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This study introduces an environmentally friendly method for synthesizing reduced graphene oxide/nickel

(rGO–Ni) nanocomposites for electrochemical applications using gamma irradiation. This approach elim-

inates the need for toxic chemical reductants and mitigates the generation of hazardous residues and

undesirable by-products. The effect of the gamma irradiation dose on the size of nickel nanoparticles

supported on graphene oxide was also investigated. The graphene oxide (GO) dispersion was subjected

to gamma irradiation in the presence of the (Ni[(NH3)6]Cl2) complex at doses of 20, 40 and 80 kGy and a

dose rate of 10 kGy h−1. X-ray diffraction confirmed the formation of metallic Ni and the simultaneous

reduction of graphene oxide (GO) induced by gamma irradiation, while X-ray photoelectron spectroscopy

indicated the oxidation of the Ni metal on the GO surface. These findings were further corroborated by

thermogravimetric analysis. To evaluate the electrochemical properties, screen-printed electrodes were

modified with rGO and rGO–Ni. Cyclic voltammetry measurements in the presence of K3[Fe(CN)6]

demonstrated reversible redox behavior for all samples. It is noteworthy that rGO–Ni/SPE exhibited a sig-

nificant enhancement in the anodic peak currents (Ipa) and electroactive surface area compared to the

unmodified SPE. Furthermore, a direct correlation was observed between the Ipa value and the gamma

radiation dose applied during the nanocomposite synthesis. These results point out the potential appli-

cations of rGO–Ni nanocomposites in electrochemical devices.

1. Introduction

The functionalization of reduced graphene oxide (rGO) with
metal nanoparticles (NPs) has proven to be an effective approach
for enhancing its properties and expanding its applications by sta-
bilizing nanoparticles and preventing their aggregation and oxi-
dation.1 Among metal nanoparticles, nickel (Ni) has shown sig-
nificant synergistic effects with rGO, improving conductivity.2 The
rGO–Ni nanocomposite exhibits excellent potential for various
electronic applications such as sensors/biosensors, catalysts,
hydrogen production/storage, and, particularly, supercapacitors.3,4

Although rGO/Ni NP-based materials have been reported
for use in electronic devices, achieving high electrochemical
performance remains a challenge due to issues such as

agglomeration of reduced graphene oxide sheets and non-
homogeneous coating of nickel nanoparticles onto the rGO
surface.5,6 The method used for synthesizing the nano-
composite plays a crucial role in determining its electronic
performance.

Various synthetic routes have been reported to produce
rGO–Ni nanocomposites, with chemical reduction and
thermal reduction being the most commonly used methods.7,8

However, most of these techniques involve disadvantages such
as using toxic chemical reductants, extended reaction time,
and high-temperature treatment, which limit the scalability of
rGO–Ni production. In contrast, gamma irradiation synthesis
offers an environmentally friendly alternative for producing
rGO and its nanocomposites. This method is conducted at
room temperature in an aqueous solution, without toxic
reagents or the generation of undesirable by-products, imply-
ing that no further purification is required.9,10

Despite the potential advantages of the gamma radiation
technique, only two studies have reported its use for rGO–Ni
synthesis. Furthermore, these studies specifically focused on
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investigating the electromagnetic absorption of the rGO–Ni
nanocomposite.11,12 By addressing the limitations observed in
earlier studies and exploring the advantages offered by gamma
irradiation synthesis, our study aims to elucidate the corre-
lation between the absorbed dose and the size of Ni nano-
particles on rGO. Additionally, we investigate the impact of
these factors on the electrochemical properties of the nano-
composite for application in advanced electronic devices.

2. Experimental

All the chemicals used in this study are of analytical grade and
were used without further purification. Deionized water was
used to prepare all solutions. Graphite powder (99% purity)
and NaNO3 were purchased from Merck; KMnO4, NaOH,
NiCl2·6H2O, H2SO4, and HCl were acquired from Labsynth
(Brazil); and isopropyl alcohol (C3H7OH), dimethylformamide
(DMF) and 30% H2O2 were obtained from Sigma-Aldrich.

