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ARTICLE INFO ABSTRACT

Keywords: Graphene-based nanomaterials (GBNMs) are versatile due to their large surface area, great mechanical, chemical
G{'aPhe.“e‘ strength, and excellent electrical properties. The versatility of graphene has increased its applicability therefore
y-irradiation several synthesis methods to produce high quality graphene simpler, faster, and cost-effectively are actively
Modification . . . . .

Photocatalysis explored. The conventional synthesis methods however employ toxic chemicals, high temperatures, and lengthy

synthesis times. On the other hand, the gamma (y) irradiation approach is facile, occurs under ambient condi-
tions and produces graphene composites of high purity. Noteworthy, this technique enables the user to control
the synthesis time and total dose, hence minimising the aggregation of the nanomaterial, the main drawback
hindering the commercial production of GBNMs. y-radiolysis synthesized GBNMs exhibit superior optical and
electrical properties and hence improved supercapacitance, catalytic, and sensing abilities. Although other re-
views addressed the y-ray synthesis of metallic nanomaterials, polymers, as well as usage of a variety of radiation
techniques to fabricate graphene composites, this review focuses solely on the synthesis and modifications of
GBNMs via the y-synthesis technique. Properties of graphene and conventional methods used to reduce graphene
oxide (GO) to graphene as well as their shortcomings are highlighted. This is followed by detailing the y-radi-
ation synthesis technique, its advantages over the conventional methods and the principles thereof. Effects of
y-irradiation and the conditions required for the structural modification of graphene to obtain different graphene
composites are detailed. The influence of operational parameters on the fabricated graphene-based composites
are discussed followed by summaries of recent developments in the applicability of y-irradiated GBNMs in
catalysis, energy, sensing, and biomedical fields. In addition, this paper presents insights into the challenges
posed and provides future research directions and prospects in the field of y-irradiated GBNMs.

Energy storage

Introduction

Graphene is a largely studied nanomaterial that has drawn tremen-
dous interest from basic research and industrial sectors owing to its
properties that are reliant on its inherent structure [1]. Graphene refers
to a monolayer or bilayer graphene sheet [2]. It is made up of carbon (C),
with a 1s% 25% 2Px! 2Py! 2Pz ground state electronic structure. Since the

energy level of 2pz is empty but equal to the energy levels of 2px and
2py, the carbon’s valence shell electrons can form three types of hy-
bridization known as sp, sp> and sp°. One C atom shares sp? electrons
with three other neighbouring C atoms forming an atom thick two-
dimensional (2D) honeycomb planar structure. These are essentially
in-plane o bonds created by the hybridized orbitals of sp? (2s, 2px, and
2py), while the 2pz orbitals, which are perpendicular to the planar
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structure, establishes 6 bonds with the two nearby out-of-plane C atoms.
The resultant covalent ¢ bond in monolayer graphene has extraordinary
mechanical capabilities due to its short interatomic length of approxi-
mately 1.42 A, making it even stronger than the sp® hybridized car-
bon-carbon bonds found in diamonds. The half-filled = band allows free
movement of electrons thus giving a conduction feature to graphene.
This band also forms the conduction and valence bands with zero band
gap [3]. Other salient properties of graphene include flexibility, high
light absorption and transmission, heat resistance, and environmental
friendliness [4]. The electronic properties are determined by the number
of graphene sheets [3]. Owing to peculiar properties of graphene there
has been a plethora of research on the application of graphene and
graphene composites in catalysis [5], electrodes [6], energy storage [7],
adsorption [8] and sensors [9] among others. The challenge however is
that the acquirement of graphene nanosheets as raw material is both
difficult and costly. Using the scotch-tape approach, graphene was
generated by micromechanically cleaving highly ordered pyrolytic
graphite, however the product yield was very low [10]. Ritter and
Lyding realized mono and bilayers of graphene via the mechanical
exfoliation technique [11], which also suffer from low throughput thus
limiting large-scale production. Among the popular methods of pro-
ducing graphene, reduction of GO is prominent because it doesn’t
require complicated equipment [12].

GO is mostly produced via the oxidation of graphite using either the
original or the modified Hummers method [13] in the presence of
strong and very concentrated acids and oxidants. The resultant GO
sheets are separated to individual layers by ultrasonication. Although
the hybridization in graphene is sp?, during oxidation of graphite to GO,
the 2s electron gets excited to the 2pz orbital creating free x electron in
excited state. The oxygen atoms are attached to the free x electron (pz
electron) and forms C-O bonds in graphite layers and converts sp2 to sp3
hybridization and create defects that reduce the electrical conductivity
of the material [14]. The oxygen containing moieties, OH and C-O-C on
the surface of the sheets and COOH at the edges of graphene confer GO
with hydrophilicity as such it can dissolve in water and disperse in
several organic solvents. Moreover, the oxygenated groups serve as
centres of covalent functionalization of GO with other functional groups
to improve or alter its properties to suit certain applications. The elec-
trostatic, n-t and Van der Waals interactions which are week in-
teractions take part during non-covalent bonding of GO with target
molecules [15]. To restore the electrical and mechanical properties, GO
must be reverted to graphene via reduction techniques to form reduced
graphene oxide (rGO) before or during its conversion to generate other
GBNMs that comprise zero-dimensional (0D) quantum dots, and 3D
hydrogels and aerogels.

Although the produced GBNMs are widely applicable, there exist a
need to improve their structural properties to enhance their application
efficiency in the various fields. This is often achieved by inducing sur-
face defects such as point defects (0D), line defects (1D), planar defects
(2D), and volume defects (3D) in a controlled manner. Therefore syn-
theses methods that yield to satisfactory reduced graphene with desired
surface defects or vacancies are being explored [16]. The chemical
reduction method is commonly used; however, the produced graphene
suffers from incomplete reduction and defected carbons thus compro-
mising the properties of rGO. Moreover, this method requires the use of
high temperatures, toxic precursors and long processing time among
others [17]. While thermal techniques efficiently reduce GO [18], there
are few appropriate substrates, the process is energy demanding, and
pose a serious threat to safety [19]. Like chemical syntheses methods,
low temperature hydrothermal approaches produce incompletely
reduced GO. Mechanical exfoliation on the other hand achieves good
quality graphene but generates undesired structural defects, uncon-
trolled morphologies and multiple layered GBNMs. Due to the
mentioned drawbacks encountered by conventional GO reduction/
modification methods, focus has been directed to greener alternatives i.
e. using plant extracts [20], photothermal [21], and electrochemical
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reduction [22]. Although these environmentally friendly approaches
can be utilized to produce graphene composites, they also need precise
synthesis conditions and are lengthy [23].

Among the many alternative approaches for preparing GBNMs in
recent years are the radiation techniques that can either be non-ionizing
or ionizing. Non-ionizing radiation comprise microwave [24,25], laser
[26], infrared [21] and ultraviolet [27], among others. Ionizing radia-
tion on the other hand encompass the use of X-rays and the y-rays of
which y-rays have the highest energy. Generally, all the irradiation
processes offer a facile, and scalable approach to produce high-quality
graphene materials. The advantages of modifying GO using the irradi-
ation approaches are; the production of products with minimal waste
[28], low energy demand therefore sustainable, and the applicability of
wide variety substrates [29]. These techniques also produce high purity
graphene and enables the user to control the irradiation times and
dosages/intensities thus avoiding aggregation of graphene sheets which
is one of the key stumbling blocks hindering the production of rGO at
industrial scale [30]. Since graphene is a good absorber of radiation
[24], radiation energy induce various chemical reactions, including
synthesis, reduction, exfoliation, doping, functionalization [31], and
generation of novel graphene-based composites such as graphene-
metals/metal oxides etc [32].

In the case of ionizing radiation viz y-rays, the high energy irradia-
tion interacts and imparts energy to samples and cause either a gain or
loss of electrons and hence ionization of the material [33]. Like in the
case of non-ionizing radiation (microwave) y-radiation energy also
creates vacancies, defects, and dislocations in graphene materials,
resulting in modification of the electrical, optical, and physical proper-
ties [34,35]. Since y-rays exhibit maximum energy with longer pene-
trating capability into materials due to its zero charge and mass, the
y-modified GO samples are entirely reduced in depth over and above the
other advantages of radiation techniques in general [36,37], as a result
there are a handful reports available on the use of y-irradiation to pre-
pare graphene and its derivatives for different applications [28].

While there are plenty review articles detailing other irradiation
methods, there are only few available reviews on y-radiation induced
synthesis of nanomaterials. Not only are they few these are on syntheses
of metallic nanoclusters [38,39] and polymer nano-composites [40] not
GBNMs. While, Tung et al. [29] recently reviewed the irradiation
methods including the y-radiolysis technique for engineering GBNMs
collectively, based on our knowledge there is no published review
focusing solely on the y-irradiation of GBNMs to explore the effect of this
radiation technique on their structure in relation to their application.
Therefore, this review aims to introduce graphene and highlights con-
ventional techniques for obtaining graphene derivatives and their
drawbacks prior to discussing the modern radiation techniques under
which y-radiation is categorised. The advantages and principles of
y-radiation assisted synthesis are elucidated before the different con-
structs of graphene comprising of reduced GO, etched graphene, gra-
phene/metal/metal oxides and functionalised graphene composites
achieved with the aid of y-radiation are presented. Furthermore, the
factors that influence the modification of graphene composites are
presented. In light of this, recent progress in the usage of y-radiation
synthesized GBNMs in photocatalysis, energy storage, sensors, antimi-
crobial activity, and cancer treatment were summarized. In addition, the
challenges faced during the production of GBNMs by y-irradiation,
research directions to circumvent these challenges, as well as prospects
in this area are provided.

The principles of y-irradiation

Since y-rays’ photons are highly energetic with a deeper penetrating
power in water they directly interact with materials through processes
like pair formation, the photoelectric effect, and Compton scattering
[41]. The two commonly used y-irradiation sources are cobalt-60 (*°co)
and cesium-137 (**7Cs) that discharge photons to create secondary
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electrons, which contribute in the formation of ions and free radicals,
among other products [38]. 5°Co is however the most frequently used
due to its extended half-life and emission of 1.25 MeV compared to '*”Cs
that emits y-rays of only 0.66 MeV. The amount of radiation absorbed by
the samples from the source is known as the total absorbed dose and its
unit is Gray (Gy or kGy). Since the Gray is based on the dose rate whose
units are (kGy/h or Gy/min), the D is obtained by regulating the radi-
ation exposure time “t” of the sample of interest.

When exposed to y-rays, the molecules in the aqueous media or
powder samples ionize, which is followed by electronic excitation that
produces large amounts of reactive species that are uniformly distrib-
uted within the sample [42]. The primary reaction species are, aqueous
electrons (eaq), hydrogen radicals (H-), hydroxyl radicals (OH.),
hydrogen gas (Hz), hydrogen peroxide (H2O2) and other radiolysis
species [43]. The e,q, H- and H; are reducing agents while the OH', H,O/,
H20,, and O3 serve as oxidizing agents [44]. The concentration of the
reactive species (Eq. (1) progressively approaches a pseudo-equilibrium
state under continued radiation in an aqueous environment. Fig. 1 de-
picts the 3 phases of y-radiolysis of water: the physical phase, the
physicochemical phase, and the non-homogeneous chemical phase [42].

