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Abstract

Graphene and its composites are of primary importance, particularly in the field of energy.
Numerous bottom-up and top-down methods have been proposed in the literature to produce these
materials with enhanced physicochemical properties. Recently, an innovative and green
methodology was developed at Institut de Chimie Physique based on ionizing radiation, allowing
the quantitative synthesis of graphene oxide-based materials. To extend this strategy for the
preparation of hybrid nanomaterials, the objective of this work is the one-pot synthesis of
nanocomposites composed of reduced graphene oxide — gold nanoparticles (rGO-AuNPs) via
gamma ray-induced radiolytic reduction. UV-Vis Absorption Spectroscopy, Fourier Transform
Infrared Spectroscopy, Raman Spectroscopy and X-ray Photoemission Spectroscopy were utilized
to comprehensively evaluate the reduction degree of graphene oxide and the formation of gold
nanoparticles. Atomic Force Microscopy and Scanning Electron Microscopy were employed to
obtain the morphological and topographical information on synthesized nanocomposites. Thermal
properties were investigated by Thermogravimetric Analysis and electrical properties were
investigated using Cyclic Voltammetry and Potentiostatic Charge and Discharge method. The
results demonstrated the successful reduction of both graphene oxide and gold ions through the
drastic transformation of oxygen-containing functional groups and the formation of gold
nanoparticles. Electrical characterization results highlighted excellent electrical properties and
potential for supercapacitance application.

Résumé

Le graphéne et ses composites revétent une importance primordiale, en particulier dans le
domaine de I'énergie. De nombreuses méthodes ascendantes et descendantes ont été proposées
dans la littérature pour produire ces matériaux avec des propriétés physico-chimiques améliorées.
Récemment, une méthodologie innovante et écologique a été développée a I'Institut de Chimie
Physique, basée sur les rayonnements ionisants, permettant la synthése quantitative de matériaux a
base d'oxyde de graphéne. Pour étendre cette stratégie a la préparation de nanomatériaux hybrides,
l'objectif de ce travail est la synthése en une seule étape de nanocomposites composés d'oxyde de
graphéne réduit et de nanoparticules d'or (rGO-AuNPs) via une réduction radiolytique induite par
rayons gamma. La spectroscopie d'absorption UV-Vis, la spectroscopie infrarouge a transformée
de Fourier, la spectroscopie Raman et la spectroscopie de photoémission des rayons X ont été
utilisées pour évaluer de maniére exhaustive le degré de réduction de I'oxyde de graphene et la
formation des nanoparticules d'or. La microscopie a force atomique et la microscopie électronique
a balayage ont ét¢ employées pour obtenir des informations morphologiques et topographiques sur
les nanocomposites synthétisés. Les propriétés thermiques ont été étudiées par analyse
thermogravimétrique et les propriétés ¢Electriques ont été investiguées a l'aide de la
voltampérométrie cyclique et de la méthode de charge et décharge potentiostatiques. Les résultats
ont démontré la réduction réussie de l'oxyde de graphéne et des ions d'or par la transformation
drastique des groupes fonctionnels contenant de I'oxygene et la formation de nanoparticules d'or.
Les résultats de la caractérisation électrique ont mis en évidence d'excellentes propriétés
¢lectriques et un grand potentiel d’application dans le domaine des supercapacités.
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1. Introduction

Pristine graphene (G), as a classic one-atom-thick crystal, has been considered as a
revolutionary material in the 21th century due to its exceptional mechanical, thermal,
electronic and optical properties! 2 (charge-carrier mobility = 250 000 cm?-V-!-s! at room
temperature,’ thermal conductivity = 5000 W-m™-K',* and mechanical stiffness = 1 TPa%).
Nevertheless, common methods for graphene production, such as mechanical exfoliation from
graphite® 7, epitaxial growth of graphene films® °, and chemical vapor deposition'®'2, pose
challenges for cheap and high-quality graphene production at an industrial scale. These
methods are laborious, expensive, limited to small-scale production, and not yet fully
developed'® ¥, At present, a primary alternative strategy for large-scale graphene-like
materials production involves oxidizing and exfoliating graphene into graphene oxide (GO)
sheets, which are then reduced to obtain reduced graphene oxide (rGO), as illustrated in
Figure 1. Despite being additionally decorated with structural defects and populated with
oxygen-containing functional groups (OFGs) such as epoxy and hydroxyl groups mainly at
the basal plane, and carbonyl and carboxyl groups mainly at the edge!> %, rGO possesses
properties similar to pristine graphene due to its graphene-like structure. Moreover, this large-
scale production method significantly reduces the costs, making the study of rGO increasingly
appealing.

Graphene Oxide (GO) Reduced Graphene Oxide (rGO)
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Figure 1 Schematic representation of the rGO production procedure

Currently, various methods for reducing GO into rGO have been developed, including
chemical'> 16, thermal'” '8, electrochemical'®, microwave?® and photo-assisted®! thermal
reduction methods. Nevertheless, each method has its own disadvantages and limitations. For
instance, in chemical reduction, the introduction of reducing agents leads to difficulties in
eliminating residual reducing agents and results in unpredictable properties deviating from
those of pristine graphene??. Thermal reduction at high temperature inevitably damages the
structure of rGO, along with a substantial quantity of weight loss (ca.30%)?. Electrochemical
reduction can’t be used for the large-scale production?* while microwave- and photo-assisted
methods are mainly employed to assist thermal reduction?2¢, Radiolytic reduction of GO has
recently emerged and gradually been investigated since it overcomes most limitations of other
reduction methods due to its advantages such as homogeneous reduction, affordability, no
addition of reducing agents?’ and capability of large-scale production. Radiation sources can
be classified into non-ionizing ones like UV light®® and infrared photothermal reduction®’, and
ionizing ones like electron beams®’, X-rays and Gamma (y)-rays’!. The key feature that
differentiates non-ionizing and ionizing irradiation is whether the energy and ability of the
radiation is capable of ionizing atoms and molecules. Figure 2 presents a detailed

4



classification of the two main types of radiation.

