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A microwave-assisted green synthesis route was employed to fabricate a nickel foam-reduced
graphene oxide—nickel(ll) sulfide (Ni foam—-rGO-NiS) nanocomposite using Coccinia grandis leaf ex-
tract as the bio-reducing and stabilizing agent for supercapacitor applications. The Ultraviolet — Visible
(UV) spectrum revealed an absorption peak of 239 nm (rGO) and 313 nm (NiS), confirming the for-
mation of a composite that facilitates efficient electron transfer between the two components, potentially
reducing the band gap energy. Fourier Transform Infrared spectra (FTIR) confirmed successful loading of
NiS nanoparticles onto rGO, with associated phytochemical functional groups acting as reducing, cap-
ping, and stabilizing agents. X-ray Diffraction (XRD) patterns validated formation of hexagonal NiS and
reduction inthe sheet structure of rGO, thereby elucidating the nature of the nanocomposite. The average
crystallite size, estimated using the Debye—Scherrer equation, was approximately 2—5 nm (NiS) and ap-
proximately 30.4 nm (rGO). The surface morphology of the nanocomposite displayed an exfoliated wrin-
kled sheet structure, with NiS particles uniformly dispersed throughout. Elemental analysis verified that
the material had achieved the expected purity levels, with no detectable impurities, while the Dynamic
Light Scattering (DLS) indicated a particle size of approximately 100 nm in solution. The Ni foam-rGO—
NiS electrode demonstrated significantly enhanced electrochemical performance. Cyclic voltammetry
conducted at the same scan rate revealed intense redox peaks, thus confirming pseudocapacitive behavior.
Electrochemical impedance spectroscopy (EIS) indicated low charge-transfer resistance with high elec-
trochemical activity. This electrode achieved a high specific capacitance of approximately 633.3 F g-! at
1 Ag? and approximately 422.2 F gt at 5 A g1, as well as exhibiting good rate capability and cycling
stability, with 80-85 % capacitance retention over 3000 cycles. The synergistic combination of highly
conductive rGO, redox-active NiS, and porous Ni foam enhanced charge storage and transportation. The
prepared green-synthesized, reduced graphene oxide—nickel(Il) sulfide nanocomposite is proposed as a
promising electrode nanomaterial for supercapacitor applications.

Keywords: green synthesis; nickel sulfide nanoparticles; reduced graphene oxide nanocomposite;
Coccinia grandis leaf extract; supercapacitor electrode materials
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MHUKPOBPAHOBO NIOTIIOMOI'HATO 3EJIEHO JTOBUBAILE

HA HAHOKOMITO3UT O HUKEJICKA IIEHA - PEAYIIUPAH I'PA®EH OKCH/l — HUKEJI(IT)

CYJOUI: CTPYKTYPHA, CIIEKTPOCKOIICKA U EJIEKTPOXEMUCKA EBAJTYALIUJA
HA ITIEP®OPMAHCHTE 3A IPUMEHA BO CYIIEPKOHJIAEH3ATOPU