Modified

Graphite dispersion

Hummers’ methﬂ ﬁ
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Depending on the desired modification on the GBNMs, either the
reducing or oxidizing agents are introduced into the reaction vessel.
When reducing environments are required alcohol is frequently intro-
duced in the water medium to generate alcohol radicals that scavenge
the oxidants produced by water. The alcohol radicals are generated via
hydrogen abstraction as shown in the in Eq (2) and (3) [45]. In some
cases, alcohol or water-alcohol medium is replaced by solvents like N,N
dimethylformamide (DMF) [28] and ethylenediamine (EDA) [46] that
also serve as scavengers of oxidative radicals. The samples are then
irradiated under inert conditions or oxygen, hydrogen, etc conditions as
informed by the desired modification as discussed in later sections.
Alternatively, dry sample materials (GBNMs) are radiated where gases
such hydrogen and others replace the aqueous medium. The gases pre-
vent aggregation of the formed rGO observed in suspensions. In this
approach, the incident y-rays splits hydrogen into radicals that attacks
the surface groups of GO (Fig. 1b).

HyO' ™% et H;0%, H, H, OH®,H,0, OH, (¢
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Fig. 1. (a) Schematic diagram showing generated reactive species at different stages as a result of ionization of water by y-radiolysis in water-ethanol medium.
Reprinted with permission from ref. [38]. (b) y-ray reduction of dry GO Bucky papers (GO BP) in the presence of hydrogen gas (dry reduction). Reprinted with

permission from ref. [47].
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Modification of graphene based nanomaterials (GBNMs) using y-
irradiation

y- irradiation can be applied for different purposes on GBNMs. The
technique can be used to etch, reduce, or functionalize graphene com-
posites. The following sections point out to the various modifications
achieved through y- irradiation in GBNMs.

Etching of GO using y- irradiation

Since porous graphene sheets possess large surface area, adjustable
porosity, and high densities of unsaturated carbon edges surrounding
the pores, they are appealing candidates for applications such as catal-
ysis, energy storage, separation, and sensing. There are several pub-
lished methods for perforating graphene, such as etching, controlled
growth mechanisms, of which the use of y-radiation is one of them [48].

As previously mentioned, y-irradiation of water, produces OH® and
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e, as the major oxidative and reductive agents respectively, the oxida-
tion the GO sheets could possibly occur in three different ways; (i) the
OH?* can either transfer an electron to GO, (ii) extract H-atom from GO,
and (iii) hydroxylate GO by adding to the C = C bonds of the GO [49].
For instance, when nitrous oxide (N,O) was irradiated in a saturated GO
solution, the OH® radicals occupied the sites that were previously
occupied by oxygen functional groups to form hydroxylated radicals.
The formed hydroxylated radicals went through ring opening, while the
C atoms bonded to the oxygenated groups were oxidized and eliminated
as CO7 or CO, resulting to the development of C vacancies on the GO
layers. The OH* radicals attach next to the formed vacancies since these
sites are chemically active compared to those within the conjugated
network. As the oxidation process progresses the carbon vacancies grow
into nano-scaled defects making the sheet porous or channelled as
shown in Fig. 2a [49]. In another study, the edges and planes of gra-
phene were etched by adding GO in a solution of styrene and toluene
(1:1 vol ratio) prior to y-irradiation at a total absorbed dose of 200 kGy
and a dose rate of 2.0 kGy/h under ambient conditions [50]. Luvodic
and colleagues simultaneously reduced and perforated GO to produce
porous rGO sheets with narrow pore size (3 nm) distribution and large
surface pore density by exposing the GO under y-ray (100-500 kGy)
irradiation in the presence of hydrogen without additional chemicals

1, |

( ) Nano-porous GO sheet

&

N
/

Vacancies growinto nano-
pores and lacelike edges

sheet with reactive

Pristine
moieties

CO; orCO

Continuous oxidation

Reduced GO sheet with
local vacancies

Removes carbon

produce carbon
vacancies
Hydroxy radicals attack sited
Hydroxylation where oxygen-containing
groups are bonded to

Perforated and
reduced GO sheet

Fig. 2. (a) The mechanism of etching of GO using y-irradiation where oxidized carbon is eliminated as carbon monoxide or carbon dioxide. Reprinted with
permission from ref. [49], (b) TEM image of pristine GO sheet, (c) GO irradiated at 500 kGy. (d) pathway of perforation in rGO with the increase in the y-radiation

total dose. Reprinted with permission from ref. [51].
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(Fig. 2b). The etched rGO’s morphology was similar to that of the
nascent GO (Fig. 2¢) as in the case of chemically reduced samples. Like
previously reported findings, the mechanism for pore formation entailed
reduction and creation of vacancies at low dosage followed by etching of
the vacancies to form well defined pores at higher dosages as indicated
in Fig. 2d [51]. In a unique study GO membranes with short-range pore
channels were fabricated via y-ray etching. The radiated GO membrane
exhibited numerous short-range in-plane pore channels that formed
because of defect formation. The in-plane porosity and expanded
interlayer pathway were finely tuned by controlling the irradiation dose.
These short channels reduced the mass transfer pathway for the
migration of water molecules and hence elevated water permeability
(345.23L.m>h~ ' bar™ 1), dye rejection (~100 %) and an enhanced dye/
salt separation. All these values were superior to GO membranes pre-
viously reported [52].

Reduction of GO by y-radiation

The synthesis of GO that is later reduced to make graphene is easier
compared to direct preparation graphene from graphite. However, the
electrical properties of GO are poorer than that of graphene attributed to
the prevalence of oxygen-containing functional groups that result in
more sp° instead of sp? hybridization therefore these oxygen must be
removed from GO (reduction) [53]. Reduction of GO is basically the
elimination of the OH and C-O-C the surface and COOH groups from the
edges of GO followed by annealing the intrinsic defects to enhance the
electrical properties of GO [54]. As mentioned in section 1, the reduc-
tion of GO can be obtained via conventional techniques which however
suffer from drawbacks. The y-irradiation technique reduces GO in the
presence of antioxidants or oxidant scavengers (alcohols) and other
polar aprotic solvents. The antioxidants hinder the oxidative radicals
from further oxidizing the GO [55]. The absence of oxygen is ensured
further by bubbling the medium to be radiated with inert gases (Ar or
No).

During the reduction experiments, e,, is the most active reductant
with a redox potential of E° (ey) = — 2.87 Vnug at pH7 followed by H*
with a redox potential of E° (H*) = — 2.3 Vngg) [38]. The interactions
between reductive species and oxygen-containing functional groups
lead to the removal of oxygenated groups, promoting the reconstruction
of n-n conjugation and hydrogen bonds [46]. The n-t conjugation arise
from the hydrophobic nature of graphite and is assessed via the degree of
reduction of rGO nanosheets. Hydrogen bonding is formed between
single bonds of COOH and OH on the unreduced segments of GO and
molecules of the polar solvent [45]. The advantages of y-radiolysis
assisted reduction over conventional methods are as follows: (i) reduc-
tion occurs in the absence of extra reductants and thus prevents the
production of undesired products, (ii) reducing species are uniformly
dispersed in the solvent, (iii) energy is absorbed irrespective of the ex-
istence of light-absorbing substances, (iv) a facile and cost-effective
technique and (vi) ease of size, shape and size distribution control of
the nanomaterials by optimizing the total absorbed dose and dose rate
[41].

The first account of y-radiation induced reduction of GO to form rGO
was reported by [56] in a water-alcohol medium. After irradiating the
sample with 35.3 kGy, the GO’s dispersion colour changed from
yellowish brown to black. The reduction was confirmed by the UV-Vis
spectra where the peak of GO cantered at 290 nm due to the n — *
conversion of C = O bonds disappeared while the strong absorption peak
at 230 nm due to © — = transitions of aromatic C-C bonds red-shifted to
270 nm [56]. In another study GO was exfoliated in distilled water via
sonication prior to adding ethanol and subsequent irradiation with doses
of 20, 40, and 80 kGy respectively at (2 kGy/h). These were labelled
y-rGO. In a separate experiment GO was reduced chemically using hy-
drazine (H-rGO). The y-rGO had a higher thermal stability than H-rGO,
an indication that y-rays are effective in removing thermally unstable
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oxygen groups on GO surfaces [57]. Well-dispersed graphene sheets
were also obtained by dissolving GO in DMF at room temperature. After
sonicating and bubbling the mixture with N it was exposed to 300 kGy
at 300 Gy/min. The resultant rGO displayed enhanced mechanical sta-
bility because of the anchoring of N(CHs)3molecules on y-rGO [58].
DMF served as a reduction medium in another study where the dose rate
was reduced to ~ 45 Gy/min to achieve 15 kGy. The obtained rGO had
no observable defects and aggregation [28].

Due to the penetration ability of y-rays the technique is applicable for
fabricating 3D rGO aerogels and hydrogels regardless of their size and
thickness. The first report on synthesis of 3D aerogels via y-irradiation in
a water-isopropanol medium was documented by [44]. The same group
prepared another rGO aerogel by dispersing GO in a mixture of EDA and
water followed by y-ray irradiation. Like alcohols, EDA served as the
radical scavenger thereby encouraging reduction and self-assembly of
the formed rGO (Fig. 3a). The rGO aerogel’s surface was smooth with
wrinkles (Fig. 3b) and its hydrophobicity was confirmed by the 122°
contact angle (Insert, Fig. 3b). The cross section of rGO aerogels
exhibited hexagonal 3D porous structure with narrow passages and
walls that were assembled due to piling of rGO nanosheets (Fig. 3c) [46].
The EDA molecules participated in either nucleophilic ring opening of
epoxy groups or condensation reaction with carboxyl groups on the
surface of GO as depicted in Fig. 3 (d1 and d2). The e, potentially
attached to carboxyl groups (Fig. 3d3) or broke the epoxy bridges to
encourage the formation of O-H and C-H bonds as shown in Fig. 3d1.
Alternatively, the e,, abstracted the O-H group to form C = C as illus-
trated in Fig. 3d4. Briefly, the EDA radicals eliminated the oxygen-
containing groups, restored the conjugation of C = C and bound on
the GO surfaces.

The reduction of GO using whole plants or plant extracts has
captured the interest of numerous researchers, particularly for
biomedical applications due to the biocompatibility conferred by the
functional groups of phytochemicals. Therefore, chemical scavengers of
oxidative free radicals were substituted with natural antioxidants found
in ginger, aloe vera, and a mixture of ginger and aloe vera to make
ginger (G-rGO), aloe vera (A-rGO), and aloe vera/ginger (AG-rGO)
respectively under y-irradiation with 80 kGy of at 1 kGy/h. The XPS
revealed that the intensity of the C-C peak improved from 0.50 for GO to
1.35, 1.25, and 1.43 for G-rGO, A-rGO, and AG-rGO, respectively in
comparison to the C-O peak indicating an enhanced ratio of sp? which is
a validation of reduction process [59]. In a separate study, y-radiolysis of
GO solution containing Hyphaene thebaica fruit powder instead of
chemical scavengers was reported by Taha and colleagues. The Fourier
transform infrared spectroscopy (FTIR) confirmed the removal of most
oxygen functional groups from GO and conjugation between H. thebaica
and the rGO. Furthermore, the High-Resolution Transmission Electron
Microscope (HRTEM) showed smooth and transparent sheets of GO with
few crinkles while the rGO exhibited a more crinkled morphology and
folded appearance [60].

Functionalization of graphene with the aid of y-ray radiation

Functionalization of the graphene’s surface is a crucial step to
enabling its applicability since nascent graphene is inactive and thus
displaying poor chemical activity and solubility in water. With the
presence of functional groups on their surfaces, GO and rGO can further
be functionalized to improve their physicochemical properties. Guo
et al. [61] categorized graphene functionalization strategies into cova-
lent [62], non-covalent [63], plasma hydrogenation [64] and nano-
particle  functionalization [65]. The limitations of these
fonctionnalization techniques comprise of the involvement of toxic re-
agents, lengthy reaction duration, specific reaction conditions thar
hinder large commercialization among many. These issues need the
development of innovative ways for functionalizing graphene that
combine the advantages of chemical synthesis with economic benefits
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while demonstrating improved reduction efficiency. Currently, only few
researchers have investigated the use of y-ray radiation as an alternate
method for modifying graphene’s physiochemical characteristics.