2.1. Synthesis of graphene oxide (GO)

Graphene oxide was synthesized using a modified Hummers’
method.13 Briefly, 3 g of graphite powder, 3 g of NaNO3 and
140 mL of H2SO4 were mixed and stirred in an ice bath.
Following that, 18 g of KMnO4 was slowly added to the
mixture, maintaining a temperature of approximately 35 °C for
one hour. Then, 100 mL of deionized (DI) water was added
and the solution was stirred at 90 °C. Finally, an additional
100 mL of DI water was added to the solution along with
18 mL of H2O2 (30%), which changed the color from dark
brown to yellow. The resulting mixture was centrifuged at
12 000 rpm for 10 minutes, and the obtained product was
washed with DI water and NaOH [1.0 M] until reaching a pH of
7, followed by HCl [1.0 M] until the pH was around 5. GO was
dispersed in water, exfoliated in an ice bath using ultrasonic
equipment for 20 minutes and then freeze-dried for further
characterization.

2.2. Synthesis of rGO and rGO–Ni nanocomposites

For the reduction of GO, 10 mL of re-dispersed GO (2 mg
mL−1) in a 1 : 1 water/isopropanol mixture14 was transferred
into 20 mL Wheaton ‘180’® low-potassium borosilicate glass
vials. The mixture was purged with nitrogen gas to remove dis-
solved oxygen and subsequently subjected to gamma
irradiation. The sealed vials were irradiated using a 60Co
source at the Multipurpose Gamma Facility, Nuclear and
Energy Research Institute (IPEN/CNEN-SP, Brazil), with doses
ranging from 20 to 80 kGy and a dose rate of 10 kGy h−1 at ca.
34–38 °C. The resulting product was washed with DI water and
centrifuged at 13 000 rpm for 20 minutes. Finally, the obtained
reduced graphene oxide was freeze dried for further
characterization.

For the rGO–Ni nanocomposite synthesis, 20 mmol of Ni
[(NH3)6]Cl2 complex was slowly added to the re-dispersed GO
(2 mg mL−1) in a water/isopropanol (1 : 1) mixture, resulting in
a 5 mM solution of Ni2+. The mixture was purged with nitrogen

gas, followed by gamma irradiation, using the same protocol
applied for rGO. The dose was measured using PMMA (poly-
methyl methacrylate) dosimeters of the red type.

2.3. Characterization techniques

The morphology of samples was characterized by transmission
electron microscopy (TEM) using a JEOL instrument, model
JEM-2100, at 200 kV acceleration voltages. The size distribution
was calculated using ImageJ software. X-ray diffraction (XRD)
measurements were performed on a Bruker D8 ADVANCE
equipped with a copper tube and scintillation detector, with
counting times of 6 seconds per step size of 0.05°. Raman
spectra were acquired using a Horiba XploRA PLUS raman
spectrometer with a 785 nm laser. X-ray photoelectron spec-
troscopy (XPS) spectra were recorded on a Thermo Scientific
instrument, model K-alpha, and thermogravimetric analyses
(TGA) were performed using an SDTQ 600 (TA Instruments)
thermal analyzer over a temperature range of 50 °C to 800 °C,
with a heating rate of 10 °C min−1 under an air flow of 50 mL
min−1.

2.4. Electrochemical measurements

The electrochemical behavior of rGO and rGO–Ni was assessed
by cyclic voltammetry (CV) using a portable potentiostat
(Metrohm, model 910 PSTAT mini) and PSTAT Software 1.0 for
data acquisition. The measurements were carried out using a
screen-printed electrode (SPE) from Metrohm, model
6.1208.110. Carbon was used as the working and counter elec-
trodes and silver as the reference electrode. The working elec-
trode surface was modified using the drop casting method as
follows: the nanomaterial was dispersed in DMF at a concen-
tration of 10 mg mL−1 using an ultrasonic bath for
30 minutes, and 5 µL of the dispersed mixture was applied to
the working electrode and dried at room temperature. The
modified SPEs are referred to in this paper as rGO40/SPE,
rGO80/SPE, rGO–Ni40/SPE, and rGO–Ni80/SPE.

3. Results and discussion
3.1. The effect of gamma irradiation on rGO/Ni preparation

Gamma irradiation induces water radiolysis generating redu-
cing species:15 hydrogen radicals and solvated electrons, e−aq
(eqn (1)):

H2O γ-irradiation ! eaq� þH• þHO• ð1Þ
In the radiolysis process, a highly oxidizing species, the

radical hydroxyl (HO•), is also formed. To prevent oxidation,
isopropyl alcohol was added to the mixture to scavenge HO•

radicals (as shown in eqn (2)):

ðCH3Þ2CHOHþHO• ! ðCH3Þ2C•OHþH2O ð2Þ
The e−aq and H• species have a reductive potential, E°, of

−2.9 V and −2.4 V, respectively. They are capable of reducing
oxygen-containing functional groups present in the GO sheets
and converting Ni2+ into a zero valence state, E° (Ni2+/Ni0 =

Paper Dalton Transactions

10658 | Dalton Trans., 2025, 54, 10657–10666 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
3 

Ju
ne

 2
02

5.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 S

A
O

 P
A

U
L

O
 (

U
SP

) 
on

 2
/1

1/
20

26
 1

2:
51

:0
8 

PM
. 