3a m3paboTKa Ha HAaHOKOMIIO3WT OJ HHKEJICKa NeHa — pexylmpaH rpadeH okcwa — Huken(Il)
cyndun (Ni nena—rGO-NiS) Gemie npuMeHeT MUKPOOPaHOBO TIOTIIOMOTHAT 3€JIeH CHHTETHYKH TPHCTAIT,
KOpHCTEjKH eKCTpakT o JsmctoBu Ha Coccinia grandis kako Ouopemylmpadyko W CTaOHIM3HPAYKO
CPEeICTBO 3a MPUMEHA BO CYNEPKOHAEH3AaTOpU. YNITpaBHOjeToBO-BUIIMBHOT (UV-Vis) cnekrap nokaxka
arncopmmckd K Ha 239 nm (rGO) u 313 nm (NiS), nmotBpAyBajku (GopMHUpame Ha KOMIO3UT KOj
0BO3MOXyBa ¢(HKACCH NMPEHOC HA EJICKTPOHHU MOMeTy JBETe KOMIIOHEHTH, CO MOTCHIMjaJIHO HAMATyBarbe
Ha eHeprujata Ha 3a0paneTara 30Ha (band gap). @ypjeTpanchopmalmcka HHPpaIpPBEHa CIIEKTPOCKOTIHja
(FTIR) moTBpmm ycmemHO HaHecyBame Ha NiS HaHouecTnuku Bp3 rGO, mpu MTO TNpHAPYXKHUTE
¢uroxeMuckd (DYHKIMOHAIHM TPYIH JCjCTBYBAaT KaKO PEeAYLMPAuKH, Kalupadykd W CTa0WIM3HpauKd
cpeactBa. Penarenckara mudpakmmja (XRD) ro moTBpau (QOpMHUPAmETO Ha XeKcaroHaneH NiS o
peIyKImjaTta Ha cJOeBHTaTa CTpyKTypa Ha rGO, co mTO ce pasjacHyBa NPHPOAATa HAa HAHOKOMIIO3UTOT.
[lpoceynara roseMyHa Ha KpUCTAIMTUTE, NpOleHeTa co paBeHkara Ha [leGaj—lllepep, m3HecyBaiue
npubmmkHO 2—5 nm 3a NiS u okosy 30,4 nm 3a rGO. IloBpumHCcKara Mopdosioryja Ha HAHOKOMIIO3UTOT
nokaxa ekc(oimpaHa HaOpaHa CJOEBHUTa CTPYKTypa, MpH IITO decTHukure Ha NiS Oea paMHOMEpPHO
JUCTICP3WPaHH HW3 IeJlaTa TOBpIIMHA. EjeMeHTHaTa aHanm3a MOTBPIY J€Ka MaTepujaioT ja MOCTHTHAM
OYeKyBaHaTa YUCTOTa 0e3 NETeKTHpaHW HEYHCTOTHH, JOAEKA JHHAMHYKOTO pacejyBambe Ha CBETIIMHA
(DLS) ykaxa Ha ToJleMHHa Ha 4ecTHIKH of nproimkHO 100 nm Bo pactBop. Enexrpomara o Ni nena—
rGO-NiS mokaxa 3HaYMTENIHO TOJAO0OPEHH eNeKTpoXeMUCKU nepdopmancu. [uknuaHaTa BonTameTpuja,
M3BElICHA NP HcTa Op3WHA Ha CKEHHpAamke, OTKPH M3Pa3eHH PEAOKC-TIMKOBH, CO INTO CE€ MOTBPIH
TICEBOKATNIAIMTUBHOTO OJHECYBame. EnexTpoxemuckara umnenancHa crekrpockommja (EIS) ykaxka Ha
HHCKa OTIOPHOCT TPH TPEHOC HAa MOJIHE)K W BHCOKA CJICKTPOXEMUCKa akTHBHOCT. OBaa eJeKTpoja
MOCTHTHA BUCOKA CrielM(pUYHA KanalmTuBHOCT oJ mproimmkHo 633,3 F g1 mpu 1 A g1 u npubmmkHO
4222 F gt mpu 5 A g1, mpu mro nokaxa a1o0pa ciocoOHOCT 3a paboTa MpU Pa3IMdHU T'YCTHHU HA
cTpyja ¥ JoOpa IMKIMYHA CTAOWIHOCT, CO 3aapKyBame Ha 80-85 % on kamampruBHocTa mo 3000
marycn. CHHepreTckara KOMOHMHAIMja oJ1 BHCOKO mpoBommmB rGO, pemokc-aktuBeH NiS W mopo3Ha
HUKEJICKA TIeHa T'o ToJo0pH CKIAIUPakeT0 W TPAHCIOPTOT HA MOJHEXKOT. [IOATOTBEHHOT cO 3eleHa
CHHTE3a HAHOKOMIIO3UT oJn pexayimpan rpadpen oxcun u mHuken(ll) cyapux ce mpenmnara kako
NEPCTIIEKTHBEH €JICKTPOIeH HAHOMATEpHjall 3a MPEUMEHa BO CYNEPKOHICH3aTOPH.