A milder y-ray induced grafting method for surface functionalization
of GO with octavinyl polyhedral oligomeric silsesquioxane (OvPOSS)
was demonstrated for the first time. The grafting improved the thermal
stability and increased the interlayer distance thus improving the reac-
tivity of GO. Increasing the dose to 50 kGy resulted into a super-
hydrophilic GO due to incorporation of N containing group on the
composite’s C = C matrix. The XPS showed the presence of the Si 2p and
Si 2s peaks in the spectrum of functionalized GO, a confirmation of
OvPOSS’s attachment on GO [66]. In another study, aqueous solution of
exfoliated GO was added into a solution of octadecylamine, dodecyl-
amine, and tetradecylamine in ethanol respectively. The solutions were
exposed to 25 kGy to functionalize the GO with alkyl chains. The FTIR
showed (-CH,) absorbance peaks at 2960-2850 cm ™! originating from
alkyl chains. In addition, there was a peak in the region 1560-1450
cm ! that confirmed the presence of C-N and H-C bonds. Moreover, the
modified GO also possessed enhanced thermal stability [67]. Organo-
silane modified GO sheets were achieved by grafting 3-

aminopropyltriethoxysilane (APTES) and 3-glycidyloxypropyltrime-
thoxysilane (GPTES) on GO via y-ionization with 50 kGy, 100 kGy and
150 kGy doses respectively. An increase in the Ip/Ig ratio was observed
with the increase in the absorbed dose in the Raman spectra. This sug-
gested that an increase in the the radiation dose, increased the silane
content in functionalized GO and led to creation of more defects [68].

Doping of graphene using the y-radiation technique

The applicability of graphene is hindered by its intrinsically hydro-
phobic nature and lack specific active sites [69]. GO, a graphene de-
rivative on the other hand contains oxygen-containing groups that are
sp° hybridized. Even though the sp® domains create defects and enlarge
the band gap, making GO a poor electrical conductor [70], the advan-
tage that comes with the oxygen-containing groups is that they are easily
modified by physical and chemical processing, making GO a suitable
precursor for doped graphene [71]. Doping refers to the introduction of
atoms such as B, N, P, S, or metal/metal oxide (MO) clusters into the
carbon matrix of graphene derivatives [72]. This process improves the
materials electrical properties, mechanical stability and semiconducting
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nature. Doping graphene with non-metals converts the material’s sur-
face from non-polar to polar because of their differing electronegativ-
ities to C atoms. N is the most favourable element because its atomic size
is comparable to that of C. Moreover, it has five valence electrons that
form a strong C — N covalent bond [73]. The presence of N in the carbon
matrix of graphene results to strong electron withdrawal from C whose
electronegativity is 2.44 to N with a higher electronegativity (3.4).The C
therefore carries a positive charge density which becomes the centre of
attractive forces [74]. Moreover, the insertion of atoms results in
widening of graphene’s energy band gap (E,). In the case of B, because
the size of B and its valence electrons are almost similar to those of C, the
only observed change in the lattice parameter of graphene is a slightly
longer bond length of the B-C compared to C-C in the graphene lattice.
Like B, the electronegativity of S is very close to that of C therefore minor
polarization of the C-S bonds is noticeable, so, the defective sites in
graphene are caused by the bigger bond length of the C-S bond as
compared to the C-C bond. In comparison to N, P-doping causes more
structural damage due to its larger size [70]. The choice of dopants
therefore is influenced by the working mechanism of the intended de-
vice and its application.

N-doping of graphene is more favourable and literature has proven
that it has beneficial effect on its properties such as surface area, pore
size distribution, and electrical conductivity, that enhance the applica-
bility of graphene in energy storage devices for example [75]. Thus,
facile, and high yield producing doping techniques are studied. Classical
methods for doping graphene include chemical vapour deposition [76],
arc discharge [77], N2 plasma treatment [78] all of which are limited by
the requirement of complex instrumentation and low yield. Heat treat-
ment techniques like gas annealing and pyrolysis are limited by long
time and high temperature synthesis apart from giving a low yield [79].
Solvothermal processes require the usage of toxic solvents [80]. The
advantage of the y-radiation method in this regard is that it triggers an
interaction between the carbon matrixes of graphene and the N source
eliminating the need for toxic solvents and high temperatures [81,82].
As such, 4 wt% N was inserted into graphene using ethylamine as a
nitrogen source via y-irradiation at 30 kGy via the dry method. The
graphene and the ethylamine were placed in separate open test tubes.
These were then enclosed together in one sealed transparent box that
was inserted in a y-radiation chamber followed by irradiation whereas
the wet method led to only 2 wt% N-doping in the graphene plates [81].
Recently, y-radiolysis has been employed in the preparation of N-doped
rGO-supported iron (Fe)-based catalysts, where the wt.% of Fe loading
varied from 10 to 20 %. A mixture of powder rGO and urea was prepared
at a 3:1 mass ratio and dispersed into a water—ethanol that contained
various amounts of iron (III) nitrate. After sonication and deoxygenation
the samples were irradiated at 100 kGy (2 kGy/h). The obtained com-
posite was used as an oxygen reduction reaction catalyst [82].

Graphene composites prepared via y-radiolysis

Composite materials are made up of two or more materials with
substantially diverse physical and chemical characteristics that, when
combined, result in a material with unique properties from each indi-
vidual component [83]. Owing to its salient qualities, graphene has been
coupled with metals [84], metal oxides [85] and polymers [86] among
many to form composites to either improve the properties of graphene or
vice versa. This section is dedicated to discussing graphene composites
that were prepared via the y-radiosynthesis method.

Graphene-metal composites prepared by y-radiosynthesis

Metal nanoparticles (MNP) and their nanocomposites are widely
utilized due to their diverse applications. One of the challenges in the
synthesis of MNP is agglomeration because of Ostwald ripening, a pro-
cess that increases the size distribution of the as-prepared MNP. Also,
while MNPs possess large carrier density their drawback is the limited
carrier mobility. Graphene on the other hand is also prone to
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aggregation but unlike MNPs has exceptional carrier mobility but suffers
from small carrier density [87]. To curb the challenge of agglomeration
in MNPs, scientist synthesize metallic nanomaterials on suitable sup-
ports of which graphene is regarded as one of the best. As a support
material graphene serves to control the MNP’s shape and size, inhibit
agglomeration, and absorb metal ions to simplify the reduction of MNPs
[88]. The synergistic properties that evolve from graphene/metal hybrid
structures are beneficial to different applications [73] due to the trade-
off between carrier mobility in graphene and carrier density in NMPs
that brings about composites endowed with high electron mobility and
electron density [87]. Even though the graphene-MNP nanocomposites
display enhanced properties (conductivity) and selectivity, it is difficult
to deposit uniform MNP onto graphene because of its poor chemical
reactivity and interfacial free energy [61]. The y-radiosynthesis method
is an excellent approach for producing graphene-MNPs since it homo-
genously and instantaneously produce metallic nuclei with a narrow
particle size distribution and uniformly dispersed MNPs on the surface of
graphene. Graphene-NMPs composites that have been fabricated with
the aid of y-radiosynthesis are discussed in the following sections.

Graphene-silver. Silver nanoparticles (AgNPs) supported on GO were
obtained by introducing pre-prepared imidazole silver nitrate (Ag
(im)2NO3) into a mixture of GO, polyvinyl-pyrrolidone (PVP) as a sta-
bilizing agent and isopropanol (IPA) as the oxidant scavenger. The
mixture was then y-irradiated at 150 kGy. GO was intercalated by the Ag
(im)2NO3 and the AgNPs between the sheets of GO were reduced and
grown as illustrated by schematic in Fig. 4a. The size of AgNPs was
determined by the conformation effect of GO while PVP ensured mon-
odispersed and spherical shaped AgNPs. In the absence of PVP (Fig. 4b)
the NPs exhibited a variety of shapes with a broader size distribution
whereas in the presence of 0.5 % PVP the NPs are spherical with a
narrow size distribution (Fig. 4c). The XRD indicated that the addition of
PVP enhanced the peak intensity ratio of Ag(111) to Ag(200) which are
crucial for the size and shape control of nanocomposites [89]. A separate
study demonstrated that GO also acts as a radical scavenger to promote
reduction and growth of MNPs. An aqueous mixture of GO, AgNOs,
HAuCly-4H,0 and HyPtClg-6H20 was prepared. After being purged with
Ar, the suspensions were irradiated with absorbed doses of 150 KGy (2.7
kGy/h). The resultant Ag/Au/Pt-GO composites were pure and well
dispersed, an indication that the oxygen-containing moieties on GO can
be converted to reducing agents that reduce both the MNP and GO
simultaneously while promoting and controlling the growth of MNPs
[90].

Graphene-Platinum. Simultaneous reduction of graphene and generation
of PtNPs was achieved by preparing aqueous solutions of GO with
appropriate amounts of graphene and Pt (IV) using sodium dodecyl
sulfate (SDS) or IPA respectively. The mixtures were purged with Ar,
ultrasonicated and irradiated at ambient conditions with y-rays at 15
kGy/h for 40 min. The two products were labelled Pt/graphene-SDS and
Pt/graphene-IPA, respectively. The TEM images of Pt/graphene-SDS
and Pt/graphene-IPA reveal uniformly dispersed PtNPs on graphene as
shown in Fig. 4(d-e) respectively. Smaller PtNPs (15 + 4.0 nm) with
narrower size distribution were formed in IPA (Fig. 4f) than those in SDS
(29 £+ 7.8 nm) (Fig. 4g). The group proposed two possible mechanisms
for formation of graphene/Pt composites. The less likely mechanism is
depicted in Fig. 4h where graphene in the aqueous phase hypothetically
interacts with OH® in the beginning of reactions, followed by the for-
mation of carbonyl groups on graphene. The Pt precursor ions then
attach to the formed adsorption sites by electrostatic interaction before
the radiolytic reduction of Pt and subsequent growth of PtNPs on gra-
phene. The most likely reaction mechanism is that Pt ions are reduced to
NPs in the bulk solution before electrostatically attaching to the reduced
graphene as displayed in Fig. 4i [84].
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Graphene-Gold. Electrochemically exfoliated graphene was employed to
anchor gold NPs (AuNPs) prepared via the reduction of chloroauric acid
under y-irradiation at low doses (1,5 and10 kGy) without reductants and
stabilizers. Increasing the dose reduced the size of the as-synthesized
AuNPs. At all the doses five morphologies were attained, namely hex-
agonal, spherical, triangular, rod-shaped and trapezoidal with size
ranging between 11 and 20 nm. Due to the hydrophilic nature of gra-
phene, the graphene-Au composites were endowed with long term sta-
bility [91]. Another group suspended Au®* and GO in a water—ethanol
medium. The reactants were instantaneously reduced and self-
assembled into a 3D graphene-Au aerogel (GA/Au) via y-ray irradia-
tion technology. The XRD illustrated that the spectrum of GA/Au
exhibited the characteristic diffraction peak of rGO (002) crystal plane
at 20 = 23° without the characteristic peak of GO (001) crystal plane at
20 = 10.8°, a strong indicator of GO reduction. The Bragg reflections at
20 = 38.3, 44.6, 64.5, 77.4, and 82.4° corresponded to single crystalline
AuNPs, verifying the reduction of Au®>* to AuNPs. The SEM showed that
the composites had a 3D porous network that originated from the self-
assembling of rGO due to the restoration of rGO’s n—x conjugated
structure [92].