View Article Online

https://doi.org/10.1039/d4dt02211d


−0.24 V),9 as described in eqn (3) and (4), and therefore,
gamma radiation simultaneously reduces GO and Ni2+, to
produce the rGO–Ni nanocomposite (Fig. 1).

Ni2þ þ 2e�aq ! Ni0 ð3Þ

Ni2þ þ 2H• ! Ni0 þ 2Hþ ð4Þ

3.2. Physicochemical properties of GO and the rGO–Ni
nanocomposite

Raman spectroscopy was employed to analyze the reduction of
graphene oxide, as shown in Fig. 2. The graphene oxide spec-
trum exhibited two bands attributed to graphene-based
materials: the D band, located at approximately 1317 cm−1,
indicating induced disorder, and the G band, around
1585 cm−1.16 Additionally, the ID/IG ratio, indicative of surface
defects in carbon materials, was calculated.

Compared to GO, which had an ID/IG ratio of 1.9, all nano-
composite samples showed higher ID/IG values, 2.0, 2.1 and
2.4, for rGO–Ni20, rGO–Ni40 and rGO–Ni80, respectively, indi-
cating that the reduction process increases the formation of
defect sites on the GO surface.

The morphologies and structures were determined using
TEM (Fig. 3). The micrograph of GO (Fig. 3a) revealed typical
sheet-like 2D structures, while the images in Fig. 3b–d of the
rGO–Ni20, rGO–Ni40, and rGO–Ni80 showed NiNPs. These
analysies confirm the successful reduction of nickel ions by
gamma irradiation.

TEM analyses also revealed a correlation between radiation
dose and the size distribution of NiNPs supported on rGO. At
the lowest absorbed dose (20 kGy, Fig. 3b), significant agglom-
eration of NiNPs on the rGO sheets was observed. This occurs
because, at low doses, the concentration of metallic ions
exceeds that of their reduced form, promoting agglomera-
tion.17 Due to this effect, the nanocomposite obtained at 20
kGy was excluded from further study.

The average size of Ni nanoparticles decreased from 12 nm
at 40 kGy to 4 nm at 80 kGy doses, indicating that a higher
dose promotes the formation of smaller nanoparticles. The
observed decrease in nanoparticle size can be attributed to the
non-linear dynamics of nanoparticle formation. Small,
unstable nanoparticles may redissolve due to high surface
energy and solubility, facilitating the growth of larger, stable
particles via a process known as Ostwald ripening.18 This
process occurs because particles must exceed a critical radius

to achieve thermodynamic stability and reach equilibrium
with the solution.19 In our study, at 40 kGy, the results
suggested that many small nuclei did not reach this critical
radius and redissolved, leading to the growth of larger par-
ticles. In contrast, irradiation at 80 kGy allowed more nuclei to
reach the critical size, resulting in a higher number of stable
nanoparticles. As the initial nickel concentration remained
constant, more growing nuclei increased competition for avail-
able nickel, yielding smaller nanoparticles.

The chemical compositions, bonding configurations
before and after GO irradiation and the Ni content on the

Fig. 2 Raman spectra of GO, rGO–Ni20, rGO–Ni40 and rGO–Ni80.

Fig. 1 Schematic representation of the synthesis of rGO–Ni nanocomposites using gamma irradiation.
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nanocomposite surface were characterized using (XPS). The
survey spectra are presented in Fig. 4a; the spectra show two
peaks corresponding to the binding energies at 285 eV and
532 eV, corresponding to C 1s and O 1s, respectively.
Additionally, in the nanocomposites, peaks located around
68 eV, 113 eV, 856 eV, and 874 eV correspond to Ni 3p, Ni 3s,
Ni 2p3/2, and Ni 2p1/2 respectively.