.| Non-ionizin Electromagnetic N Radio waves, Micro waves,
9 (A>0.1 pym) UV, Visible, Infrared
Radiation _| Electromagnetic N ] ]
(A<0.1 pm) X-rays, y-rays
> lonizing
» Uncharged > Neutrons
> Particles
Electrons,
*| Charged "| Protons, a-rays

Figure 2 Classification of radiation types

Among various radiation types, y-ray irradiation, a high-frequency electromagnetic
radiation stemming from nuclear decay, has gradually been investigated due to its non-
physical contact operation and precision®’. The principle of gamma-irradiation for dilute
aqueous solutions, also known as water radiolysis®> 3%, is that under gamma rays, reducing
agents like solvated electrons (eaq’) and isopropanol radicals are generated from water at
neutral pH by excitation or ionization under nitrogen atmosphere and in the presence of
isopropanol ((CH3).CHOH)?°. Reduction is then achieved by solutes reaction with reducing
agents, produced according to Figure 3.

reducing agent

i
H,0 AXAVAANN— € 4q H, HO', HY, Hy, H,0,

At neutural pH, underN,
in presence of (CH;),CHOH

(CH3)2¢OH+> reducing agent

Figure 3 Schematic of gamma-induced water radiolysis

Previous recent works?’ in Institut de Chimie Physique (ICP) have demonstrated the
feasibility of using y-ray irradiation to reduce GO through water radiolysis. The obtained rGO
exhibited a relatively high specific capacitance and an exponential capacitance-dose
correlation, as depicted in Figure 4a. Additionally, single-layer graphene has a surface area
close to 2600 m?-g™! 3¢, making graphene-like materials such as rGO excellent platforms for
the in situ growth of various species, like metal nanoparticles (NPs)*”> %8, for synthesizing rGO
composites with synergistic properties®”. On one hand, the abundant OFGs of precursor GO
serve as reactive sites for the spontaneous reduction of metal ions, promoting the nucleation
and growth of NPs on GO*. On the other hand, growing the NPs directly on GO sheets help
prevent their agglomeration and overgrowth*!. It has been demonstrated in the literature*? that
once functional materials are grown or anchored on rGO, the composites exhibit enhanced
electron transport rates and high electrolyte contact area, leading to enhanced electrical
properties, as shown in Figure 4b, which demonstrated the significantly increased specific
capacitance of the obtained composites once silver nanoparticles (AgNPs) are anchored on
rGO.
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Figure 4 (a): Capacitance-dose correlation for GO under y-ray irradiation?” (b): Comparison of
capacitance between radiolytic synthesized rGO and rGO-AgNPs composites*

The principle of radiolytic synthesis of metal NPs is also based on water radiolysis,
where the generated reducing agents react with metal ions to form NPs. Similarly, as noble
metal NPs, gold nanoparticles (AuNPs) are also expected to exhibit enhanced electrical
properties when growing and anchoring on rGO sheets like silver. To verify this assumption,
the objective of this internship is to synthesize rGO-AuNPs composites by simultaneous
radiolytic reduction of GO into rGO and gold ions into AuNPs, as depicted by Figure 5.
Multiple characterizations were conducted to provide a comprehensive evaluation of the
reduction process, as well as exploration of the synthesized materials in the field of energy
storage.

In water, at neutral pH,
in presence of isopropanol

COOH COOH COOH

GO + AuCl, rGO + ALEI)WPS

Figure 5 Global routine for the radiation-induced synthesis of rGO-AuNPs composites

2. Materials and Methods

2.1 Materials

Graphene Oxide (4 mg/mL, dispersion in H>0), Potassium gold (IIT) chloride (KAuCly,
98%), and 2-Propanol (IPA, 99.9%) were purchased from Sigma-Aldrich and used as
precursors. Distilled water (Millipore system 18.2 MQ-cm™') was used as the solvent for
radiolysis and as the reference for UV-Vis absorption spectra measurement. Nitrogen (N2) gas
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with  99.99% purity was purchased from Air Liquid Co for degassing. N,N-
Dimethylformamide (DMF, 99.9%) purchased from Sigma-Aldrich was used to redissolve the
synthesized nanocomposites for electrical experiments. In cyclic voltammetry (CV)
measurements, Nafion perfluorinated resin solution (5 wt.% in a mixture of lower aliphatic
alcohols and water, containing 45% water) was used as a binder. Potassium hydroxide
purchased from Sigma-Aldrich was used as the electrolyte, and OP-U colloidal silica
suspension purchased from Struers was used for electrode polishing. In supercapacitance
fabrication, LOCTITE MR 3863 was used for depositing silver lacquer, and ionic liquid 1-
Methyl-3-octylimidazoliumtriflate (99%) purchased from IOLITEC was used as the
electrolyte. All chemicals were utilized as received without further purification.

2.2 Sample preparation

Aqueous solutions containing 0.2 mg-mL™! GO (the molar mass of which is unknown),
0.2 mol-L"! IPA, and [AuCls] at two different concentrations (1 X 10> mol-L! and 5 x 10
mol-L!) were prepared in 100 mL volumetric flasks for two different series. The volumetric
flasks were thoroughly shaken to ensure complete dissolution. The solutions were then
transferred into transparent glass vials (40 mL, 3 cm X 8 cm), and degassed with N> gas for
20 minutes to remove dissolved oxygen, which could inhibit the reduction process. Both the
volumetric flasks and glass vials were covered with thin aluminum films to protect them from
sunlight, as gold ions would be reduced and form AuNPs when exposed to sunlight.

2.3 Water irradiation and sample reduction

The process of water radiolysis, which has been summarized in Figure 3, can be further
explained by the following equations. Firstly, at neutral pH and in the absence of oxygen, the
radiolysis of water yields various reactive oxidizing and reducing species, including solvated
electrons (esq), hydroxyl radicals (HO®), hydrogen atoms (H®), hydronium ions (H3O"),
hydrogen peroxide (H202), and hydrogen molecule (Hz), as shown in Equation 1%,

y-rays
H,0 — e;q, HO",H",H;0*,H,0,,H, Eq. 1

The radiolytic yields (quantifying the amounts of molecules or free radicals generated
per 1 Joule of deposited energy) of various species have been well established from previous
study about water radiolysis*, as shown in Table 1. Among the radical products, eaq” and H*

are reducing species with standard redox potential E’(H,0/e5,) = — 2.9 Vsy and E*(H*/

H®) = — 2.3 Vsyg, respectively, while HO® radicals are strong oxidants with standard redox
potential E°(HO®/H,0) = + 2.7 Vgyg** 46 7.