Knyunu 300poBu: 3eeHa CUHTE3a; HAHOYECTHYKH OJ1 HUKEJ Cynun;

HAHOKOMIIO3MT OJ] PeAyIMpaH rpadeH OKCHI; eKCTpakT o1 mucToBr Ha Coccinia grandis;
€JIEKTPOIHI MaTepUjaIi 3a CYNEePKOHIEH3aTOPH

1. INTRODUCTION

The growing global energy demand, coupled
with the depletion of traditional fossil fuels and envi-
ronmental concerns, has driven intensified re-search
efforts focused on developing sustainable, high-
performance energy storage systems.>.2 Among these
technologies, supercapacitors have garnered signifi-
cantattention in recent years due to their high power
density, rapid charge—discharge capabilities, and long
cycle life.3-5> Nevertheless, their relatively low energy
density compared to conventional batteries remains a
critical limitation, driving extensive research into
electrochemically optimized electrode materials.5-8

Supercapacitors are typically divided into two
distinct types: electric double—layer capacitors
(EDLCs) and pseudocapacitors, based on their charge
storage mechanisms.1210 EDLCs store charge via a
layer of electrostatically adsorbed ions at the elec-

trode/electrolyte interface without any charge trans-
fer, demonstrating extremely high cycling stability
but low capacitance.® In contrast, pseudocapacitors
store charge through rapid and reversible electron
transfer via one-electron redox intercalation reac-
tions, and thus exhibit extremely high capacitance.!!
Recent research efforts in supercapacitor develop-
ment have focused on optimizing the performance of
hybrid materials that combine both charge storage
mechanisms.1?

Carbon-based materials, including graphene
and its derivatives (e.g., reduced graphene oxide
(rGO)), are most frequently utilized as electrodes in
EDLCs owing to their large specific surface area,
high electrical conductivity, and excellent mechanical
strength.13 Nevertheless, the pseudocapacitance of
rGO remains limited due to its inherently low intrin-
sic pseudocapacitive activity.1* One effective strategy
to address this limitation involves incorpora-ting re-
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dox-active materials into the carbon matrix, thereby
enhancing both capacitance and energy density. 15

Transition metal-based oxides, hydroxides,
and sulfides, as pseudocapacitive materials, have
been extensively investigated due to the availability
of multiple valence states and numerous redox-active
sites.18 Transition metal sulfides (TMS), as asubclass
of transition metal chalcogenides, are particularly
promising because of their higher electrical conduc-
tivity and electrochemical activity compared with
their oxide counterparts.l” However, their perfor-
mance remains constrained by particle agglome-
ration, relatively poor cycling stability, and inade-
quate electrical conductivity in their pristine state.18

Hybrid nanocomposites that combine metal
compounds with conductive carbon matrices have
been widely employed to mitigate the aforemen-
tioned limitations. The carbon framework functions
as a conductive host, facilitating electron transfer and
providing an electrochemically accessible high sur-
face area for the uniform dispersion of electroactive
materials, whereas the metal compounds primarily
contribute to faradaic charge storage. This synergistic
interaction results in the superior electrochemical
performance of hybrid materials.1®

Additionally, researchers are increasingly
adopting more eco-friendly synthesis routes. Conven-
tional chemical synthesis approaches, which rely on
toxic reagents and energy-intensive processes, pose
significant sustainability challenges. As an alterna-
tive, green synthesis methods utilizing plant extracts
have been developed; in these methods, phytochemi-
cals naturally present in the plants serve as reducing,
stabilizing, and capping agents during hanomaterials
synthesis.2° Given the diversity of plant sources, Coc-
cinia grandis, a species rich in phytochemicals in-
cluding flavonoids, polyphenols, and alkaloids, offers
potential as a reducing and capping agent for the pro-
duction of stabilized nanomaterials.?

Although several rGO-metal sulfide-based
supercapacitor systems have previously been re-
ported, most synthesis approaches still rely on hy-
drothermal processing, toxic chemical reducing
agents, or energy-intensive methods.18 Further-
more, plant-mediated synthesis of NiS—rGO hybrid
electrodes directly integrated with porous Ni foam
“current collectors" remains comparatively under-
explored. Consequently, the development of a rap-
id, eco-friendly, and scalable fabrication strategy
for achieving highly dispersed NiS nanoparticles
on conductive graphene frameworks represents an
important scientific advancement.

In this study, a microwave-assisted green
synthesis route employing C. grandis leaf extract
was utilized for the fabrication of an rGO-NiS
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nanocomposite electrode. The phytochemicals pre-
sent in C. grandis, including flavonoids, polyphe-
nols, and alkaloids, serve as multifunctional
agents, acting simultaneously as reducing, stabiliz-
ing, and capping agents during nanoparticle for-
mation.2% These bioactive compounds effectively
prevent nanoparticle agglomeration, enhance the
uniform dispersion of NiS on rGO sheets, and
strengthen interfacial interactions between the
conductive carbon framework and the electroactive
NiS nanoparticles.