Graphene-Copper. Successful reduction of GO in the presence of copper
(Cu) to obtain rGO-Cu composites with enhanced electrical conductivity
and inhibited aggregation of Cu NPs was reported by Nurfiana et al.
[93]. The rGO-Cu composite was obtained after y-radiolysis of the pre-
cursors under alcoholic conditions at an optimal dose of 35 kGy. The

cyclic voltammetry indicated an increase in the electroactive trough of
the as-prepared composite. During the charge and discharge process,
rGO maintained a conductive network for electron transfer, and CuNPs
in rGO enhanced access to electronic and ionic transport channels.

Graphene-metal oxides composites

In semiconductors such as ZnO [94] and SnO» [95], the penetration
of y-radiation causes structural defects such as oxygen vacancies, that
vary with the total doses. Optimal doses also increase the crystallinity of
metal oxide thin films while reducing the particle size [94]. This liter-
ature agrees with [96] findings who observed that applying 125 kGy
yielded polycrystalline NPs with a crystallite size of 49.27 nm versus
261 nm at 0 kGy. The dislocation density, macrostrain and the band gap
also decreased from 3.8 eV to 3.4 eV with the increase in doses thereby
improving the conductivity. Similar observations were made by [97] on
Fey03 films.

Graphene sheets undergo significant agglomeration and re-stacking
during reduction and drying due to the Van der Waals interactions be-
tween its layers, consequently compromising its performance in the
various fields. The development of graphene/metal oxide composites
promises to be a successful approach for harnessing all the prospective
advantages of graphene and metal oxides in respective applications
[98]. Like in graphene/metal hybrids, graphene’s responsibility in a
graphene/metal oxide composite is to support metal oxides, induce the
nucleation, growth, and formation of fine metal oxide nano/micro-
structures with uniform dispersion and controlled morphology on the
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surface of graphene with high chemical functionality [99]. In addition to
suppressing graphene’s agglomeration and re-stacking, the metal oxide
component offers excellent conductivity, capacitence, and other prop-
erties based on its size, shape, and crystallinity. The enhanced properties
are consequent to the formation of a perfectly integrated structure with a
developed electron conductive network and shortened ion transport
pathways. Metal oxides also increase the accessible surface area of
graphene thus promoting its electrochemical and catalytic activities to
mention a few. These synergistic effects in graphene/metal oxide hy-
brids occur due to size effects and interfacial interactions via reactive
chemisorption on the oxygen carrying moieties of graphene that bridge
metal centres at oxygen-defect sites and Van der Waals interactions
between the pristine region of graphene and metal oxides [100].

The fabrication of graphene/metal oxides composites has been
explored efficiently in other radiation techniques such as microwave
radiation [101]. Although the exploration of graphene-metal oxide
composites for various applications using the y-ray irradiation is at its
infancy stage, there are several reports on the fabrication of graphene-
metal oxide composites via y-ray irradiation for catalytic applications
where graphene (GO/rGO) serves as an electron collector and pathway
to enhance the catalytic efficiency of the composites.

Graphene-Titanium oxide. Using y-radiolytic method, TiO2-rGO com-
posite was synthesized in a solution of water and ethanol by doping TiO»
with different amount of GO. The schematic of TiO2-rGO composite
synthesis in Fig. 5a-i depicts that the reduction of GO to rGO by
y-radiolysis occurs before the attachment of TiO2NPs on the rGO layers.
The TEM in Fig. 5a-ii displays the incorporation of homogeneously
dispersed TiONPs. The size of the TiO2 NPs ranged between 20-25 nm.
The decline and disappearance of intensity of the 2D band in the Raman
spectra in Fig. 5a-iii signifies an increase in charge concentration due to
doping with rGO [102]. The reduction of GO to rGO was confirmed by
the Ip/Ig ratio that was enhanced after y-ray induced reduction process
and the optimum was reached at 1 wt% rGO, which supports the
availability of high charge concentration on rGO and its interaction with
TiOs. The Raman peaks position of TiO, at 144, 397, 523 and 649 em!
remain at the same position, which confirms absence of structural
change in TiOy even in the composite [103]. In another study TiOs
nanotubes/rGO (rGO — TNTAs) were synthesized by y-radiolysis at 20
kGy. The observations corroborated the previous study in that the
y-irradiation induced partial reduction of GO and the rGO — TNTAs was
smooth with loosely lamellar structure. Additionally, the Raman sug-
gested a reduction of GO through the diminishing of the 2D peak in-
tensity [104].

Graphene-Zinc oxide. Azmy and colleagues fabricated zinc oxide-
graphene (ZnO—rGO) composites by preparing mixtures with varying
quantities of GO that were gradually added to ZnO followed by soni-
cation. To generate five-layered films, the obtained solution was spin-
coated on a glass substrate using a photoresist spinner. The film sam-
ples were then annealed at 350 °C to eradicate the excess precursors,
reduce the GO, and provide a homogeneous coating for the ZnO-rGO.
The thin films were later irradiated by ®°Co y-source at 10 kGy at
room temperature (Fig. 5b-i). The intensity of the (00 2) facet in the XRD
spectra as well as other facets was enhanced for the radiated sample
compared to un-radiated films (Fig. 5b-ii and iii) [105] due to pore
formation that was effected by the y-irradiation process [106]. The un-
radiated samples (Fig. 5b-iv) have rougher surface (roughness value
14.9 nm), whereas the surfaces of the radiated samples were smoother
because of smaller crystallite sizes with a roughness value of 4.67 nm
(Fig. 5b-v).

Graphene-Iron oxide. Fe;O3/rGO nanocomposites with varying wt.%
Fe304 was reported by Liang and Lu who prepared different concen-
trations of aqueous GO solution and added them into iron (III) hydroxide
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solution, followed by IPA. After purging under N», the suspensions were
irradiated at ~ 170 Gy/min. The metal precursor and GO were reduced
to FegO4 and rGO respectively. The formation of the nanocomposites
was confirmed by the FTIR spectra as shown in Fig. 5c-i. For the nascent
Fe304 and Fe304/rGO composites, transmittance signals for C=0 and
epoxy were weakened, while the characteristic absorption peak at 577
em™! attributable to the Fe-O bond emerged. The phase composition
was confirmed by the Raman spectroscopy as shown in Fig. 5c-ii. Two
peaks at 1340 em ! and 1600 cm™! attributed to D and G bands of
graphene are apparent in the spectra of GO and Fe304/rGO. The broad
signal at 680 em™! was due to Ajg mode of Fe304 phase [107]. In
addition, the peaks at 218 em™), 286 cm’l, 398 cm ™!, 592 crn’l, and
1303 cm ! originated from the decomposition of Fes04 to Fe,O3 by the
high energy 532 nm laser light used in Raman spectroscopic analysis
[108]. The results were comparable to that obtained by Kumar et al.
[109] where dry microwave irradiation of Fe304/rGO was carried out
and the hybrid material exhibited rGO nanosheets that were homoge-
neously covered by nearly uniform-sized Fe304 nanoparticles.

Graphene-polymer composites prepared via y-radiolysis

When subjected to y-rays, polymers undergo chemical and structural
changes, resulting to the generation of free radicals, atom displacement,
and carbonization. This process induces beneficial polymerization,
crosslinking, and grafting of various polymer hybrids [110]. The radi-
ation also reinforces the interfacial connections between organic poly-
mers and inorganic NPs and enhance properties that are dependent on
the microstructure and crystallinity such as optical and electrical
properties [111]. The addition of rGO to polymers further enhances
electrical conductivity and percolation threshold [112], improves the
modulus and tensile stress [113], and enhance mechanical properties for
polymers. These polymeric-graphene hybrids therefore can be applied in
various electrochemical fields such as batteries, supercapacitors, and
sensors [110]. y induced polymer grafting, and crosslinking during the
synthesis of graphene-polymeric nanocomposites is therefore worth
exploring [114]. The following section presents recent works on
y-radiolysis of graphene-polymer composites.

To increase the efficacy of polyacrylamide-acrylic acid (p(AM-AA) in
removal of strontium and cobalt ions from aqueous solutions, a p(AM-
AA)-GO composite was synthesized via the template polymerization
technique using y-radiation as an initiator (40 kGy) as presented in
Fig. 6a. Fig. 6b shows a porous and irregularly shaped p(AM-AA) while p
(AM-AA)-GO has channels instead of pores (Fig. 6¢), both the features
encourage adsorption. As seen in Fig. 6d and e, the addition of GO to p
(AM-AA) increased the adsorption efficacy for cobalt ions from 210 mg/
g to 296 mg/g and strontium ions from 192 mg/g to 260 mg/g [115].
When composite films of poly (methyl methacrylate)-reduced graphene
oxide (PMMA)-rGO (PrGO) were synthesized using solvent evaporation
and subjected to varying doses of y-ray radiation (25-100 kGy), semi-
crystalline PMMA (Fig. 6f) were obtained according to the XRD. While
the intensity changes were insignificant at 15° and 25° for PMMA and
rGO respectively, the PMMA signal at 30° vanished upon radiation due
to polymer scission. The SEM micrographs of ProGO films in Fig. 6g
exhibits a smooth surface but after irradiation with 50 kGy (Fig. 6h)
lamellar structures were evident on the surface due to thermal fluctua-
tions. Elevated dosage (100 kGy) resulted in the formation of pores, a
phenomenon ascribable to double network between rGO and the poly-
mer as shown in Fig. 6i. According to the AFM, the surface of the
composite was 3.5-fold rougher than the nascent polymer after irradi-
ation at 50 kGy dose while after 100 kGy the surface was 2-fold
smoother than the pristine composite as shown in Fig. 6j. [116].
Another study reported that y-irradiation induces chain scissions in the
bonds associated with the C=0 stretching in polypyrrole/GO compos-
ites. The XRD peak intensity declined with the increase in the GO con-
centration in PPy after y-irradiations, whereas the reverse trend was
observed before the irradiation of the samples [117].

The durability and resilience to wear for polyvinyl alcohol/graphene
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Fig. 5. (a-i) Schematic representation of TiO»-rGO composite formation by y-radiolytic process, (a-ii) TEM image of TiO5-rGO composite. Electron diffraction pattern
of TiO,-rGO composite (Inset), (a-iii) Raman spectra of TiO2-rGO nanocomposite for different wt. %. Zoomed part revealing rGO Raman feature (Inset). Reproduced
with permission from ref. [103]. Schematic illustration (b-i) synthesis of ZnO-rGO nanocomposite thin films by gamma radiation via sol-gel method, XRD images of
un-radiated (b-ii) and radiated (b-iii) ZnO-rGO nanocomposite, AFM micrographs of un-radiated(b-iv), and radiated (b-v) ZnO-rGO nanocomposite thin films.
Reprinted with permission from ref. [105]. (c-i) FTIR spectra and (c-ii) Raman spectra of GO sheets, of GO sheets, bare Fe304, Fe304/rGO-1, Fe304/rGO-2, Fe304/

rGO-3, and Fe304/rGO-4 composites. Reprinted with permission from ref. [108]
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Fig. 5. (continued).

oxide (PVA/GO) hydrogels was enhanced via irradiation. The PVA/GO
hydrogels were prepared using the freeze-thaw method followed by an
in-situ reduction by subjecting the hydrogel matrix to doses of 50, 100,
150, and 200 kGy of y-ray irradiation. The rGO served as the cross-
linking site for the dangling bonds between molecular chains and
formed covalent bonds. The irradiated PVA/GO showed 270 %
improvement of compressive strength at 150 kGy compared to unirra-
diated hydrogels [118]. Using y-ray radiation as the initiator, aniline
was graft copolymerized onto graphene and cellulose to form double
network hydrogels in one-pot. The resulting graphene-polyaniline-
cellulose graft copolymer’s crosslink density increased from 0.0297 at
40 kGy to 0.0908 at 80 kGy. The conductivity elevated form 2.012x 102
Sem™! to 4.766 x 102 Scm™! which boosted the capacitance of the
hydrogel as well. Higher doses caused a slight decline of the specific
capacitance due to the breakage of the hydrogels crosslinks and the
decrease of grafting yield [119].

