ag
NPs composites surpass those reported for similar materials,
confirming the promising electrochemical properties of these
nanocomposites.'>*

It should be noted that although KOH concentration in this
study was fixed at 0.1 M, previous trials with rGO in 1 M KOH
demonstrated an increase in specific capacitance up to
229.0 F g~ " at 100 mV s~', compared to 129.0 F g~ with the
0.1 M KOH solution. These observations suggest that optimiz-
ing the KOH concentration in future studies could further
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Table 5 Comparative study of specific capacitance values for rGO before
and after irradiation, with and without silver. The table presents the specific
capacitance values measured in 0.1 M KOH solution at a scan rate of
10 mV s~% highlighting the effect of irradiation and silver addition on the
capacitive performances of rGO

Specific capacitance

Samples (FgYat1o0 mvs "'
GO (0.2 g L") (0 kGy) 6.8
rGO (50 kGy) 125.4
A1: GO (0.2 g L™ ') + Ag"(10 * mol L") (0 kGy)  46.5
A10: rGO-Ag NPs (50 kGy) 218.0
B1: GO (0.2 g L™ ') + Ag"(10 > mol L") (0 kGy)  63.0
B10: rGO-Ag NPs (70 kGy) 298.0

enhance the specific capacitance of these rGO-Ag NPs com-
posites, particularly in higher-concentration electrolyte
conditions.

4. Conclusion

The present study has effectively demonstrated the potential of
gamma-induced radiolysis as a powerful and versatile method
for the one-pot synthesis of rGO-Ag NPs composites. By main-
taining consistent concentrations of graphene oxide at 0.2 g L
and isopropanol at 0.2 mol L™, while varying the silver ion
concentrations to 10 ° mol L™ " in series A and 10 > mol L ™" in
series B, precise control over the properties of the resulting
nanocomposites was achieved. The systematic variation of
absorbed doses, specifically 7.7 kGy for series A and 23 kGy
for series B, confirmed the efficiency of the one-pot reduction
process. Importantly, findings demonstrated that the reduction
of silver ions occurs approximately seven times faster than that
of graphene oxide in series A and about seventy times faster in
series B.

The multi-technique characterization approach employed in
this research work revealed several significant findings that
underscore the effectiveness of this synthesis method. Analyses
using UPS and UV-Vis spectroscopies showed a substantial
reduction in band gap energy, decreasing from 4.4 eV to 3.1
eV for series A and from 5.0 eV to 3.6 eV for series B, indicating
enhanced electronic properties of the synthesized nanocompo-
sites. The data obtained from these techniques facilitated the
construction of energy band diagrams for all samples in both
series A and B, marking a significant advancement in the
literature. This is the first time such detailed energy band
diagrams have been presented for rGO-Ag nanocomposites
synthesized through gamma-induced radiolysis or by other
synthetic methods.

Structural transformations were confirmed through XPS and
ATR FTIR spectroscopies, which indicated effective concomi-
tant reduction of graphene oxide and silver ions, along with a
notable shift from sp® to sp® hybridization in the carbon
network that enhances conductivity. A comparative analysis
between series A and B revealed that while both series exhibited
improved electronic properties, series B demonstrated even
greater enhancements due to the higher concentration of silver
ions. The Ip/I; ratio obtained from Raman spectroscopy
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decreased from 1.40 for pure graphene oxide to 1.18 for rGO-
Ag nanocomposites, comparable to defect levels reported for
composites synthesized by other methods, indicating minimal
structural defects in the rGO matrix. Importantly, no significant
structural defects were introduced into the rGO matrix regard-
less of whether silver was present at concentrations of 10> or
102 mol L.

SEM characterization complemented these findings by pro-
viding visual confirmation of the uniform dispersion of silver
nanoparticles on the rGO surface. EDX results further corrobo-
rated the successful incorporation of silver into the nanocom-
posites, confirming the elemental composition and distri-
bution within the materials. Notably, the C/O ratio calculated
from EDX significantly increased, with values of 10.8 and 9.6
for composites synthesized with 10> mol L ™" and 10 > mol L *
in silver, respectively, compared to 11.2 for rGO alone. These
values are consistent with previously reported ratios for rGO
nanocomposites, further validating the reduction process.

TGA analysis revealed enhanced thermal stability of rGO-Ag
NPs composites compared to both pure graphene oxide and
rGO alone. The composites exhibited minimal weight loss, with
only 10% reduction observed between 300-800 °C. This falls
within the range of thermal stability values reported for rGO-Ag
composites synthesized by other methods, demonstrating the
effectiveness of the radiolytic approach in producing thermally
stable materials. This improved thermal behavior is primarily
attributed to the presence of thermally stable silver nano-
particles, which contribute significantly to the overall thermal
stability of the composite materials.

The electrochemical performance evaluated via cyclic vol-
tammetry revealed remarkable specific capacitance values that
reached up to 218 F g~ ! at a scan rate of 10 mV s * for series A
and an impressive 298 F g~ for series B when tested in a 0.1 M
KOH electrolyte, far exceeding the capacitance observed for
rGO alone (125.4 F g~ '). Also, these values are consistent with
or exceed the range of specific capacitances reported for
chemically reduced rGO composites under similar conditions,
showcasing the superior charge storage capabilities of the
nanocomposites synthesized via radiolysis.

These findings underscore the advantages of the radiolytic
synthesis method, which simplifies the production process
while enabling precise control over material properties. The
one-pot approach not only enhances the purity of the
final product but also allows for scalability, making it a
viable alternative to traditional synthesis methods that often
rely on hazardous reducing agents. The remarkable properties
exhibited by radiosynthesized nanocomposites open new
avenues for applications across various fields. In energy sto-
rage, the high specific capacitance suggests potential use
in supercapacitor electrodes. In catalysis, improved electronic
properties and high surface area could enhance catalytic
activity in chemical reactions. The unique optical characteris-
tics may enable the development of highly sensitive sensors,
while the incorporation of silver nanoparticles suggests
potential applications in water treatment and antimicrobial
solutions.
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