The novelty of this study lies in the integra-
tion of (i) microwave-assisted rapid synthesis, (ii)
bio-mediated stabilization using C. grandis leaf
extract, and (iii) synergistic integration of rGO,
NiS, and porous Ni foam into a single electroactive
architecture for supercapacitor applications. The
resulting electrode exhibited enhanced charge
transport, ion diffusion, and pseudocapacitive elec-
trochemical behavior.

2. EXPERIMENTAL SECTION

2.1. Materials

Nickel nitrate hexahydrate (Ni(NO)-6HO), so-
dium sulfide (NaS), Potassium hydroxide (KOH),
ethanol and reduced graphene oxide (rGO) were used
in this study. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used with-
out further purification. Distilled water was used
throughout all experimental procedures.

Fresh leaves of Coccinia grandis were collect-
ed from naturally growing plants in a private agricul-
tural field in Tiruchirappalli, Tamil Nadu, India, and
used for the preparation of the plant extract.

2.2. Preparation of Coccinia grandis leaf extract

Fresh leaves of Coccinia grandis were
rinsed thoroughly with distilled water to remove
dust and other impurities. The leaves were then
shade-dried at room temperature and ground into a
fine powder. Subsequently, 10 g of the dried leaf
powder was added to 100 mL of distilled water and
immersed in a water bath (LB-WBS12, Labcare
Instruments, India) at 70-80 °C for 30 min to ex-
tract the phytochemicals. The solution was cooled
to room temperature and filtered using Whatman
Grade 1 filter paper (Cytiva, United Kingdom)
thereby removing solid residues from the solution.
The resulting filtrate (green) was stored at 4 °C and
functioned as a natural reductant and capping agent
during the synthesis of nanoparticles (Fig. 1).2°
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Fig. 1. Schematic representation of Coccinia grandis leaf extraction

2.3. Microwave-assisted green synthesis
of nickel sulfide nanopatrticles

Nickel sulfide nanoparticles were synthe-
sized via a microwave-assisted synthesis proce-
dure. To prepare the precursor solution, an
amount of 0.1 M nickel(Il) nitrate solution was
dissolved in distilled water to obtain a solution of
uniform composition. Fresh leaf extract of C.
grandis was added dropwise to the solution under
constant magnetic stirring. Subsequently, a 0.1 M
aqueous sodium sulfide solution was introduced
dropwise as the sulfur source to initiate the syn-
thesis of NiS nanoparticles. The mixture was

0 Prepare precursor

e Add Coccinia grandis
solution

leaf extract

e Add sodium sulfide
solution

stirred for 30 min. The resulting solution was then
irradiated with microwave (20SC2, IFB Industries
Ltd., India) radiation for 9 min to allow rapid nu-
cleation and growth of nickel sulfide nanoparti-
cles. Microwave-assisted synthesis provided con-
stant heating and shortened reaction times. Fol-
lowing microwave treatment, a dark precipitate
formed, confirming the growth of NiS nanopow-
der. The dark precipitate was removed by centrif-
ugation (C-854/8, REMI, India) and washed re-
peatedly with deionized water and ethanol to puri-
fy the nanopowder. Finally, it was dried in hot-air
oven (TI-125-B, Tempo Instruments Pvt. Ltd.,
India) at 80 °C for 12 hrs. (Fig. 2).22

Microwave

o Stir the reaction
irradiation

mixture

0.1 M Nickel nitrate Leaf extract added 0.1 M Na,S solution Stirred for Microwave irradiated
solution in dropwise with added dropwise 30 minutes for 9 minutes for rapid
distilled water constant stirring to start NiS formation nucleation and growth
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Fig.2. Schematic representation of NiS nanoparticle synthesis using Coccinia grandis leaf extraction
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2.4. Preparation of rGO-NiS nanocomposite

The rGO-NiS nanocomposite was prepared
using a simple dispersion method. One gram of
NiS nanoparticles, which had been synthesized
previously, was dispersed in distilled water and
ultra-sonicated (LMUC-2, Labman Scientific In-
struments, India) for 30 min. Commercial rGO was
also dispersed in distilled water to ensure optimal

o NiS nanoparticles e Ultrasonication

— P

[
{
" j

~ ~

e rGO dispersion

>

dispersion of the sheets. The NiS suspension was
then gradually added to the suspended rGO under
magnetic stirring. The mixture was stirred and
heated gently for 4 h to allow uniform anchoring of
NiS nanoparticles onto the rGO sheets. The ob-
tained rGO-NiS nanocomposite was collected by
centrifugation, washed with distilled water and
ethanol, and then dried at 60 °C to yield the final
nanocomposite powder (Fig. 3).