Graphene-carbon nanotube hybrids

Due to outstanding electrical characteristics, strong mechanical sta-
bility, and thermal stability, large surface area 1D carbon nanotubes
(CNTs), like graphene have garnered a lot of attention. These salient
properties qualifies CNTs in a lot of applications such as energy storage
[120], photocatalysis [121], adsorption [122], sensing [123] etc.
Therefore, fabricating graphene/CNT hybrids to obtain synergistic effect
of the two materials is plausible. Introducing 1D CNTs to 2D graphene
not only lowers the aggregation of graphene, it also results into the
formation of interwoven 3D conductive channels that strengthen the
mechanical properties of the CNT/Graphene composite [124]. Although
GO/CNT hybrids have been prepared via different techniques, the syn-
thesis methods are complex and expensive [125]. In addition, the un-
even contact and irregularities between CNTs in the heterogeneous
structure limit their application [126]. As such better synthesis tech-
niques to address the mentioned challenges are a necessity. In this re-
gard, the y-irradiation synthesis method for the GO/CNT composites has
been reported.

To that effect, 3D graphene functionalized multiwalled carbon
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nanotube (Gr-f-MWCNT) hybrids has been reported by [127] who hy-
bridized GO with acid functionalized (f-MWCNTS) via y-radiolysis in an
alcohol-water medium. When compared to GO and MWCNTs separately,
the hybrid showed less self-aggregation and stacking, which improved
Gr-f-MWCNT’s stability, electrocatalytic activity, and conductivity. The
effect of y-irradiation on the formation of the composite was confirmed
by UV-Vis where the GO spectra showed a 230 nm peak due to the
transitions of C-C aromatic ring and shoulder at 308 nm corresponding
to transition of C=0 bond, the f-MWCNTs absorption peak was posi-
tioned ~ 260 nm prior to irradiation. After irradiation, the Gr-f-
MWCNTs hybrid consisted of four peaks at 208, 225, 275, and 281
nm. The 275 nm red-shifted from 230 nm of GO while the 281 nm red-
shifted from 260 nm inf-MWCNTSs. The significant red shift of peaks in
the hybrid was due to an increase in electron density and structural
ordering consistent with the restoration of sp? carbon atoms. The red
shift also confirmed the n-r stacking interactions between the aromatic
basal planes of GO and MWCNTs. The new peaks at 208 and 225 nm
were ascribed to the formation of C-H bonds simultaneous to C-C bond
breaking [128]. Another 3D hierarchical composite of rGO/acid-treated
multi-walled carbon nanotubes (rGO/aMWCNT) was fabricated by
dispersing GO in IPA-water solution containing aMWCNT before being
exposed to irradiation (Fig. 7a). Fig. 7b-i present the HRTEM image of
transparent and crumpled rGO nanosheets sheets. The rGO/aMWCNT
has aMWCNT (red arrows) that are uniformly distributed between the
layers of rGO nanosheets, resulting in the formation of 3D inter-
penetrating network structure (Fig. 7b-ii). The C/O weight ratio in rGO/
aMWCNT increased with the irradiation dose, reaching the maximum of
6.9 at 100 kGy, and slightly decreased at higher doses (Fig. 7c). Mean-
while, the trend of the conductivity followed the C/O weight ratio of
rGO/aMWCNT (Fig. 7d) an affirmation that the irradiation dose has
significant influence on the reduction of RGO/aMWCNT. Additionally,
the optimised rGO/aMWCNT (GO: aMWCNT ratio = 80:20) presented a
large specific surface area (1420 m?g™) compared to 700 m?g~! of
pristine graphene [124]. Ma and colleagues prepared a suitable aqueous
mixture of GO/CNTs, and irradiated the sealed solution at 300 kGy with
radiation rate of 200 Gy/min. An aqueous solution of the obtained GO/
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Fig. 6. (a) Schematic preparation of p(AM-AA)GO by y radiation at 40 kGy from the acrylamide monomer and acrylic acid monomer containing GO, SEM images for
(b) porous p(AM-AA) and (c) channelled p(AM-AA)GO, absorption efficiency of p(AM-AA) and p(AM-AA)GO on (d) Sr?* and (e) Co®*. Reprinted with permission
from ref. [115], (f) XRD spectra for PrGO the thin films at various irradiation doses, SEM images of the thin films (g) PrGO, (h) PrGO-50 and (i) PrGO-100,3D, AFM
images of the films (j) PrGO, (k) PrGO-50, and (1) PrGO-100. Reprinted with permission from ref. [116].

CNT composite was added into a PVA solution to get PVA/GO/CNTs
composite films. The resulting PVA composite films outperformed the
nascent PVA in terms of mechanical properties, achieving a tensile
strength of 81.9 MPa and a Young’s modulus of 3.9 GPa, respectively.
These substantial advancements were credited to the robust hydrogen
bonding between GO/CNTs and PVA chains, uniform dispersion, and the
interlinked 3D structure of GO/CNTs [129].

Graphene-Ionic liquids composites. Ionic liquids (ILs) are organic salts
that are in the liquid phase at room temperature. Since most ILs are
produced using less harmful methods than traditional solvents, they are
regarded as “green” solvent alternatives to volatile organic compounds.
Compared to other functionalizing molecules, ILs provide the greatest
flexibility because of the inexhaustible possibility of theoretical cati-
on-anion interactions, high thermal/chemical stabilities, and low vapor
pressures [130], non-flammable, wide electrochemical stability, and
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high ionic conductivity [131]. ILs also exhibit favourable characteristics
such as hydrophobic attraction, H-bonding, -7 interactions, dipo-
le—dipole interaction, and electrostatic interaction with other molecules
[132]. These molecules reportedly alleviate agglomeration and stabil-
ises each graphene sheet via electrostatic and cation-t interactions
[133]. Graphene modified by ILs not only has stable structure but also
has a high charge transfer rate, which improves its electrochemical
performance [131]. Numerous hybrids of graphene/ILs and graphene/
metal oxide-ILs have been constructed for different applications
including electrode model construction [134], gas separation [135],
supercapacitors [131], sensors [136], and adsorption [137] to name a
few.

In as much as graphene-ILs hybrids have been intensively studied
only a handful of them has been synthesized via the y-irradiation tech-
nique. Owing to the ability of ILs to stabilize metal NPs by capping them
[138], Ag and GO were simultaneously reduced at room temperature via
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Fig. 7. (a) Schematic illustration for preparing hierarchical rGO/aMWCNT composite by irradiating a mixture of water-isopropanol medium, GO and acid treated
MWCNT in inert atmosphere at room temperature. (b) TEM micrographs for crumbled rGO sheets (i), 3D interpenetrating network of rGO/aMWCNT (ii), (c) Plot of
C/0 weight ratio versus the irradiation dose, (d) Plot of conductivity versus the irradiation dose for rtGO/aMWCNT. Reprinted with permission from ref. [124].

y-irradiation at 160 kGy with the assistance of IL (EMImAc) to obtain Ag-
rGO-IL hybrids. The TEM images revealed that although AgNPs on the
surface of Ag-rGO were uniformly distributed, the size distribution and
dispersibility of AgNPs was perfectly homogeneous in Ag-rGO-IL sam-
ples. This was because the IL wrapped itself around the AgNPs thereby
regulating their size and prevented their agglomeration on the surface of
the formed rGO. At the same time, it reduced the formation of wrinkles
on rGO. The C/O ratios were 2.8 and 8.7 for Ag-rGO and Ag-rGO-IL,
respectively signifying the importance of EMImAc in the reduction of
GO. The TGA curves revealed ~ 25 % weight loss at 200 °C in Ag-rGO
compared to only 5 % loss in Ag-rGO-IL [139].In a novel study,
radical polymerisation for the synthesis of GO and IL (GO@IL) using 3-n-
Hexadecyl-1-vinylimidazolium bromide ([C16VIm™] [Br]) as the
monomer via y-ray irradiation at 15 kGy in one step was carried out as
illustrated in Fig. 8a. The XPS spectra shown in Fig. 8b indicated that the
main elements in the GO spectra are C and O, while the GO@IL consist of
the N and Br peaks with elevated intensities. These elements originated
from [C16VIm™] [Br~] as such the XPS confirmed the functionalization
of GO by the IL. The TEM image presented in Fig. 8c where GO has
wrinkles at the edges (c-i), due to Van der Waals interaction however
after undergoing radical polymerization with [C16VIm™] [Br~], multiple
black spots were formed within the layers of GO without observable
deformation from irradiation (c-ii), verifying grafting of IL monomer
onto GO surfaces. The adsorption capacities of GO@IL for Sunset Yellow
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(SY) and chromium VI (Cr VI) in acidic media at room temperature were
169.6 and 75.8 mg g~ respectively as presented in Fig. 8d and e. These
pollutants were adsorbed to the composites via electrostatic and # — n
stacking interactions of the composite [140].

Factors affecting GBMs during y-ray irradiation

It has been suggested in earlier findings that modulating the syn-
thesis conditions, such as irradiation dose and irradiation rate, pH, and
the source of radicals influence the morphology and hence the possible
applications of y-synthesised materials [38]. Therefore, there exist a
need to find the optimal point of every reaction parameter during the
preparation of nanomaterials, even GBNMs.

Total irradiation dose

The irradiation dose has been reported to influence the structure of
GBNMs. In that regard, Dumée’s group reported an increase in the
density of the crystalline graphitic walls of graphene at higher dose
(100-300 kGy) based on the TEM results [47]. In the case of graphene
aerogels, it was observed that low doses produce partially reduced GO
sheets with a tendency to restack together however the self-assembly
process into 3D structure was incomplete [46]. The self-assembly was
enabled by the ability of y-rays to strip, reduce and crosslink graphene.
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PVA-GO hydrogels where GO served as crosslinkers were prepared by
the freeze-thaw technique as shown in Fig. 9a. The formed radicals and
electrons that were solvated with PVA reduced the GO in the PVA matrix
(Fig. 9a). The SEM image in Fig. 9b-1 for unirradiated PVA-GO hydrogel
showed a homogenous 3D porous network but after exposing the com-
posite to y-irradiation, a denser and more compact structure was
apparent. Also, the pore size was reduced with increasing irradiation
dose from 50-200 kGy as shown in Fig. 9b-2 and b-3, a phenomenon that
was ascribed to perfect crosslinking induced by y-irradiation. Fig. 9c
shows the XRD patterns of GO, plain PVA, and PVA/GO hydrogels
treated with various radiation dosages. Subjecting the hydrogel to
higher doses resulted to a slight shift in the position of the diffraction
and the intensity of the peak dropped dramatically in comparison to that
of the non-irradiated sample. This implies that elevated irradiation doses
significantly decrease the crystallinity of the formed hydrogel.