Table 1 Radiolytic yields of the primary species from pure water by “°Co rays

Radical Products (mol-J-)) | Molecular Products (mol-J)
G(HO") = 2.8x107 G(H;0%) = 2.8x107
Gleag) = 2.8%107 G(H,02) = 0.7x107

G(H") = 0.6x10” G(H2) = 0.4x 107

To ensure reduction and HO® consumption, IPA was introduced to convert HO® into
isopropanol radical ((CH3)2COH), which is also a strong reducing agent with a standard
7



redox potential E’((CH3),CHOH/(CH;3),COH) = — 1.8 Vgyg at neutral pH* .

Simultaneously, H* will also be converted into (CH3),COH, through the following Equations
2 and 3.

(CH;),CHOH + HO®* - (CH3),COH + H,0 Eq.2
(CH3),CHOH + H* - (CH;3),COH + H, Eq.3

Therefore, the radiolytic yields of the two produced reducing agents are G(eaq) =
2.8%107 mol-J!', G((CH3),COH) = G(H*) + G(HO") = 3.4x107 mol-J!, respectively. As a
result, the concentration of each reducing agent is calculable, based on Equation 4:

c=DxG xd Eq. 4

where c is the concentration of the generated reducing agents (mol-L!) D: the radiation dose
in Grays (the amount of energy deposited in the irradiated media, 1 Gy = 1 J-kg™) and d: the
density of the irradiated medium (kg-L™).

Both GO and gold ions can be reduced by reacting with these reducing agents. Despite
the equation for GO reduction cannot be straightforwardly written, the reduction of gold ions
to zero-valent metal NPs proceeds according to the following global equations>’:

Aut + 3ez, - Au° Eq.5
Au3* + 3(CH3),COH —» Au® + 3CH;COCH; + 3H* Eq. 6

The zero-valent gold atoms (Au’) then act as nucleation centers, facilitating further
coalescence. Nucleation and coalescence are favored because all the NPs, possessing intense
surface energy, are thermodynamically unstable or metastable. Additionally, the metal atom-
atom binding energy is stronger than the atom-solvent or atom-ligand binding energies’’,
promoting the formation of stable NPs.

Au® + Au® > Au, Eq.7
Auy + Auy, - Auy,, Eq. 8

In this study, the ®®Cobalt in ICP was used as irradiation source, with a maximal dose rate
at ca. 2.0 kGy/h, as shown in Figure 6. All the works were done under this maximal dose rate.
Then the irradiation dose of each sample can be determined by controlling the irradiation time,
based on Equation 9.

D (kGy) = D(kGy/h) x t (h) Eq.9



Figure 6 Phtotgraph of ®®Co gamma source

2.4 Characterizations

UV-Vis absorption spectroscopy was utilized to follow the evolution of GO and gold
ions concentrations in sample solutions subjected to different irradiation doses. A Hewlett-
Packard 8543 spectrophotometer with 2 mm thick quartz cuvettes was used in ICP. The UV-
Vis absorption spectra were recorded in the optical range of 200-800 nm using distilled water
as reference. All samples were measured immediately after gamma-irradiation, with a dilution
factor of 3. The UV-Vis absorption spectra deconvolution was conducted using Docker and
Spectra-kinetics analysis code developed by Prof. Pascal Pernot®2.

Fourier Transform Infrared (FTIR) spectroscopy was employed to detect the presence
and intensity of various OFGs in the obtained nanocomposites. The analysis was conducted
using a PerkinElmer Spectrum Two FT-IR Spectrometer in Conservatoire National des Arts et
Meétiers (le CNAM). The system was equipped with a KBr window and a LiTaO3 detector.
The scan range was extended from 4000 cm™' to 700 cm™ with a spectral resolution of 2 cm™.
Solid samples were prepared by centrifugation of aqueous, irradiated samples at 7000 rpm for
10 minutes, then the sediments were dried at 100 °C for 24 h.

To investigate the degree of structural disorder in the obtained nanocomposites, Raman
spectra were measured using an iHR550 imaging spectrometer in Institut des NanoSciences
de Paris (INSP), Sorbonne University. A 532 nm incident laser was used and the Raman shift
was selected from 1000 cm™ to 3000 cm™ with a spectral resolution of 2 cm™'. 200 uL of each
sample was drop-casted on a glass substrate and allowed to air dry for 24 hours.

For further surface elemental analysis, X-ray Photoemission Spectroscopy (XPS) was
performed using a Thermo Fisher Scientific K-Alpha Spectrometer in Institut de Chimie
Moléculaire et des Matériaux d'Orsay (ICMMO), University Paris-Saclay. An aluminum
anode served as the monochromatic source (Al Ko = 1486.7 eV), and the X-ray angle was set
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as 56°. The original data were processed using Avantage software. The same samples
analyzed by ATR-FTIR were used for the XPS analysis.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX)
characterizations were conducted in Ecole Normale Supérieure (ENS) Paris-Saclay, for
morphological and elemental studies. A Hitachi S-3400n reference microscopy equipped with
an X-ray detector was used. The accelerating voltage was adjusted between 5-10 kV, and the
probe current was set in the range of 40-60 pA to optimize images quality. The same samples
used for XPS characterization were attached to conductive carbon adhesive tab substrates.

In addition to SEM, Atomic force microscopy (AFM) was employed to obtain more
detailed morphological information. The AFM analysis was performed using a Park NX20
Atomic Force Microscope in Institut des NanoSciences de Paris (INSP) with a silicon tip
operating in tapping mode. Gwyddion Software was utilized for image processing. 200 puL of
each sample was drop-casted on a SiO; substrate and allowed to air dry for 24 hours.