Mixing

o

e Stirring and heating

—)

A —
— e
1 g NiS dispersed Ultrasonicated rGO dispersed NiS suspension added Stirred and heated
in distilled water for 30 min in distilled water gradually to rGO under gently for4 h
magnetic stirring
@ rGO-NiS nanocomposite e Drying 0 Washing o Centrifugation e rGO-NiS formation
powder
A
| 3
|
) ] 1 B
"‘ ’ ; S 4 4
\., o — Distilled water  Ethanol
rGO-NiS nanocomposite Dried at 60 °C Washed with distilled Nanocomposite collected Uniform anchoring of
powder obtained water and ethanol by centrifugation NiS nanoparticles

onto rGO sheets

Fig. 3. Schematic representation of rGO—NiS nanocomposite preparation

2.5. Characterization techniques

Various analytical techniques were employed
to characterize the prepared materials. UV-Vis spec-
troscopy (Lambda 365, PerkinElmer, USA) was car-
ried out in the wavelength range of 200-800 nm to
assess the optical properties of the samples. Fourier
transform infrared (Spectrum Two, PerkinElmer,
USA) Spectroscopy was performed in transmission
mode using the KBr pellet method in the wave-
number range of 4000400 cm™ for functional group
identification and to investigate the interaction of NiS
nanoparticles with biomolecules derived from the C.
grandis leaf extract. X-ray diffraction (X'Pert3 Pow-
der, Malvern Panalytical, The Netherlands) as per-
formed using Cu Ka radiation (1 = 1.5406 A) for
phase and crystalline structure identification. DLS
(NanoPlus, Micromeritics, USA). were conducted to
determine particle size distribution and colloidal sta-
bility. Scanning electron microscopy (SEM) (Vega
3, TESCAN, Czech Republic) and energy-dispersive
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X-ray spectroscopy (EDX) (EDX, Bruker, Germany)
were utilized for surface and particle imaging, as well
as for confirmation of elemental composition.

2.6. Electrochemical measurements

Electrochemical tests were conducted in a
standard three-electrode configuration. The work-
ing electrode was fabricated by depositing the pre-
pared rGO-NiS coating onto nickel foam. Plati-
num wire and Ag/AgCI served as the counter and
reference electrode, respectively, immersed in
aqueous KOH. The recorded electrochemical be-
haviors were analyzed (CHI 660E, CH Instru-
ments, USA) at various scan rates within the same
potential window using cyclic voltammetry (CV),
Chronocoulometry (CC) measurements were car-
ried out to investigate the charge storage character-
istics of the prepared electrodes, and utilizing dif-
ferent galvanostatic charge—discharge (GCD) tests
to calculate the specific capacitance:
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14t

where C is the specific capacitance (F g?), | is the
discharge current (A), At is the discharge time (s),
m is the mass of active material (g), and AV is the
potential window (V).

Electrochemical Impedance Spectroscopy
(EIS) (CHI 660E, CH Instruments, USA) was em-
ployed across a broad spectrum of frequencies to
investigate charge-transfer resistance and ion-
diffusion characteristics, with the findings visual-
ized using Nyquist plots. The electrochemical
measurements were replicated under identical ex-
perimental conditions using 0.1 M KOH electro-
lyte. Cyclic voltammetry (CV) measurements were
carried out in the potential window of —0.4 to 0.5
V, galvanostatic charge—discharge (GCD) meas-
urements were performed in the potential range of
0 to 0.5 V at current densities ranging from 1 to 5
A g, and electrochemical impedance spectrosco-
py (EIS) measurements were recorded over a fre-
guency range of 100 kHz to 1 Hz. These measure-
ments were repeated to verify the reproducibility
of the obtained electrochemical results. The ob-
served trends in capacitance behavior and electro-

chemical response were determined to be con-
sistent within experimental variation.