Since altering the morphology and crystallinity of nanomaterials has
a direct influence on their performances in various applications, it is not
surprising that graphene composites prepared at different doses display
differences even in their performances. In that note, y-radiated PVA/GO
hydrogel composites exhibited enhanced compressive mechanical
property(270 %) due to crosslinking at optimal dose. The increase in
total dose also improved the electrical conductivity of rGO. As such the
conductivity of rGO prepared at 80 kGy (0.170 S-m~') was higher than
that prepared at 40 kGy (0.160 S-m™!) owing to differing reduction
degrees [55]. To investigate the effect of irradiation on supercapacitor
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electrodes, ZnCo204-rGO samples were exposed to gamma rays at doses
of 5, 10, 15, 25, and 50 kGy. The sample that was exposed to the highest
amount of y-radiation showed the highest specific capacitance
(365 Fg~1), maximum stability after 5000 cycles and the lowest charge
transfer resistance. The low charge resistance proves that the improved
supercapacitance at the highest dosed electrode material was due to
enhanced conductivity since the capacity of supercapacitors depends on
the conductivity of the electrodes [141]. In polymeric nanocomposites
the total adsorbed does is usually small because polymers undergo chain
scission at higher doses which tempers with the stability and function of
the composites [40]. The same observations were made by [142], who
constructed a photocatalytic AgNPs/rGO-*TNTAs composite for
degrading ethylene by mixing the precursors in water and 1 wt%. PVP
before exposing the mixture to irradiation at 10, 20 and 30 kGy. The
optimal rate constant was obtained at 20 kGy after which it declined.
The decline was attributed to larger size of AgNPs at the 30 kGy that
formed due to y-rays inducing chains scissions in the polymer matrix
(PVP) therefore releasing of AgNPs allowing them to aggregate thereby
reducing the photocatalytic surface area. Alternatively at 30 kGy dose
the solvation shell of the growing colloids was probably destroyed which
led to disruption of the charge equilibrium on the composite’s surface.

Dose rate

Exposing graphite to 2 MGy radiation showed more flaws and a
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varying pH values. Reprinted with permission from ref. [47].

lower extent of graphitization than graphite exposed to 200 kGy radia-
tion [143]. Surprisingly, these results were inconsistent with Galvan
et al. [144] who found that y-irradiation increased the amount of tur-
bostratic graphite with a total dose of 1 MGy at a rate of 8.4 kGy/h in
graphite. The inconsistency of the result was ascribed to the difference in
the irradiation rate between Li’s group and Galvin’s group which was
1.8 kGy/h, and 8.4 kGy/h respectively. An elevated irradiation dose rate
generates higher density quantas that produces more recoiled electrons
with high energy via Compton scattering which destroys the graphene
plane rather than anneal it via sputtering mechanism [143]. The dose
rate also affects y-radiosynthesis of metallic nanoparticles, which is
crucial when GO is used as a support material. For example, high dose
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rates were reported to yield smaller MNCs with a narrow size distribu-
tion because the reducing agents are produced rapidly and scavenged
within the medium while at low dose rates bigger MNCs are formed with
a larger size distribution because interactions between the metal ions
and other atoms and coalescence processes are faster than the genera-
tion rates of reducing species [145].

pH

The pH of the medium to be irradiated affects the precipitation of the
formed GBNMs and thus has a strong influence. As such, the medium’s
pH should be -carefully controlled to improve the efficacy of
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y-radiosynthesis of graphene-based aerogels. In this regard, Wang et al.
observed that at low pH (pH 2) of t-butanol-water medium, the principal
active species convert into alcoholic radicals (*CH2(CH3),COH) with
high reducing capacity to react with the reactive groups of GO nano-
sheets. The generated reducing agents simultaneously reduce and
hydroxyalkylate GO sheets under y-ray radiation. Further, the OH
groups form hydrogen bonds with water molecules. This occurs
concurrently with the strong n-n conjugation between rGO, which trig-
gers the radiation-modified nanosheets’ self-assembly and results in the
formation of a free-standing monolithic graphene hydrogel. However,
under strong basic conditions (pH 11), the hydroxyalkylation degree of
GO nanosheets is lower due to a low quantity of primary radiolysis
active free radicals which can be transformed into *CH,(CH3)>,COH
compared to the strong acidic condition [23]. The same group con-
ducted a similar study where t-butanol was replaced by isopropanol to
obtain 3D graphene aerogels. The observation was the same. The best
aerogels were also obtained at lower (pH=2). These possessed the lowest
density (4 mg/cm?®) while could support up to 18 g without crumbling.
The density of the aerogel was lower than those of chemically synthe-
sized aerogels [45].

Source of radical species

The source of radical species can be gaseous (Hy, N3) [51] or the
common liquid media (alcohols, formate ions, ethanediamine, etc)
[28,46]. The difference in the radicals is that they exhibit different
ionization energies, and relative molar concentrations in case of gaseous
sources. For example, O2 can form radicals (O°, H®, and ozone (O3)).
Because of this, the molar concentration of O in air is lower than that of
N, which may prevent the production of oxidizing radicals that may
scavenge the surface of GO sheets [51]. Where alcohols are concerned,
their reaction constant have a significant impact. For instance, the re-
action constants of (CH3)3COH with OH and H are 12-fold lower than
those of other alcohols. Moreover, its stearic hindrance is larger than of
other aliphatic alcohol radicals, as such, a higher total dose is required to
trigger the self-assembly of the GO nanosheets, compared to other al-
cohols [45]. When a study of the influence of various alcohols (meth-
anol, ethanol, isopropanol, and t-butanol) on the y-ray irradiation
reaction was carried out, 1:1 (v/v) ratio of water to ethanol was the most
effective. This was attributed to ethanol’s higher rate constants for
scavenging hydroxyl radicals [127].

Applications of GBMs modified by y-radiolysis

According to literature y-synthesised GBNMs have diverse applica-
tions including catalysis, energy-related, sensor, biomedical applica-
tions etc. Therefore better understanding of y-radiosynthesis has the
potential to enable large-scale production in the near future [146]. The
next section summarizes the applications and advantages of y-ray pre-
pared GBMs.

Photocatalytic water remediation

Environmental pollution especially that of water is on the rise owing
to population boom that lead to an incresed number of industries
(agricultural, pharmaceuticals, textiles, etc.) that discard waste of
various kinds in the water bodies [147]. Therefore, the need to come up
with cheap and safe water remediation techniques is on the rise
including biological, chemical, and physical means. The decontamina-
tion of the environment i.e water, via photocatalysis that breaks down
microbes, dyes, used hormones, pharmaceuticals etc is superior to
physical, chemical, and biological decontamination methods because
photocatalytic degradation is cost-effective and environmentally
benign. It involves a rapid oxidation/reduction process, and it can
eliminate pollutants through mineralization [148]. Briefly, when a
photocatalyst is irradiated by photons with an energy that is above the
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photo-threshold, the electrons (e™) are excited from the valence band
(VB) to the conduction band (CB). This forms positively charged holes
(h™) for every excited e”. The newly formed electron-hole (e /h™) pairs
migrate to the surface of the photocatalyst where the e reduces the
adsorbed O, to generate superoxide anion (03). The h™ reduces H,0 and
OH™ to generate H,O® radicals, named reactive oxygen species (ROS)
that are responsible for the degradation of pollutants [149].

Carbon materials such as CNTs, carbon nanofiber, and graphene are
widely used as support materials for photocatalysts such as TiO, [150],
CdS Qds [142] etc. The carbon materials i.e graphene enhance the
photocatalytic activity of the photocatalyst in various ways that include,
improving light absorption by photosensitization through their electron-
rich surface, their high electrical conductivity serves as electron sink
thus reduce the charge recombination in the photocatalysts thus availing
the photo-generated electrons (e ) and holes (h™) for the photocatalytic
processes [151].

y-radiosynthesis has proven to be the best alternative technique for
production of graphene-based catalysts in an environmentally friendly
and cost-efficient manner. Hareesh et al. [152] synthesized AgNPs, rGO
and Ag-rGO via the y-technique. The TEM reveals that the AgNPs were
uniformly dispersed on the surface of the rGO (Fig. 10a) with an average
size of 10 nm. The group later investigated the photocatalytic activity of
the as-synthesized nanomaterials in photodegradation of methylene
blue (MB) under visible light. The degradation kinetics in Fig. 10b show
that the photocatalytic efficiency of y-prepared Ag-rGO is approximately
9 and 5-fold higher than to that of AgNPs and rGO respectively. During
the excitation of Ag-rGO, charge carriers (e, h;;) are generated by the
AgNPs and the e, was subsequently transferred to the rGO sheet whose
T — m* conjugation structure acts as an electron acceptor which pro-
motes charge separation. This encouraged the formation of oxidative
reactive radicals that degraded the MB dye as per the reaction scheme
shown in Fig. 10c. The catalyst displayed 99.71 % photodegradation of
MB dye which was reduced to only 92.89 % after the 8th cycle therefore
a good cyclic performance. The y-radiation cross-linking technique was
employed during the preparation of chitosan/cobalt ferrite/graphene
oxide (CS/CF/GO) nanocomposites catalyst. First, the CF and GO were
separately dispersed in water and sonicated for 1 h. Then specific
amounts of CF were added to chitosan dissolved in acetic acid before
adding definite amounts of GO into the mixture (CS/CF). The mixture in
the glass tube was then ultrasonicated and irradiated at 10 and 20 kGy at
a dose rate of 1.2 kGy/h. The CS/CF/GO nanocomposites exhibited a
photo-Fenton catalytic nature for the degradation of Maxilon C.I. basic
dye in aqueous medium. As such, 99 % dye was removed in the presence
of 10 mM H30 in the reaction system, compared to 70 % dye removal in
the absence of HpOy at 120 min of sunlight irradiation [153]. In a
different study, cadmium sulfide quantum dots/ reduced graphene oxide
(CdSQDs/rGO) nanocomposites were realized via a one-step y-ray ra-
diation induced reduction method. The optimal dose and feed ratio were
300 kGy and 1.0 wt% GO to CdCl; 2-.5H50 respectively. The composite
degraded 93 % Rhodamine B in 250 min under visible light [154]. This
technique was also employed to simultaneously transform TiOy nano-
tube arrays (TNAs) from an amorphous state to an anatase crystal state
(*TNAs), synthesize CdSQDs and reduce GO to ultimately form a
CdSQDs/rGO-*TNAs composite. The composite exhibited photocatalytic
activity towards ethylene in a simulated cold-storage environment. The
rate constant for ethylene degradation was 1.0’ x 10> min~! with
CdSQDs/rGO-*TNAs, compared to 2.30 x 10~% min~! with * TNAs and
6.25 x 10~* min~! with CdSQDs-*TNAs, signifying the role of rGO in the
composite [142].