For thermal properties studies, Thermogravimetric Analysis (TGA) was conducted in
Laboratoire Procédés et Ingénierie en Mécanique et Matériaux (PIMM), CNAM, using a TGA
Q500 (TA instruments, USA) under an oxygen flow rate of 60 mL-min™!. The same solid
samples after FTIR, XPS and SEM characterizations were analyzed. Between 1 to 5 mg of
each sample was placed in an alumina crucible, and the heating rate was set at 10 °C-min’.

Cyclic Voltammetry (CV) experiments were conducted in SATIE lab in CNAM using a
CHI1222C Electrochemical Analyzer potentiostat and a conventional three-electrode cell
setup. An Ag/AgCl (saturated KCI) electrode served as reference electrode, a platinum wire
was used as counter electrode, and a glassy carbon (GC) electrode acted as working electrode,
with 1 M KOH as the electrolyte. Samples before and after irradiation were dried and
dissolved in DMF at a concentration of 0.2 g/L.. Then, 180 uL of sample solution was mixed
with 20 pL Nafion, which served as a binder. Subsequently, 10 puL of the sample was drop-
casted on the working electrode and air-dried for 1 hour. Before each drop-cast, the GC
electrode was polished by colloidal silica suspension and rinsed with ultrapure water. The
voltage varied from -1.8 to 0.8 V, and scan rate varied from 10 to 100 mV-s™..

Potentiostatic Charge and Discharge (PCD) experiments were carried out in Ecole
d'ingénieurs - Campus de Paris (ECE) using a 5V constant voltage source and a SDS
1120CML+ Digital Storage Oscilloscope. The prepared solid samples were fabricated as a
simple supercapacitor based on an approach from the literature. After centrifugation and
drying, solid samples were redissolved into DMF at a concentration of 0.2 g/L. Then, 100 uL
of the solution was drop-casted on glass substrate as electrode, ionic liquid 1-Methyl-3-
octylimidazoliumtriflate as electrolyte to fabricate supercapacitor, the detailed process was
described in chapter 3.7.
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3. Results and Discussion

3.1 Visual characterization

Two series (A and B) were investigated, with the same concentration of GO (0.2 mg -
mL™1) and isopropanol (0.2 mol - L™1) but different concentrations of [AuCls]". Each series
was divided into 10 samples, each sample was subjected to irradiation for different durations,
resulting in varying irradiation doses. The samples were labeled from 1 to 10, corresponding
to increasing doses up to 55 kGy. Detailed concentrations and doses, as well as the
photographs before and after irradiation are shown in Figure 7.

TITTITITLE:

Dose (kGy)

Series A
[AuCl,] =1 x 10 mol-L"

Series B
[AuCl,] =5 x 10 mol-L""

Figure 7 Photographs of sample solutions with increasing irradiation doses

As can be seen, with increase of the dose, the solutions in both series changed from clear
to turbid, followed by a transition from homogeneous solutions to black powders suspensions,
indicating that the amphiphilic GO was reduced to hydrophobic rGO, and eventually formed
hydrogel-like structures, which suggests that due to the hydrophobic effect, the rGO started to
aggregate, with some complex interactions with water during aggregation.

According to Equation 4, the theoretical doses which enable quantitively reduction of
107} mol-L! [AuCl4] can be calculated:
c (mol- L) 1073

=3 X =3 x _ 4 N
D= X ol D xdlkg T > X Z8+30) x 107 x1 _ rBkay~5kGy

In this equation, the factor 3 is used due to the valence of Au(Ill) which implies three
steps of reduction by two reducing agents, IPA radicals and solvated electrons. Additionally, a
slightly excessive dose is frequently used in practice to ensure the desired effect*’. Therefore,
the theoretical quantitative dose needed to reduce 10 mol-L™! [AuCl4] (series A) could be
approximately regarded as 5 kGy, and for 5X10™ mol-L™! [AuCls] (series B), it is ca. 2.5 kGy.
Previous work*’ has demonstrated that the theoretical quantitative dose to reduce 0.2 mg-mL"!
GO is 6 kGy. Thus, the theoretical quantitative doses which are required to quantitatively
reduce GO and [AuCls] in series A and B are 11 kGy and 8.5 kGy, respectively.

3.2 Kinetic studies by UV-Vis absorption spectroscopy and spectra deconvolution

The UV-Vis absorption spectra of the two series are shown in Figure 8. As can be seen,
before irradiation, there are initially two intense bands: Band 1 at ca. 220 nm and Band 2 at ca.
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300 nm. With increase of the irradiation doses, the decrease of the spectra intensity can be
observed, demonstrating the gradual then complete reduction of both GO and [AuCls].
Besides, for Band 1, with increase of the doses, a red-shift from 220 nm to 265 nm was
observed for both series.
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Figure 8 UV-Vis absorption spectra of the two series before and after irradiation
(Dilution factor: 3, optical length: 2 mm) (a) series A (10 M) (b) series B (5%10™* M)

To further study the UV-Vis absorption spectra, the extinction coefficient of GO and
[AuCls] in the wavelength range from 200 to 400 nm were measured by preparing gradient
concentration solutions, as shown in Figure 9. It is worth noting that the exact molar mass of
GO is unknown, leading to different units for the extinction coefficients of GO and [AuCla]".
For GO, the band at ca. 230 nm is attributed to the m — 7" transition of the aromatic C=C
bonds, indicative of the graphitic structure, while the band at ca. 295 nm corresponds to the
n — m* transition characteristic of carbonyl C=0 groups®> 3. For [AuCls]", both bands
represent electron transfer from ligand orbitals (specifically the 3p orbital of CI) to holes in
the 5d shell of Au (III), known as ligand-to-metal charge transfer (LMCT). The two LMCT

bands at ca. 220 nm and 300 nm correspond to ps = d,2_,2 transition and p; = dy2_2

y
transition, respectively™.
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Figure 9 Extinction coefficients of GO and [AuCls] in the wavelength range from 200 to 400 nm
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Therefore, both of the two bands appearing in Figure 8 are the results of overlapping.
Band 1, at ca. 220 nm, is the GO band corresponding to the m — 7™ transition of the aromatic
C=C bond, overlapping with the LMCT band of [AuCl4]". Band 2, at ca. 300 nm, is the GO
band, corresponding to the n — m* transition of the carbonyl C=O group, overlapping with
the second LMCT band of [AuCls]". The observed red-shift of Band 1 from 220 nm to 265 nm
suggests that, with the reduction of GO, there is a transition in carbon hybridization from an
sp’ hybridized state (attached to oxygen) to an sp? hybridized configuration, thereby regaining
the T-conjugation within the GO structure, as mentioned in the literature>®. This red-shift
becomes apparent only when the dose reaches 9 kGy for series A and 5 kGy for series B,
which exceed the theoretical quantitative dose for reducing [AuCls]". This suggests that for
both series, the reduction of [AuCls]” is much faster than that of GO, reduction of GO is
obvious only after when [AuCls] is almost completely reduced.