3. RESULTS AND DISCUSSION
3.1. UV-Visible Spectroscopy Analysis

The UV-Vis absorbance spectra recorded in
Figures 4a and 4b were used to evaluate the optical
properties of rGO and the rGO-NiS nanocomposite,
respectively. For consistency in comparison, the UV—
Vis spectra were normalized with respect to the high-
est absorbance intensity of the rGO spectrum. In Fig-
ure 4a, rGO displayed a strong absorption peak at
approximately 239 nm, which was assigned to the
n—mn* transition of C=C bonds and demonstrated
restoration of the sp? carbon network after reduc-
tion.1> In Figure 4b, the rGO-NIS nanocomposite
retained the absorption peak near 239 nm, validating
the presence of rGO in the composite. An additional
absorption feature was observed around 313 nm and
linked to charge-transfer-related transitions of NiS
nanoparticles. The broader absorption profile ob-
served for the rGO-NIS nanocomposite relative to
rGO suggested interaction between NiS nanoparticles
and rGO sheets, indicating the successful formation
of the composite material.

1.0 - a. rGO
[

2 0.8- <
]
2
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=
S
g 0.4 - =
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0'0 ] - 1 - 1 ] - ] #
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Wavelength (nm)

Fig. 4. Normalized UV-Vis absorption spectra of (a) rGO and (b) rGO-NiS
nanocomposite recorded in the wavelength range of 200-800 nm
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3.2. FTIR spectral analysis

The functional groups present in the as-
prepared rGO and rGO-NiS composite, synthesized
using C. grandis leaf extract, were analyzed via FTIR
spectroscopy. Inthe FTIR spectrum of rGO (Fig. 5a),
the bands at approximately 490, 860, 986, 1476, and
3478 cm1 indicated the presence of various residual
oxygen-containing functional groups 23 alongside the
graphitic vibrations. Specifically, this broad band at
approximately 3478 cm-1 was attributed to the O-H
stretching vibrations, suggesting the possible exist-
ence of hydroxyl groups or physically adsorbed
moisture. The band at approximately 1476 cm-1 cor-
responded to the skeletal vibrations of the C=C
groups within the graphite structure, demonstrating
some degree of restoration of the sp2 network follow-
ing reduction. The bands at approximately 860 and
986 cm-1were linked to the C—H vibrational bending
modes of peripheral groups, whereas the high-
intensity band at approximately 490 cm-1 was associ-
ated with C—O vibrations or lattice deformation, fur-
ther indicating the presence of residual oxygen-
containing functionalities.

The FTIR spectrum of the rGO-NIS nano-
composite (Fig. 5b) displayed intense bands at ap-
proximately 756, 1680, 2120, and 3500 cm-1. The
band observed at approximately 756 cm-! was at-
tributed to Ni-S stretching vibrations, indicating
the successful formation of nickel sulfide nanopar-
ticles on the rGO. The peak at approximately 1680
cm1 was assigned to C=O stretching modes or

conjugated C=C stretching vibrations, which sug-
gested the interaction of NiS with the rGO frame-
work. The peak at approximately 2120 cm-1 was
linked to C=C stretching modes or residual organic
functional groups introduced by the C. grandis ex-
tract employed during the green synthesis. The broad
band observed at approximately 3500 cm-1was asso-
ciated with O—H stretching vibrations, confirming the
presence of surface hydroxyl groups as well as sur-
face-adsorbed water molecules.

The presence of strong and distinct peaks
observed in the FTIR spectra, as well as additional
absorption bands, indicated the presence of phyto-
chemical components in the leaf extract of C.
grandis, including flavonoids, tannins, and poly-
phenols possessing functional groups such as hy-
droxyl and carbonyl groups. These phytochemicals
served as reducing, capping, and stabilizing agents
during the synthesis.

Additionally, in the case of the rGO-NiS
composite, a change was observed in peak position
and intensity when compared with isolated rGO,
which was mainly attributed to the reduction of
bands related to oxygen-containing groups and the
emergence of the Ni-S stretching vibration. The
FTIR spectral features suggested possible interfa-
cial interaction between NiS nanoparticles and
rGO sheets. The remaining phytochemical func-
tional groups may be attributed to residual biomol-
ecules from the C. grandis leaf extract, which act-
ed as reducing, stabilizing, and capping agents dur-
ing the synthesis of the nanoparticles.