Energy storage
Fast charging devices are a necessity in today’s society since the use

of electronic devices have skyrocketed. Supercapacitors that exhibit
long life cycles, fast charging and discharging process as well as larger
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Fig. 10. (a) TEM micrograph showing uniformly distributed AgNPs on GO in the Ag-rGO formed by irradiation at 115 kGy, (b) Photocatalytic degradation kinetics of
MB by GO, Ag and Ag-rGO where Cj is initial concentration of MB solution and C is the MB concentration at time t, (c) Schematic of photocatalytic process taking
place on the Ag-rGO under visible light irradiation for the degradation of MB. Reprinted with permission from ref. [152]. (d) Diagrammed presentation reaction
mechanism of PDA for self-polymerization and formation of GO-PDA-PEI composites, (e) Galvanostatic charge/discharge profiles of GO-PDA-PEI composite
electrodes at a current density of 1 A/gafter y-ray irradiation of dose 50 kGy, (f) comparison of cycle performance of the GO-PDA-PEI composite electrodes up to 400
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cycles at 1 A/g in accordance with the y-ray irradiation of different doses. Reprinted with permission from ref. [165], (g) Schematic representation for the synthesis of
rGO-PtAu by via gamma irradiation and microemulsion, (h) Square wave voltammetry plot of the immunosensor for different concentration of CEA, from a to h: 10
fg mL~?, 100 fg-mL™!, 1 pg-mL~?, 10 pg-mL~?, 100 pg-mL~}, 1 ng mL™}, 10 ng mL™},100 ng mL~". Insert: calibration curves of immunosensor to different con-
centrations of CEA. Reprinted with permission from ref. [170], (i) XRD patterns of rGO and rGO-Sr obtained via gamma radiation, (j) High-resolution TEM
micrograph of rGO-Sr, (k) antimicrobial activity of GO, rGO and rGO-Sr, (1) haemolytic activity of varying concentrations of GO, rGO and rGO-Sr. Reprinted with

permission from ref. [179].
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Fig. 10. (continued).

energy density compared to conventional capacitors are preferred and
therefore in high demand [155]. Supercapacitors store energy either by
forming an electric double layer near the interface of the electrode
known as double layer capacitance or via a Faradic redox process as a
result of charge transfer between the electrode and electrolyte [156]. An
excellent supercapacitance electrode material must have a large surface
area, and easily tuneable pore sizes. These materials include carbona-
ceous materials comprising of CNT, fullerenes, GO and rGO [157].
GBNMs are suitable candidates as an electrode material compared to
other carbon-based materials due to high specific capacitance (~214
uF/em?), good cyclic ability and high-power density [158] and very high
surface area to volume ratio [159]. However, due to agglomeration of
graphene sheets the capacitance GBNMs is compromised. To alleviate
this limitation, transition metal oxides, conducting polymer, metals and
other carbon materials have been incorporated into graphene, diffusion
of electrolyte in graphene sheets have been enhanced by using these
various spacers, and lastly by irradiation treatment [157]. Among the
methods used to synthesize graphene-based supercapacitors and bat-
teries’s electrodes is y-radiolysis. Gr-Au nanocomposites produced by
y-irradiation and chemical synthesis revealed that the electrode whose
catalyst was y-synthesized had a specific capacitance value five times
higher than that of the chemically synthesized electrode. Furthermore,
the Gr-Au produced by y-radiolysis had a lengthy cycle life, maintaining
about 90 % of its capacitance even after 600 cycles [160]. Prior, PtNP
decorated graphene for supercapacitors was synthesized via y-ray irra-
diation at an optimal dose of 300 kGy at pH 12 labelled (PR-V). The
PtNPs increased the C:O atomic ratio in rGO and repaired defects
thereby enhancing the electron and ion transport migration which
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resulted in the improvement of specific capacitance (154F g~}) at 0.1 A/
g. The rate retention was 72.3 % at 20 A/g [161]. Atta et al. reported a
novel, one-pot, and single-step method for synthesizing reduced gra-
phene oxide/silver nanocomposites (rGO/Ags) with different Ag ratios
using Roselle extract as a scavenger for oxidative free radicals and 80
kGy of y-ray for symmetric supercapacitor applications. The Roselle
extract inhibited the formation of the AgO phase but promoted the
formation of uniformly dispersed Ag phase on rGO. The symmetric
supercapacitor demonstrated good performance with low internal
resistance and suitable specific capacitance (96 F g~ 'at current density
0.2 A/g) [162].

Batteries are devices that convert chemical energy into electrical
energy by means of an electrochemical oxidation reduction reaction
[163]. They are classified into primary batteries and secondary batte-
ries. While primary batteries are not rechargeable and have non-
reversible electrochemical reactions, secondary batteries are recharge-
able with reversible electrochemical reactions. All the batteries consist
of an anode, cathode and electrolyte that completes the circuit when the
system is connected. Due to rechargeability, secondary batteries
comprising lithium-ion batteries (LIB) whose anode side is made of
graphite and the cathode side is made of lithium metal oxide or lithium
polymer are actively explored [164]. More lithium ions in the electrodes
enhance the energy density of the batteries. The large surface area of
graphene and its derivatives provides an active surface for adsorption of
lithium ions by which more lithium ions are stored to make LIBs more
efficient. In addition, graphene sheets boost the conductivity of lithium
metal and hence the electrochemical performance of LIBs [164]. To
enhance the cycle stability in Li-ion batteries Jo and colleagues modified
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the structural stability of anode for these batteries through y-ray irra-
diation of GO containing polydopamine (PDA) and polyethyleneimine
(PED) at different doses (0-100 kGy) as shown in Fig. 10d. The un-
radiated sample’s first charging and discharging capacities were 203
and 792 mA h g%, respectively and the capacity of un-radiated com-
posites decreased more than that of the y-ray-irradiated samples in the
second charging and discharging cycles. The optimally radiated sample
(50 kGy) recorded a capacity of 1300 mA h g~! (Fig. 10e) owing to the
crosslinking and GO reduction induced by the y-ray irradiation [165].
The optimal sample retained ~ 70 % capacitance after 400 cycles as
shown in Fig. 10f. The results were better than those observed when
“Janus”-structured nanocomposites were fabricated with Fe3O4 NPs and
PDA on each side of GO nanosheet using the Langmuir-Schaefer tech-
nique [166]. Liang and Lu prepared Fe304/rGO nanocomposites with
different weight concentration of Fe3O4 via y-irradiation method to
improve the anode electrode of LIB. The discharge/charge cycling sta-
bility of the composite was remarkedly improved in comparison with
that of unmodified Fe304NPs. While the Fe304/rGO-2 composite (wt%
of FesO4 =~ 78.8 %) exhibited the highest cycling stability at a current
density of 50 mA g~! with a discharge capacity of 568.6 mAh/g after
100 cycles, the Fe304/rGO-3 (Wt% of FegO4 =~ 74.7 %) displayed an even
better cycling stability at a higher current density (500 mA g~1), that
sustained a discharge capacity of 738.5 mAh/g after 100 cycles [108].

Sensing

A sensor is a device that detects physical input from its surroundings.
This input could be any kind of physical phenomenon, such as motion,
heat, light, pressure, or moisture [167]. Usually, the output is trans-
mitted as a signal to a reader computer so that a human can analyze it.
Noteworthy, among electrochemical-based sensors are graphene-based
ones because of their greater flexibility, electrical conductivity,
reduced electrical noise, and ease of use. For example, graphene-based
sensors can detect hydrazine more easily than other carbonaceous ma-
terials because the metallic impurities in the former compromise the
performance of the sensor. They also work well for the detection of
biomolecules [168], and gas sensing [169]. Li and colleagues developed
an extremely sensitive flower-like PtAu/rGO that served as a label-free
immunosensor for the detection of carcinoma embryonic antigen
(CEA) via microemulsion and y-radiation as shown in Fig. 10g. The as-
synthesized PtAu/rGO nanocomposites had an improved electrode sur-
face area and offered a biocompatibility, durable matrix enabling simple
conjugation of antibodies, ensuring a very efficient immunoassay plat-
form. Fig. 10h shows that the redox current at —0.124 V of the immu-
nosensor decreased with increasing concentration of CEA loaded on the
electrode (rGO-PtAu/GCE). The insert in Fig. 10h demonstrate a linear
relationship between the redox peak current and the logarithm of CEA
concentration within the range 10 fgmL ™ to 1 x 10% fgmL™! and a
very low limit of detection (7 fg-mL~1). Furthermore, the immunosensor
exhibited superior specificity with the interference of other biological
molecules [170]. A hydrogel patch was fabricated via y-irradiation by
crosslinking a solution of GO with poly acrylic acid and cellulose
nanofiber. Owing to its high sorption ability and transparency, the
hydrogel could be used for colorimetric detection of urea in sweat. When
the quantity of urea increased, the colorimetric sensor clearly changed
colour within a linear range of 40-80 mM, which covered 60 mM which
is a cut-off value for the diagnosis of chronic kidney disease (CKD).
When the hydrogel served as a substrate to directly quantify urea in
sweat in laser desorption ionization mass spectroscopy (LDI-MS) it was
found that GO promoted the laser desorption ionization of urea and
significantly improved the functions of the hydrogel. Therefore, the
hydrogel patch can potentially be used in non-invasive and dual detec-
tion of CKD in medical diagnosis [171].

The y-radiolysis technique has also been used to prepare GBNMs for
other analytes apart from biomolecules. For instance, y-irradiation
concurrently functionalized graphene quantum dots (GQDs) with amino
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groups and doped the dots with N atoms by irradiating GQDs in a water-
IPA medium and EDA, at doses of 25, 50 and 200 kGy. Due to amino
functionalization, the zeta potential of dots changed from — 34.6 to +
9.1 mV. The photoluminescence quantum yields (PLQY) were also
elevated from 2.07 % for non —irradiated GQDs to 18.40 % for irradi-
ated GQDs (200 kGy). The modified GQDs optically detected Cu(II) ions
in water as a sensor. The data fitted the linear model of Stern-Volmer
equation in the 0.3-6.4 pmol/L and 0.3-16.1 pmol/L ranges for pris-
tine GQDs and modified GQDs 200 kGy, respectively, with limit of
detection (LOD) of 0.187 nmol/L (R?> = 0.974) and 153 nmol/L (R*> =
0.984) for pristine GQDs and modified GQDs respectively [172]. The
LOD values are comparable to literature [173].

Antimicrobial

An antimicrobial agent is a material that, as a result of physiological
interactions damages organelles such as cell membranes, lipids, pro-
teins, and DNA, to cause microbial cell death (bactericidal) or inhibits
bacterial cell growth (bacteriostatic) [174]. Antibacterial properties in
GBNMs are determined by the lateral size, shape and the number of
layers since these influences the dispersibility, number of corners and
sharp edges that are said to cut through the cell membrane of bacteria
and cause leakage of the organelles and hence lysis [175,176]. The
mechanism of action by GBNMs include nano knives action by the sharp
edges [174], oxidative stress mediation with or without ROS, and lipid
bilayer extraction among many [177]. For antimicrobial purporses
strontium NPs decorated rGO (rGO-Sr) were prepared via y-irradiation.
The formation of rGO-Sr was confirmed by the XRD pattern (red curve)
which displays the amorphous nature and broad peak of RGO at ~ 24°
and peaks arising from SrO and SrOH respectively as shown in Fig. 10i.
In Fig. 10j the TEM confirms uniform dispersion of the SrNPs on the rGO
surface. The decoration of rGO sheets with SrTNPs remarkably improved
antibacterial activity of the composite against Staphylococcus aureus
(S. aureus). The antibacterial results are comparable to those obtained by
[178] who prepared graphene-FesO4 nanocomposites via the sol-
vothermal method. In addition, rGO-Sr treated red blood cells had no
signs of haemolysis at 50 and 100 pgmL ™, while haemolysis of 1.6 %
and 4.6 % at 200 and 400 pgmL ! respectively was evident as displayed
in Fig. 10k. The haemolysis of the composite is far less than that of un-
modified GO and rGO due to the electrostatic repulsion between the
positively charged Sr?* ions and phosphatidylcholine groups present on
the red blood cell membrane [179]. Poly (methyl methacrylate)
(PMMA)-reduced graphene oxide (rGO) (PrGO) composite films were
synthesized by solvent evaporation and exposed to y-radiation at
different dosages (25, 50 and 100 kGy). The PrGO50 and PrGO100
samples exhibited bigger zone of inhibition against Escherichia coli
(E. coli) and were hemocompatible [116]. A novel synthesis of magne-
sium oxide nanoparticles (MgONPs) and GO/MgO nanocomposite was
realised by using fermented Erysiphe cichoracearum, an agricultural by-
product as a reductant. MgONPs were irradiated at 30 kGy while
optimal GO/MgO nanocomposite was obtained at 20 kGy. The average
size of MgONPs was 14.5 nm and homogenously spread of the GO sheets.
The GO/MgO nanocomposite exhibited excellent antimicrobial efficacy
with minimum inhibitory concentration (MIC) value of 25.0 pg/mL for
E. coli, and 50.0 ug/mL for Candida albicans [180]. Chitosan (CS)/GO
composite films were prepared by y-ray irradiation at 10, 20, and 40
kGy. The tensile strength was enhanced at the lower dose (10 kGy)
however it declined at elevated irradiation dosages (20-40 kGy). The
composite demonstrated enhanced antibacterial activity against Bacillus
subtilis, compared to E. coli and S. aureus. The optimal radiation dose for
antibacterial activity was 20 KGy [181]. A monolithic PAM-GO-Ag
hydrogel was prepared via y-ray irradiation at 30 kGy. The hydrogel
displayed ~ 90 % bactericidal activity that was achieved through cell
membrane damage, protein leakage, and increased ROS mechanisms
[182]. Hydrophobic carbon quantum dots/polyurethane nanocomposite
(hCQD-PU) were prepared separately and later irradiated (1, 10, and
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200 kGy) in air. The irradiated composites resulted into a rise in ROS
production. The best antibacterial activity was observed at 200 kGy,
with the complete eradication of S. aureus and E. coli after 15 min
exposure to a blue light [183].