It is worth noting that the Localized Surface Plasmon Resonance (LSPR) band of AuNPs
at ca. 540 nm, observed in the absence of GO, cannot be found in Figure 8. Similarly, in other
UV-Vis absorption spectroscopies studies of rGO-AuNPs, this LSPR band also disappears or
significantly decreases in intensity. This phenomenon has often been attributed to the low
concentration of gold ions or left unexplained® >’-°, which are not convincing enough. In fact,
the LSPR of AuNPs is highly sensitive to their surroundings; when AuNPs are attached to
rGO, the higher dielectric constant of rGO alters the local refractive index around the AuNPs,
thereby affecting the resonance conditions and leading to modifications in the LSPR band
intensity. Moreover, the charge and energy transfer between AuNPs and rGO which alter the
electron density and plasmonic behavior of AuNPs, further decrease the LSPR band
intensity®” ¢!, Therefore, the decrease or disappearance of LSPR band could be reasonably
considered as evidence that the formed AuNPs are attached to rGO rather than suspended in
solutions.

To further investigate the kinetics of radiation induced reduction, spectra deconvolutions,
based on the literature®* %> were conducted for both series. The principle of deconvolution lies
in utilizing the known extinction coefficients of both GO and [AuCl4]™ at each wavelength
shown in Figure 9 as limitations to calculate the remaining concentration of both GO and
[AuCls]” under various irradiation time from the absorbance, based on the Beer Lambert’s
Law. One equation with two unknown concentrations can be formulated at each wavelength,
and then these equations are combined to solve for the most accurate concentration of GO and
[AuCls]". The deconvolution results are shown in Figure 10. From these results, it is evident
that for both series, reduction of [AuCls] is much faster than that of GO. For series A, as
expected, 5 kGy is needed for the reduction of 10> M [AuCls],, while reduction of GO
becomes significant at dose above 5 kGy and is completed at ca. 11 kGy. Similarly, for series
B, 2.5 kGy is needed for the reduction of 5x10* M [AuCls],, with GO reduction becoming
significant at dose above 2.5 kGy and completed at ca. 8.5 kGy. Once [AuCl4] is completely
reduced, the reduction rate of GO significantly increases, indicating the potential electron
transfer between [AuCls]” and GO. Nevertheless, our deconvolution method has limited
accuracy. Firstly, it could not take the red-shift of Band 1 into consideration. Furthermore, as
shown in Equation 1, the formation of H3O" leads to the gradual pH decrease during
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irradiation and it has been demonstrated that®® the LMCT band of [AuCls] at ca. 300 nm also
experiences a red-shift and intensity increase when the pH decreases from neutral, which is
also incapable of being taken into consideration by deconvolution. The accuracy of
deconvolution is also constrained by the limited number of samples subjected to different
irradiation doses. Despite these limitations, it still can be roughly concluded that for both
series, [AuCl4]” is predominately reduced initially, and GO is mainly reduced only after
[AuCl4] is almost completely consumed.
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Figure 10 UV-Vis spectra deconvolution results. (a) series A (102 M) (b) series B (5x10* M)

3.3 Structural studies by FTIR and Raman spectroscopies

FTIR is sensitive to the various vibrational modes of different OFGs, making it a useful
tool for evaluating the reduction degree of GO by measuring the intensity changes of OFG
peaks during irradiation. As shown in Figure 11, the peaks at different wavenumbers
represent various vibrational modes of OFGs. For both series before irradiation, the broad
band ranging from ca. 3650 to 1800 cm™! indicates the presence of hydroxyl and carboxylic
groups (O-H stretching vibration), with a high degree of intermolecular hydrogen bond
interaction. Additionally, peaks at ca. 1727 cm™ (C=O stretching vibration), ca. 1364 cm™ (O-
H in-plane deformation vibration), ca. 1219 cm™ and ca. 1065 cm™ (C-O stretching vibration)
highlight the presence of various OFGs on GO, such as epoxy, carboxylic and hydroxyl
groups®* . The peak at ca. 1617 cm™ (C=C stretching vibration) indicates that some
conjugation remains in GO, despite the abundance of OFGs. The observed main peaks are
consistent with FTIR spectra of GO reported in the literature®®. With the increase in irradiation
dose, the intensity of most peaks significantly decreases, demonstrating the successful
elimination of OFGs through irradiation.

It is worth noting that the attached AuNPs cannot be detected by FTIR since FTIR
spectroscopy primarily reveals the vibrational modes of chemical bonds, while the interaction
between rGO and AuNPs are mainly non-covalent, such as van der Waals forces, n-n stacking,
or electrostatic interactions. Metallic bonds in AuNPs do not exhibit the dipole moment
changes necessary for IR absorption.
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Figure 11 FTIR spectra of two series before and after irradiation.
(a) series A (102 M) (b) series B (5x10* M)

Raman spectroscopy has been frequently used for studying carbon-based materials,
playing a crucial role in structural characteristics study by analyzing the main Raman bands.
For GO-based materials, the D band, located at ca. 1350 cm™!, originates from a second-order
process and is associated with defects or disorder due to the presence of OFGs. The G band, at
ca. 1582 cm’!, arises from a normal first-order Raman scattering process in graphene,
corresponding to the in-phase vibration of the graphite lattice (carbon sp?)®’. Additionally,
there are also some second-order Raman bands, including overtones like the 2D band, and
combinations such as the D+G band. As shown in Figure 12a, all the bands mentioned above
were clearly observed in the Raman spectra of series A. Additionally, the increased intensity
of the D band suggests that the reduction process introduced defects into the structure of GO,
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Figure 12 (a) Raman spectra of series A (10~ M) before and after irradiation (b) Evolution of In/Ig
ratio with irradiation