100
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Fig. 5. FTIR spectra of (a) rGO and (b) rGO—NiS nanocomposite
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3.3. Dynamic Light Scattering Analysis

The DLS analysis of the rGO-NiS nano-
composite (Fig. 6a and 6b) revealed a dominant
particle size distribution centered at approximately
100 nm, indicating the formation of nanoscale
composite particles exhibiting relatively high uni-
formity. The particle size determined by DLS
(~100 nm) was considerably higher than the crys-
tallite size obtained from XRD analysis (2-5 nm),
which is expected because DLS measures the hy-

Intensity Distribution

Differential Intensity (9)
Cumulative [nBnsty (% )

drodynamic particle size in suspension, whereas
XRD provides the average crystallite size. The au-
tocorrelation function (Fig. 6b) exhibited a smooth
decay profile, indicating a relatively uniform parti-
cle size distribution and good dispersion stability
of the synthesized rGO-NiS nanocomposite. The
DLS results indicated relatively improved colloidal
dispersion along with reduced particle agglomera-
tion observed under the present synthesis condi-
tions.

ACF

GXT)

1 H 11 1000 100 oG 1 D000

Time (uSec)

Fig. 6. DLS analysis of rGO—NiS showing (a) particle size distribution and (b) autocorrelation function

3.4. X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) pattern of pure
rGO (Fig. 7a) displayed a broad diffraction peak at 26
~ 22.5° in the region of (002) lattice planes, corre-
sponding to enlarged interlayer distances as calculat-
ed from Bragg's Law. The diffraction peak exhibited
a shift from the (002) lattice planes of graphite at ap-
proximately 26.5° (JCPDS card no. 00-041-1487)24.
This shift indicated effective reduction of GO and the
concomitant retention of oxygen functional groups
and disordered structures.

The XRD pattern for the rGO-NiS nanocom-
posite (Fig. 7b) prepared using leaf extract from C.
grandis, displayed broad diffraction peaks at 20 =
18.7°, 35.8°,41.2°,50.6°, and 58.3°, which were at-
tributed to the (101), (110), (103), (108), and (202)
planes of hexagonal NiS (JCPDS card no. 12-
0041)24, The diffraction peaks corresponding to rGO
at approximately 22.5° were observed, whereas the
additional diffraction peaks near approximately 26.3°
confirmed the reappearance of graphitic ordering.

The enhanced intensity of NiS diffraction
peaks relative to those of rGO further suggested
that a significant amount of NiS had been effec-
tively loaded onto the surface of the rGO support
matrix. The broad and weak diffraction peaks indi-
cated the formation of nanosized NiS and a strong
interaction between NiS and rGO sheets.

The average crystallite size of the NiS nano-
particles was estimated using the Debye—Scherrer
equation. From the diffraction peak assigned to the
(110) plane at 20 ~ 35.8°, the crystallite size of NiS
nanocrystallites was determined to be approxi-
mately 2-5 nm. The obtained values represented
approximate crystallite dimensions since instru-
mental broadening correction and detailed peak-
profile fitting were not performed in the present
analysis.

The remaining two diffraction peaks of rGO,
situated at 20 ~ 22.5°, were ascribed to a crystallite
size of 30.4 nm. This comparison indicated that
nanosized NiS particles had formed on the rGO
surface.

Maced. J. Chem. Chem. Eng. 45 (1), 1-17 (2026)
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3.5. Morphological and elemental analysis
(SEM-EDS)

From SEM analysis, it was evident that the
morphological features of pure NiS and rGO-NiS
nanocomposite were noticeably different. Pure NiS
shown in Figure 8a exhibited irregularly shaped
particles with significant agglomeration and an
approximate particle size of approximately 50-200
nm, likely due to the absence of a supporting ma-
trix. In contrast, the rGO—NiS nanocomposite (Fig.
8b) exhibited a sheet-like, wrinkled surface mor-
phology associated with reduced rGO sheets, and
NiS particles appeared relatively well distributed
over the rGO surface. The particle size of NiS in
the composite (~20-80 nm) was comparatively
smaller than that of pure NiS, suggesting that the
rGO support may have helped suppress excessive
particle growth and reduce particle agglomeration
during synthesis. These observations suggested
that rGO served as an effective conductive sup-
porting framework for the dispersion of NiS nano-
particles.