6,20

The high-resolution XPS spectra of C 1s are presented in
Fig. 4b. All spectra exhibit four main peaks at 284.5, 286.5,
287.7, and 288.5 eV, attributed to C–C, C–OH, CvO, and O–
CvO bonds, respectively.5 As shown in Fig. 4c, the O 1s
spectra of GO and the rGO–Ni samples display a peak
around 532 eV, which is attributed to residual oxygen func-

tional groups such as hydroxyl and carbonyl resulting from
the reduction process. However, in all nanocomposite
samples, a peak at 531.5 eV emerged, corresponding to the
Ni–O bond. The Ni 2p spectra (Fig. 4d) were deconvoluted
into four distinct peaks: 855.5 eV and 873.5 eV, corres-
ponding to Ni 2p3/2 and Ni 2p1/2 of NiO, and 861.3 eV and
880.2 eV, attributed to their satellite peaks. These findings
indicate the formation of nickel oxide, likely resulting from
the oxidation of metal nickel species on the rGO
surface.21,22

Table 1 shows that the C/O ratio increased from 2.5 to
4.4 as the radiation dose increased, indicating the gradual
reduction of graphene oxide and the amount of Ni nano-

Fig. 3 TEM characterization of GO (a), rGO–Ni20 (b), rGO–Ni40 (c) and rGO–Ni80 (d) and the histogram of size distribution of Ni nanoparticles
supported on rGO. The Ni particles appear dark in the image due to the higher atomic number of Ni (Z = 28) compared to carbon atoms (Z = 6),
have a spherical shape and are well dispersed on rGO sheets.
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particles on the rGO surface, as determined by XPS
analysis.

Table 2 shows the atomic percentage contributions of each
functional group. After reduction, the percentages of Ni–O and

C–C/C–H bonds increased as a function of the applied
irradiation dose. On the other hand, the area peaks for C–OH
and CvO decreased by nearly 50% for rGO–Ni80 compared to
GO.

Fig. 4 (a) X-ray photoelectron spectroscopy survey spectra; (b) XPS high-resolution C 1s spectra of rGO–Ni80, rGO–Ni40 and GO; (c) XPS high
resolution O 1s spectra of rGO–Ni40 and rGO–Ni80; and (d) XPS high resolution Ni 2p spectra of rGO–Ni40 and rGO–Ni80.
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XRD analysis enables monitoring the graphene oxide
reduction process. Fig. 5 shows the XRD patterns of GO,
rGO-40, rGO-80, rGO–Ni40 and rGO–Ni80.

The characteristic GO peak (001) located at 11.1° shifted to
a larger angle, around 24°, and decreased in intensity for all
irradiated samples, indicating the formation of rGO.
Furthermore, the peaks observed at 44.5° and 51.8° align with
the (111) and (200) planes of face-centered cubic (fcc) metallic
Ni crystals (COD no. 2100658). The diffractogram validates the
simultaneous reduction of GO and Ni2+ during the gamma
radiation synthesis.11,12 As no peaks related to NiO were
observed in XDR analysis, the results suggest that metallic Ni
nanoparticles are located mainly between the rGO layers, while
the NiO detected in the XPS analysis formed through air oxi-
dation on the rGO surface.

Although the conversion of GO into rGO cannot be entirely
quantitative due to competing reduction processes involving
both GO and Ni2+, TGA was conducted under an air atmo-
sphere to oxidize Ni0 and determine the mass percentage of
NiNPs within rGO as the residue NiO. Fig. 6 presents two TGA
curves: reduced graphene oxide with nickel (rGO–Ni80) and
GO, for comparison purposes.

TGA curves depict mass loss as a function of temperature,
with the first derivative (DTGA) of GO revealing a significant
mass loss near 100 °C, attributed to the desorption of surface
water. A gradual mass loss observed between 200 °C and
300 °C is associated with the pyrolysis of hydroxyl, epoxy, and
carboxyl groups.23 For GO, the mass loss between 500 °C and
600 °C corresponds to the combustion of carbon backbones,
whereas for rGO–Ni, the residual mass percentage is attributed
to the presence of nickel, incorporated into the reduced gra-
phene oxide in the form of nickel oxide. Table 3 summarizes
the percentage of mass loss for GO, rGO–Ni 40 and rGONi80.