One of the most important parameters in Raman spectra is the intensity ratio between the
D and G band (In/Ig), which reflects the degree of structural disorder®®. The evolution of Ip/Ig
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ratio with irradiation dose for series A are depicted in Figure 12b. As can be seen, this ratio
remained constant at low doses, followed by an exponential increase at high doses, indicating
again the reduction of [AuCl4] is much faster than GO, consistent with the results of kinetic
studies. Depending on the reduction methods and the specific parameters used during Raman
characterization, this ratio for GO and rGO ranges widely from 0.67 to 1.4 and 0.91 to 1.97%72,
respectively. An increase in the Ip/Ig ratio indicates a decrease in the average size of sp’
clusters”, which is due to the formation of new, smaller sp? clusters during irradiation’ 7>
Raman spectra of series B exhibit similar trend (not shown).

Similar with FTIR, Raman spectroscopy is also incapable of detecting AuNPs due to
selection rules. However, the Raman signal can be significantly enhanced by conjugated rGO
and especially by AuNPs. As shown in Figure 12a, the intensity of D and G bands increased
at high doses. This special property has frequently been applied in Surface Enhanced Raman
Spectroscopy (SERS).

3.4 Elemental studies by EDX and XPS

EDX and XPS were utilized for elemental analysis. The elemental distributions of series
A, obtained by EDX before and after irradiation at the maximal irradiation doses (55 kGy),
are shown in Figure 13. The homogeneous distribution of carbon (red color) and oxygen
(bule color) remained consistent after irradiation. Initially, a tiny amount of gold (blue color)
was detected due to gold salt precipitation as the solvent evaporated. After irradiation, the
amount of gold significantly increased, demonstrating the formation of AuNPs. These AuNPs
were attached to rGO and basically would not be separated by centrifugation. Similarly, series
B also exhibited a consistent homogeneous distribution of carbon and oxygen after irradiation,
along with an increased amount of gold. The EDX results of series B are also similar (not
shown).

Figure 13 EDX maps of carbon, oxygen and gold distribution of series A (10~ M) before and after

irradiation

Figure 14 depicts the evolution of C/O ratio with irradiation dose for the two series, as
obtained by EDX. Indeed, the C/O ratio is an important parameter for evaluating the reduction
degree of GO. At lower doses, for both series, the C/O ratio remains constant, indicating that
[AuCl4]” was reduced firstly while GO almost remained unreduced. Subsequently, there is an
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exponential increase in this ratio, demonstrating the consumption of OFGs. This ratio
increased from 2.0 to 9.0 for series A (55 kGy) and 2.4 to 9.5 for series B (50 kGy),
demonstrating the effective consumption of OFGs of our approach compared to other
methods described in the literature. For reference, the C/O ratio for rGO typically falls in the
range of 5.9 to 9.5, and 5.1 to 6.2 by chemical'> 7*7® and thermal'® "> 7 reduction,
respectively. The evolution of C/O ratio with irradiation is consistent with kinetic studies and
Raman results.
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Figure 14 Evolution of C/O ratio of two series with irradiation.
(a) series A (107 M) (b) series B (5x10* M)

The formation of AuNPs and the recovery of conjugation are further demonstrated by
XPS. For series A, initially, within the binding energy range from 200 to 800 eV, only Cls and
Ols peaks were observed as depicted in Figure 15a, indicating the high purity of our rGO
after irradiation, which is a key advantage of irradiation reduction compared to various
chemical reduction methods’” 7®. The intense Ols peak of GO before irradiation indicates the
presence of abundant OFGs, while the gradual decrease in the intensity of this peak
demonstrates the successful reduction of OFGs. The C/O ratio shown in Figure 15b further
corroborates the reduction of OFGs. The exponential increase in the C/O ratio, reaching a
final value of 7.4 at 55 kGy, is slightly lower than the value obtained by EDX (9.0) while the
initial C/O ratio before irradiation and at lower doses are quite similar, both close to 2.0. This
discrepancy arises because EDX probes a deeper region, typically down to a few micrometers,
providing near-surface compositional information. In contrast, XPS is highly surface-sensitive,
analyzing only the top few nanometers of the material. After reduction, rGO tends to restack,
resulting the bulk being composed mainly of several layers of carbon skeleton basal plane
sheets, where contain more carbon. Meanwhile, the remaining OFGs are primarily attached to
the surface. Thus, theoretically, the bulk C/O ratio is higher than the surface C/O ratio, which
aligns well with the experimentally results of EDX and XPS. Despite the discrepancy, the C/O
ratio curves obtained by both EDX and XPS exhibit an exponential shape, demonstrating the
effective reduction achieved by our radiolytic-induced approach. Figure 15c¢ illustrates the
Cls XPS spectra of series A before and after irradiation, revealing two discernible peaks: one
attributed to sp? carbon at 284.4 eV and another to C-O at 286.4 eV. Normalization results,
based on sp? carbon, exhibit a decrease in the intensity of C-O band, suggesting once again
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the consumption of OFGs. Figure 15d presents the evolution of Au4f spectra of series A with
irradiation dose. A splitting into two peaks at 84.2 eV and 87.9 eV, corresponding to Audf7,
and Audfsp,, respectively, is observed due to spin-orbit coupling, consistent with the XPS
spectra of Au4f reported in the literature®’. The presence of gold peaks before irradiation is
attributed to precipitated gold salt, while the significantly increased intensity during
irradiation highlights the formation of AuNPs.
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Figure 15 (a) XPS spectra of series A (10~ M) as a function of irradiation dose (binding energy: 200
to 800 eV) (b) Evolution of C/O ratio with irradiation (¢) High-resolution XPS Cls single spectrum (d)
High-resolution XPS Au4f single spectrum