Cancer treatment modalities

The damage that conventional cancer treatment regimens like radi-
ation therapy, chemotherapy, and surgery cause to normal tissue cells
emphasizes the need for innovative strategies that will have fewer
negative consequences on the patient’s body. This has led to the
exploration of nanomaterial-based photothermal therapy (PTT) [184],
photodynamic therapy (PDT) [185] and bioimaging. PTT compounds
are photothermal because they transform light into thermal energy. The
concentration of the photothermal substance, the length of the light
exposure, and the light’s intensity can all be controlled to regulate the
amount of heat that is produced [186]. This anticancer therapy is highly
selective and specific to cancerous cells. Moreover, it can be used in
conjunction with other therapeutic modalities to improve the course of
treatment. PDT, on the other hand, is a two-step procedure that uses
light energy, and a drug called a photosensitizer to kill cancer cells when
they are activated by light at a particular wavelength, typically from a
laser source. The photosensitizer is nontoxic until it is activated by light
[185]. Ideal nanomaterials for this application must fluoresce in the near
infrared (NIR) for deep tissue penetration and traceability, must be
photothermal, and be nontoxic. Among the explored nanomaterials for
PTT, PDT and bioimaging are AuNPs [187] conventional and tertiary
QDs [185] and graphene quantum dots (GQDTs). Besides exhibiting
tuneable optical properties, GQDTs are biocompatible and less toxic
[188]. Owing to their enormous surface area and inherent two-
dimensionality, GO and rGO sheets are frequently used as support ma-
terials to prevent the 0D and 1D materials from aggregating.

To investigate the effect of y-irradiation dose on PTT efficiency of
GO-Au, radiation doses (1-20 kGy) were applied to obtain AuNPs
anchored onto GO sheets. The radiation concurrently reduced and uni-
formly distributed Au NPs on surface of GO that was also reduced GO
and partially restored. The photothermal efficiency of the samples
increased with an increase in radiation dose. The enhancement in the
photothermal efficiency of the composite was ascribed to the degree of
change in the size of AuNPs as well as reduction of GO caused by y-ra-
diation at different doses [189]. The same group had previously used
electrochemically exfoliated graphene as a support to anchor AuNP that
were prepared by the reduction of chloroauric acid under y-irradiation
atlow doses of 1, 5, and 10 kGy. The average size of the attained AuNPs
decreased with an increase in the applied dose. Upon being irradiated
with 808 nm continuous wave laser for 10 min the samples showed an
increase in temperature between 21.5 and 25.6 °C. The highest photo-
thermal efficiency (73.55 %) was recorded at the lowest dosage (1 kGy)
which indicated the potential application of that AuNPs-graphene
composite in PTT [190]. Similar observations were made when GQDs
were exposed with varying radiation doses. All radiation dosages
enhanced the QDs’ photoluminescence characteristics, however the
GQDs exposed to lower doses of radiation had superior photoproduction
capabilities compared to those exposed to higher levels. This implies
that the structural alteration that result from irradiation have a direct
impact on GQDs ability to produce singlet oxygen and their photo-
stability under prolonged UV illumination. Therefore, low-dose irradi-
ated GQDs are potential candidates for PDT [191].

Other applications of y produced graphene composites

A concurrent formation of Co304 and reduction of GO was realized
by [192] at 5.1 KGy/h for water splitting purposes. The rGO proved to be
a viable medium for electron transfer which was confirmed by the
photo-assisted H,, generation studies that produced 3 and 30 pmolhg ™!
of Hj for Co304 and Co304-rGO respectively. In a different study, GO
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supported cobalt oxyhydroxide nanoparticles (COOOH NPs) were syn-
thesized via a one-pot y-radiolysis method to function as oxygen
reduction reaction (ORR) catalyst for fuel cells at doses 25, 50 and 100
kGy. The electrocatalyst prepared with the 0.1 M Co precursor and
exposed to 25 kGy displayed an excellent oxygen reduction activity due
to the even distribution of high density COOOH NPs on the surface of GO.
The electrocatalyst displayed a 4 e~ transfer route in ORR with a low
peroxide production (7.08 %). Although the ORR results obtained were
improved the efficiency was still below that of commercial Pt/C catalyst
[193]. A noble-metal-free ORR electrocatalyst (Fe/N-rGO) composite
with varying Fe loadings (10 % to 20 %) was prepared by [82]. The field
emission scanning electron microscopy (FESEM) revealed the presence
of few FeNPs on the crumpled rGO surface. Linear sweep voltammetry
performed with a rotating disk electrode in 0.1 M KOH in correspon-
dence with electron transfer numbers were investigated with a Kou-
tecky-Levich model indicated that the number of electrons transfers of
the Fe/N-rGO composites was ~ 2. The finding suggest that the com-
posites follow a 2 e~ transfer mechanism that has HyO as an interme-
diate product.

Challenges and future perspectives

Despite the undeniable progress in the modification of graphene via
the y-radiation technique in recent years, the technique still faces
considerable problems that must be solved before it can be applied at an
industrial scale. Some of the key challenges are:

e Even though radiolysis is a viable technology for mass production of
GBNMs, the reaction chamber has limited irradiation space, smaller
radiation sources as well as slow processing speed. To be at a com-
mercial scale, bigger reaction volumes with high-speed processing
time are required. New research that is focused on creating novel
radiation sources that are bigger and safe can enhance the efficacy
and sustainability of radiolysis for practical application of this
technology in nanomaterials modification.

While the y-assisted synthesis of GBNMs is sustainable compared to

other conventional synthesis methods, at very high dose rate and

exposure time, the y-radiolysis technique become affected by the
decay of the y-ray source (**’Cs or 6°Co) which may pose a risk to

living organism in particular humans and the ecology at large [98].

This therefore requires that the y-irradiation produced GBNMs

toxicity be thoroughly investigated not only in-vitro but also in-vivo to

gather a holistic idea on the extent or absence of toxicity that
y-irradiation synthesized GBNMs might have on living organisms as
they may differ from conventional methods.

e Above the optimal dosage in the case of graphene-polymer com-
posites the morphology is destroyed whereby in as much as the
polymer is crosslinked it simultaneously undergo chain scission
[165]. Once the chain scission occurs, the inorganic nanomaterial
gets released from the matrix, causing aggregation of the nano-
material thereby reducing the available surface area for activity
depending on the application of the composite. Apart from the ag-
gregation setback, the release nanomaterials also changes the dur-
face charge of the composites, further compromising its efficiency
towards the intended use.This underscores the need to strike a dose
balance that is sufficiently enough to simultaneously modify the
inorganic materials (graphene) and crosslink the polymer without
inducing polymer chain scission.

e Apart from not being easily accessible, due to their danger that

gamma rays can cause to the human body, the requirement of special

environments like No, and or Hy gases, alcohols etc, make this
method not suitable for mass production of graphene-based devices.

Understanding the structure and chemistry of the as-synthesized

GBNMs and the various reducing agents through determining the

optimal operational and reaction parameters for GBNMs for specific

applications is the next crucial step. Exploration of strong natural
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reducing agents like plant extracts could be tested in the production
of doped and decorated reduced graphene composites instead of al-
cohols and probably even eliminating the requirements of inert at-
mosphere could be a major research focus that can promote the
application of the technology in synthesis of reduced graphene
composites.

e Although literature insinuates that the yield and the reduction de-
gree of the graphene and its composites are lower in comparison to
that obtained via chemical, laser-assisted, and thermal reduction
methods [29]. A thorough process cost comparisons between the
y-ray assisted production and modification of GBNMs against
conventionally synthesized materials should be made in the respec-
tive synthesis methods. However, this exercise is difficult to perform
since in most reports on gamma radiolysis induced syntheses, the
operational and reaction parameters are not optimised. Therefore,
there is a need to optimise the reaction parameters per nanomaterial
for specific application. Considering this, modelling and simulation
of this technique should be intensely explored for a deeper
comprehension of the synthesis mechanisms and parameters that
influence the characteristics of respective GBNMs. Mastery of such
information may assist in speeding up commercialization of this
technique. Additionally, research should focus on standardization
and quality control of GBNMs produced using y-irradiation method,
as it produces materials with unique structures, physical, chemical,
and electrical properties.

Conclusions and prospects

This review provides succinct overview of y-radiation assisted
modification of graphene-based nanomaterials (GBNMs). The modifi-
cations discussed include reduction, etching, doping, functionalization,
and formation of graphene-based composites. The conditions needed as
well as the mechanisms behind the respective modifications are also
presented. The key reaction and operational parameters that signifi-
cantly affect the structural properties and hance applicability of these
materials viz pH, irradiation dose and rate, as well as the source of
radicals are discussed. Graphene-based nanocomposites have superior
electrical conductivity, high specific surface area, and outstanding sta-
bility, making them ideal for applications such as energy storage, sen-
sors, catalysis and biomedical. Fabrication of graphene nanocomposites
like metal-graphene, metal oxide-graphene, graphene-carbon nanotubes
via gamma radiation has shown to enhance the performance of graphene
as does conventional methods. Besides operating at room temperature
which saves a lot of energy, the other major advantage of y-radiation
synthesis is the ease of controlling the reaction parameters such as ra-
diation dose, time, and rate to manipulate the size, crystallinity and
structure of the nanomaterials [29]. The controllability of the reaction
process also enables researchers to draw conclusions on the point of
transformation. The challenges and future perspective section highlight
research gaps that exist in y-radiation synthesis of GBNMs hindering
their various applications at commercial level. To close the research
gaps, full comprehension of the structure and optimisation of all the
radiolysis parameters involved in preparing individual GBNMs for spe-
cific applications must be reached. Moreover, deep investigation of the
toxicity of the as-prepared materials is necessary prior to full blown
industrialisation of the technique.

Radiolysis assisted production of nanomaterials has a promising
future as researchers continually investigate its prospects and refine its
settings for enhanced effectiveness and scalability. Currently biocom-
patible graphene composites have a wide applicability such as in
biomedical applications. Due to capability of y-irradiation approach to
produce acceptable yields this method is a potential alternative to the
production of GBNMs to be use in heat management and family of
coolants where GBNMs are often dispersed in matrices such as water and
ethylene glycol to enhance thermal conductivities in nanofluids
[124,125]. These GBNMs however are synthesized via other means
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except y-radiolysis. Therefore, gamma irradiation produced GBNMs still
have a greater chance in this field as demonstrated by [126]. Compared
to other nano-fluid synthesis methods, radiolysis needs no vacuum.
Another research field that is gaining traction is fabrication of complex
nanostructures with numerous components. As such, core-shell nano-
composites with a metallic core and a semiconductor (including gra-
phene) shell with potential application in solar cells and photocatalysis
have been realized. Radiolysis can potentially revolutionise nano-
composite synthesis and create new prospects for its usage in a variety of
industries but that is contingent on the technology’s commercial
feasibility.
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