Table 1 Elemental atomic content (at%) of GO, rGO–Ni40 and rGO–

Ni80 calculated from the respective survey XPS spectra

Sample C (%) O (%) Ni (%) C/O

GO 71.7 28.3 0 2.5
rGO–Ni40 76.0 21.3 2.6 3.6
rGO–Ni80 79.0 18.1 2.9 4.4

Table 2 Percentage abundance of different bonds based on the area of
the respective fitted high resolution XPS peaks of the samples at
different absorbed doses

Sample

C–
C/C–H
(C 1s)

C–OH
(C 1s)

CvO
(C 1s)

O–
CvO
(C 1s)

Ni–O
(O
1s)

NiO
(Ni
2p)

Ni
(Ni
2p)

GO 58.8 21.1 12.6 7.5 — — —
rGO–
Ni40

74.0 13.7 5.1 7.2 13.5 99.8 —

rGO–
Ni80

75.4 12.3 5.3 7.0 8.2 93.8 6.2

Fig. 6 Comparison between the TGA curves of graphene oxide and
reduced graphene oxide–nickel under an air atmosphere.

Fig. 5 XRD patterns of GO, rGO-40, rGO-80, rGO–Ni40 and rGO–

Ni80.
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3.3. Electrochemical properties – cyclic voltammetry studies

SPE were modified using the drop-casting method with rGO
and rGO–Ni dispersions. These nanomaterials exhibited excel-
lent stability in dimethylformamide (DMF).24 The electro-
chemical response of both the SPE and the SPE modified with
rGO in the presence of K3[Fe(CN)6] is shown in Fig. 7. The
shape of the curves indicates a reversible system for all the
samples.

However, significant differences were observed in both the
peak anodic (Ipa) and cathodic (Ipc) currents, along with the
peak anodic (Epa) and cathodic (Epc) potentials. An increase in
both Ipa and Ipc was noted as absorbed doses increased
(Table 4).

At the unmodified SPE, the Ipa was 51 µA, while at rGO80/
SPE, it measured 80 µA, marking a significant 78% increase in
this parameter. This emphasizes the significant enhancement
in the electrical conductivity of the SPE achieved through
modification with rGO synthesized using gamma radiation.

Additionally, all rGO/SPE samples exhibited a smaller ΔE
(Epa − Epc) compared to the unmodified SPE (Table 5), indicat-
ing an improvement in electron transfer on the modified elec-
trode’s surface due to the restoration of a graphitic network of
sp2 bonds during the reduction process.24,25

The average electroactive area for both the bare SPE and the
rGO-modified SPE was determined using the Randles–Sevcik
formula (eqn (5)):

Ipa ¼ 2:7� 105n3=2AD1=2
o Cov1=2

Do ¼ 6:3� 10�6 cm2 s�1 ð5Þ

where Ipa refers to the anodic peak current (A), n stands for the
electron transfer number, A denotes the surface area of the
electrode (cm2), Do indicates the diffusion coefficient (cm2

s−1),25 Co represents the concentration of K3[Fe(CN)6] (mol
L−1), and V refers to the scan rate (V s−1).

The electroactive area values obtained for the bare SPE,
rGO40/SPE, and rGO80/SPE were 0.080 cm2, 0.112 cm2 and
0.132 cm2, respectively, indicating a substantial increase in the
effective surface area of the electrode due to the presence of
rGO.

Fig. 8 illustrates the electrochemical behavior of the investi-
gated nanocomposites, rGO/Ni, under two different absorbed

Table 3 Elemental atomic content (at%) of GO, rGO–Ni40 and rGO–

Ni80 calculated from TGA

Sample
Carbon backbone
(%)

Oxygen groups
(%)

Residue (NiO)
(%) C/O

GO 72.5 27.5 — 2.6
rGO–
Ni40

58.5 16.7 24.8 3.5

rGO–
Ni80

60.0 14.2 25.8 4.2

Fig. 7 Cyclic voltammograms obtained for 4 mmol L−1 K3[Fe(CN)6] in
0.05 mol L−1 KCl at a scan rate of 50 mV s−1 using the bare SPE and the
SPE modified with rGO 40 kGy and rGO 80 kGy.

Table 4 Comparison between Ipa values of electrodes modified with
rGO/SPE and rGO–Ni/SPE

Sample Ipa (µA) Sample Ipa (µA)

rGO40/SPE 68 ± 1.1 rGO–Ni40/SPE 80 ± 2.9
rGO80/SPE 80 ± 1.2 rGO–Ni80/SPE 83 ± 4.2

Table 5 Ipa, Ipc and ΔE parameters for the bare SPE, rGO40/SPE and
rGO80/SPE

Sample Ipa (µA) Ipc (µA) ΔEp (mV)