Figure 16 depicts the deconvolution results of XPS Cls spectra at various doses for
series A. Peaks centered at 284.2, 284.9, 286.8, 288.5, and 291.2 eV correspond to carbon sp?
(C=C), carbon sp* (C-C), hydroxyl and epoxy (C-O), carboxyl and carbonyl (C=0) groups,
and the m—n* shake up band®" %2, respectively. The shape and intensity of all peaks remain
almost identical at doses up to 2.5 kGy, indicating again that reduction of [AuCls4]" is much
faster than that of GO, which remains unreduced at lower doses. At a dose of 9 kGy, the
intensity of sp® carbon peak and all the OFG peaks begin to decrease, while the intensity of
sp” carbon peak increases. This demonstrates the effective reduction of GO and the recovery
of conjugation. At maximal irradiation doses, the sp? carbon peak becomes the most intense,
indicating a high degree of radiolytic reduction. XPS spectra and spectra deconvolution of
series B exhibit similar trends (not shown).
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Figure 16 Evolution of deconvoluted XPS Cls spectra of series A (10 M) at different irradiation
doses. (a) 0 kGy (b) 2.5 kGy (c) 9 kGy (d) 55 kGy

3.5 Morphological studies by SEM and AFM

Figure 17 depicts the morphology of series A (10 M) solid samples at different doses.
Both rGO and AuNPs have excellent electrical conductivity, allowing clear images to be
obtained without further sample treatment. Initially, before irradiation, flat and smooth GO
layers were observed with a few amounts of precipitated gold salts attached. At a dose of 11
kGy, a significant morphological change of GO was clearly observed, transferring from
smooth to quite rough. This change is attributed to the elimination of OFGs and the
introduction of defects during irradiation. At maximal irradiation doses, the rGO become
smooth again, possibility due to the extensive elimination of OFGs, which induces the
aggregation of rGO. Additionally, a large amount of spherical AuNPs was clearly observed at
lower scale. The amount of AuNPs significantly increased during irradiation, reaching a
maximum at the highest doses. A polydisperse size distribution of gold particles, ranging from
tens to hundreds of nanometers, was also clearly observed.

AFM was utilized for higher resolution morphological study and the representative
images of the materials in case of series A are shown in Figure 18. Initially, before irradiation,
single, double and triple GO layers were clearly observed, with lateral dimensions ranging
from hundreds of nanometers to less than 10 micrometers. The thickness of each single GO
layer is ca. 1 nm, highly consistent with values reported in the literature®’. Notably, some
wrinkles in the GO were also observed, which may affect the electrical properties due to the
breakage of the conjugation®®. At maximal irradiation dose, single layer rGO with a large
amount of attached AuNPs was observed. The rGO appeared smoother, consistent with SEM
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images; the thickness of rGO single layer remained ca. 1 nm and the size of the AuNPs
ranged from several to tens of nanometers. Most AuNPs were anchored on rGO, while some
were deposited directly on SiO; substrate. Two AuNPs with diameters of 12.3 nm and 13.8
nm were successfully observed and measured. It is noteworthy that due to the artefacts, the
vertical height of the AuNP is more accurate and closer to the actual diameter of AuNP
compared to the lateral distance. Combined images from SEM and AFM highlight a relatively
polydisperse size distribution of AuNPs, ranging from several to hundreds of nanometers. The
SEM and AFM images of series B exhibit similar phenomena (not shown).

1.0
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Figure 18 AFM images of series A (10~ M) before and after irradiation and corresponding height
profiles.
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3.6 Thermal properties studies by TGA

Previous TGA studies of GO revealed two distinct stages of weight loss. The first stage
with approximately 30% mass loss at ca. 200 °C, was attributed to the thermal decomposition
of unstable OFGs. The second stage, with about 40% mass loss between 400-500 °C, was
primarily attributed to the combustion of the carbon skeleton®>. As depicted in Figure 19, the
TGA results for both series before irradiation are in line with the literature. For both series
after irradiation, there is a significantly decrease in mass loss in the first stage, indicating that
most OFGs have been successfully reduced. This also results in enhanced onset temperatures
for decomposition in the second stage, suggesting improved thermal stability due to a lower
defect density in the rGO samples®®. Furthermore, the high thermal stability of AuNPs, with a
melting temperature of ca. 1064.3°C%’, ensures that there is no mass loss of AuNPs within the
TGA temperature range. Consequently, the final weight percentage can be attributed to the
mass fraction of AuNPs, which is 45.2% for series A and 34.7% for series B, after exposure to
maximal irradiation dosess. These experimental results closely match the theoretical
predictions of 49.6% for series A and 33.0% for series B, indicating both GO and gold ions in
solution have been sufficiently reduced.
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Figure 19 Thermogravimetric analysis of both series before and after irradiation.
(a) series A (107 M) (b) series B (5x10* M)

3.7 Electrochemical Analysis

Due to the recovery of conjugation and the formation of AuNPs, the radiolytically
synthesized nanocomposites rGO-AuNPs are expected to exhibit enhanced electrochemical
properties, making them highly promising for energy storage applications. CV and PCD
experiments were conducted to quantitively study the electrochemical properties of the
synthesized nanocomposites at different doses.

The cyclic voltammograms of series A, with scan rate ranging from 10 to 100 mV-s™,
are depicted in Figure 20a-c. The results illustrate a direct proportionality of the non-faradaic
current to the scan rate, indicating capacitive behavior. The area of the CV curves increases
after irradiation, demonstrating the enhanced specific capacitance by radiolytic reduction.

Additionally, all CV curves exhibit a rectangular shaped hysteresis loop, characteristic of the
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electric double layer capacitor (EDLCs), which indicates the diffusion mechanism of ions into
the rGO-AuNPs composite electrodes®®.

60 ——10mV-S"! 80} —— 10 mV-S™!
——30mv-s™ (a) ol 30 mv-S! (b)

aOF ___50mv-S! ——50 mv-S™
——80mV-S"! 40 F ——80 mv-S™

20t —— 100 mv-s™ ——100 mV-S"

Current (uA)
o
Current (LA)
o

1.0 0.5 0.0 05 1.0 15 2,0 1.0 0.5 0.0 0.5 1.0 15 2.0
Potential (Vgye) Potential (Vgye)
260
80 f ——10 mv-s~ (C) ° (d) = 0kGy
6 ——30 mV-S™! 240 | * 11 kGy
[ —— 50 mv-S™ = 220 A 55 kGy
a0 —80omv-s 2 A
—~ | ——100 mv-s @ 200 |
< 20 | @ 200 a ®
2 §
P = 180 | A °
S of o °
g g
5 « 160 | A °
320F o " A . °
2 u A * o
40 | = 140 A
[%] A
) [ ] A
Q. u A
60 | »n 120 F n A
" -
80 | 100 £ -
1.0 0.5 0.0 05 1.0 15 2.0 0.00 0.02 0.04 0.06 0.08 0.10
Potential (Vgye) Scan Rate (V/s)

Figure 20 Cyclic voltammograms of series A (10 M) before and after irradiation (a) 0 kGy (b) 11
kGy (¢) 55 kGy (d) Specific capacitance — scan rate correlation

The specific capacitance values can be calculated from the CV curves using the
following Equation 10:

fidv

~ AVxmxv Eq. 10

where C represents the specific capacitance in F-g™!, [ idV specifies the integral area of one
complete CV curve, AV is the potential window (V), ‘m’ denotes the weight of the active
material on working electrode (g) and ‘v’ is the scan rate (V-s'). The calculated specific
capacitances of samples before and after irradiation at various scan rates are shown in Figure
20d. The specific capacitance is inversely proportional to the scan rate, since lower scan rates
favor ion diffusion at the EDL, while higher scan rate results in lower ion migration, making
charge storage less effective®®. The composites irradiated at 11 kGy exhibit better specific
capacitance compared to those at 55 kGy. This may be because excessive doses introduce too
many defects, disrupting the structure of basal plane and thus decreasing capacitance.

Compared with other reduction methods, the specific capacitance of chemically reduced
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rGO by hydrazine hydrate is 135 F-g"! in 5.5 M KOH®® and 49.9 F-g''in 1.5 M KOH"'. The
specific capacitance of electrochemically reduced rGO is 223.6 F-g!' at 5 mV-s' in 1 M
H>S04”, and thermally exfoliated rtGO is 117 F-g'lin H2SO4”. It is worth noting that due to
the differences in morphology, the concentration and distribution of OFGs and defects, and
various parameters in CV measurements, the obtained capacitance can vary significantly.
Nevertheless, it can be concluded that radiolytically reduced rGO-AuNPs composites exhibit
satisfactory capacitance, reaching 247.7 F-g!' at 10 mV-s!' in 1 M KOH at 11 kGy.
Furthermore, compared to previous studies?’, the formation of AuNPs in the composites leads
to an increase in capacitance. The CV curves of series B exhibit similar phenomena (not
shown).

For PCD experiments, a new approach based on the literature’®® for supercapacitor
fabrication was used, the process of which is schematically illustrated in Figure 21. Initially,
the prepared solid samples, after centrifugation and drying, were redissolved into DMF at a
concentration of 0.2 g/L. Then, 100 uL of the solution were drop-casted onto a glass substrate
forming a graphene-comb pattern as two electrodes. Next, silver lacquer, a type of conductive
lacquer, was deposited at both ends of the graphene combs and air dried for 24 hours to ensure
the connection of the electrode and external electrical wires, forming a circuit. As an electrical
insulation, a polyimide film called Kapton was used to isolate the silver points from the center
area. Finally, 100 uL of the ionic liquid 1-Methyl-3-octylimidazoliumtriflate was drop-casted
into the center area as the electrolyte. A polyethylene terephthalate (PET) sheet was covered
on top of the ionic liquid to promote spreading, and Kapton was used again to ensure a seal
without leakage. A real image of the fabricated supercapacitor is shown in Figure 22a.
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Figure 21 Schematic illustration of the rGO-AuNPs supercapacitor fabrication

PCD was then carried out by connecting the supercapacitor to a 5V constant voltage
source and a resistor, controlling the switch to realize charging and discharging. One
representative curve is shown in Figure 22b for series A. Based on the corresponding charge
and discharge equations, the specific capacitances were calculated by exponential fit and the
results are shown in Figure 22¢. Due to the different electrolytes and approaches used, direct
comparison with the specific capacitances obtained by CV is less meaningful; nevertheless,
they are of same order of magnitude. The enhanced capacitance after irradiation can also be
clearly visualized. The specific capacitances of series B obtained by PCD exhibit similar
results (not shown). The electrochemical analysis demonstrated the excellent electrical
properties of our synthesized composites.
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Figure 22 (a) A real image of the fabricated supercapacitor (b) A representative charge and discharge
curve of series A (10~ M) (¢) Specific capacitances of series A before and after irradiation

4. Conclusions and Perspectives

A new approach for the one-pot synthesis of nanocomposites composed of rGO-AuNPs
via gamma ray-induced radiolytic reduction has been developed in this work. Kinetic studies
by UV-Vis absorption spectroscopy and spectra deconvolution demonstrated that the
reduction of [AuCl4]" is much faster, and GO is mainly reduced only after [AuCls] is almost
completely consumed. Structural studies by FTIR and Raman spectroscopies revealed the
drastic consumption of OFGs and an increase in degree of structural disorder during
irradiation. Morphological studies by SEM and AFM clearly visualized the formation of
AuNPs. Elemental studies by EDX and XPS confirmed the consumption of OFGs, recovery
of conjugation, and the formation of AuNPs. Thermal properties studies by TGA
demonstrated the elimination of OFGs and determined the mass fraction of AuNPs in the
nanocomposites. Finally, electrochemical analysis including CV and PCD demonstrated the
excellent electrical properties of the synthesized nanocomposites, with enhanced specific
capacitance with increase of the irradiation dose.

Future work could focus on deeper kinetic studies to calculate the rate constants using
the concentration of two reducing species based on pulse-radiolysis. Additionally,
investigating different concentration ratios between GO and [AuCl4] could help identify the
optimized ratio, and stabilizer like surfactant could be introduced before irradiation to further
inhibit aggregation of AuNPs. For electrochemical analysis, exploring samples at more
different doses could provide further insights, and stability could be enhanced by adjusting the
concentration of binder Nafion or by using different binders.
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