SPE 51 −33 740
rGO40/SPE 68 −56 620
rGO80/SPE 80 −69 280

Fig. 8 Cyclic voltammograms obtained for 4 mmol L−1 K3[Fe(CN)6] in
0.05 mol L−1 KCl at a scan rate of 50 mV s−1 using the SPE modified with
rGO–Ni40 and rGO–Ni80.
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doses. CV curve of rGO/Ni80 demonstrated the presence of two
pairs of anodic and cathodic peak potentials at 390 and
135 mV (attributed to Fe3+/Fe2+), and 580 and 470 mV (attribu-
ted to Ni3+/Ni2+), indicating the presence of nickel nano-
particles on the electrode surface.26

The electrochemical performance of the rGO–Ni nano-
composite was primarily determined by the amount and acces-
sibility of active sites, which may include oxygen-containing
functional groups on the reduced graphene oxide sheets, struc-
tural defects, and the incorporated Ni nanoparticles, all of
which contribute to redox reactions and facilitate charge trans-
fer processes. The increased concentration of Ni nanoparticles,
induced by gamma irradiation at 80 kGy, may have led to the
saturation of available active sites on the rGO surface, resulting

in a less pronounced enhancement of the anodic peak current.
This could explain why the improvement in Ipa for rGO/rGO–
Ni80 was not as significant compared to the other studied
nanocomposites.

The cyclic voltammograms indicated a slightly higher
anodic peak current (Table 4), compared to rGO/SPE, due to
the synergistic effects between rGO and NiNPs, enhancing
electrode conductivity. Furthermore, the calculated average
electroactive area values for rGO–Ni40/SPE and rGO–Ni80/SPE
were determined to be 0.132 cm2 and 0.137 cm2, respectively.
These values are significantly higher than that of the bare SPE
and slightly higher than that of the corresponding rGO/SPE.

The influence of different scan rates, ranging from 20 to
200 mV s−1, on rGO–Ni80/SPE was evaluated in a solution con-

Fig. 9 Cyclic voltammograms recorded for rGO–Ni80/SPE (a) and the correlation between the anodic current (µA) and the scan rate1/2 (mV s−1)1/2

of rGO–Ni80/SPE measured in 4 mmol L−1 K3[Fe(CN)6] at different scan rates (20–200 mV s−1) (b).

Fig. 10 Cyclic voltammograms of rGO–Ni80/SPE (a) and the correlation between anodic current (µA) and different K3[Fe(CN)6] concentrations
(1–10 mmol) at a scan rate of 50 mV s−1 (b).
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taining 4 mmol of K3[(FeCN6)] (Fig. 9a). A direct correlation
between the scan rate and increasing current was observed,
revealing a linear relationship (R2 = 0.993), as illustrated in
Fig. 9b.

The effect of concentration (ranging from 1 to 10 mmol)
was also investigated and is presented in Fig. 10a.

The results demonstrated that increasing the concentration
of K3[(FeCN6)] led to a linear increase in the par-redox current
amplitude (R2 = 0.981, Fig. 10b), indicating a diffusional
process.27,28

All reported electrochemical parameters showed that rGO–
Ni80 exhibits the necessary surface structure and electronic
properties to facilitate a rapid electron transfer process, which
can be attributed to the restoration of the sp2-hybridized gra-
phitic network during the reduction process and synergistic
effects between rGO and NiNPs. The size of the NiNPs,
obtained by gamma irradiation, is smaller than 10 nano-
meters, resulting in an increased electrode/electrolyte contact
area and reduced distances for both electronic and ion
transport.

4. Conclusion

In summary, we have successfully synthesized rGO–Ni nano-
composites through a one-step process using gamma irradiation.
XRD analysis confirmed the reduction of both Ni2+ and GO,
while TEM images and size distribution histograms indicated
that higher absorbed doses resulted in the production of smaller
nanoparticles. It is noteworthy that the ionizing radiation tech-
nique allows precise size control of nickel nanoparticles through
the simple adjustment of the applied radiation dose. XPS ana-
lysis indicated that the oxidation of NiNPs occurred exclusively
on the rGO surface, while TG curves suggested the presence of
NiNPs between the sheets as well.

The electrochemical behavior of both rGO and rGO–Ni
revealed a direct correlation between the absorbed doses used
in the reduction process and the anodic peak current.
Moreover, all modified SPE samples exhibited reduced ΔE and
increased average electroactive area compared to the unmodi-
fied SPE, indicating enhanced electron transfer capability on
the modified electrode surfaces. These findings highlight the
potential use of gamma irradiation for synthesizing rGO–Ni
nanocomposites for electronic devices.
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