The wrinkled and interconnected morpholo-
gy of the rGO sheets was thought to provide con-
ductive pathways for efficient electron transport
during electrochemical cycling. In addition, the

Maced. J. Chem. Chem. Eng. 45 (1), 1-17 (2026)

g. 7. XRD patterns of (a) rGO and (b) rGO—NiS nanocomposite

relatively smaller NiS particles distributed on the
rGO surface were believed to increase the electro-
chemically active surface area and improve elec-
trolyte-ion accessibility. Such structural features
were expected to facilitate charge-transfer process-
es and contribute to the enhanced electrochemical
performance of the rGO-NIS electrode.

EDS analysis provided additional evidence
of the elemental composition of the synthesized
materials. The EDS spectrum of the synthesized
NiS sample (Fig. 8a-1) exhibited characteristic
signals corresponding to Ni and S, confirming the
formation of nickel sulfide. Quantitative EDS
analysis revealed Ni as the predominant detected
element, while sulfur was present in a compara-
tively lower amount. The EDS spectrum of the
rGO-NIS nanocomposite (Fig. 8b-1) exhibited sig-
nals corresponding to Ni, S, and C, confirming the
incorporation of NiS nanoparticles onto the rGO
framework. The presence of carbon was attributed
to the rGO sheets, whereas the sulfur signal sup-
ported the formation of nickel sulfide within the
composite structure. The EDS results confirmed
the presence of the expected elemental constituents
without significant detectable impurity signals.
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Fig. 8. SEM and EDS images of (aand a-1) NiS nanoparticles and (b and b-1) rGO with NiS

3.6. Electrochemical performance
of rGO-NIiS electrode

The cyclic voltammetry (CV) curves ob-
tained for Ni foam, Ni foam-rGO, and Ni foam-—
rGO-NIS electrodes in 0.1 M KOH (Fig. 9) clearly
demonstrated that electrochemical performance
improved with each successive modification. The
bare Ni foam electrode displayed a relatively small
current response with negligible redox features,
indicating predominantly electric double-layer ca-
pacitive behavior with limited faradaic contribu-
tion. The CV curves for Ni foam-rGO showed an
increase in CV area and current response due to
improved conductivity and electroactive surface
area, with a minor contribution from redox reac-
tions. The CV curves of the Ni foam-rGO-NiS
electrode exhibited significantly enhanced current
density, along with pronounced anodic and cathod-
ic redox peaks. These results indicated the coexist-
ence of electric double-layer capacitance from
conductive rGO sheets and faradaic pseudocapaci-
tance associated with reversible redox reactions of
NiS in alkaline electrolyte. The enlarged CV area
and distinct redox features suggested improved
electrochemical activity and efficient charge-

storage behavior, arising from the synergistic in-
teraction between conductive rGO and electroac-
tive NiS nanoparticles.

The pseudocapacitive behavior of the Ni
foam-rGO-NiS electrode primarily arose from
reversible faradaic redox reactions associated with
nickel(1l) sulfide species in alkaline electrolyte.
During electrochemical cycling, the Ni2* species
present in NiS underwent reversible oxidation and
reduction processes involving hydroxyl ions (OH")
from the electrolyte. This redox mechanism was
commonly associated with the formation of surface
oxyhydroxide intermediates and can be represented
by the following reversible reactions:

NiS + OH- < NiSOH + e~ )

NiSOH + OH- < NiSO + H:0 +e= (3)

These reactions corresponded to reversible
Ni2*/Nid* oxidation-state transitions that contribut-
ed to the faradaic pseudocapacitive charge-storage
behavior of the electrode. Similar electrochemical
mechanisms for nickel(I1) oxide-based electrodes
in alkaline media have been reported previously.?

Maced. J. Chem. Chem. Eng. 45 (1), 1-17 (2026)
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Fig. 9. Cyclic voltammograms of (a) Ni foam, (b) Ni foam-rGO, and (c) Ni foam-rGO-NiS electrodes in 0.1 M KOH

The corresponding Nyquist plots (Fig. 10)
revealed clear differences in the electrochemical
impedance behavior of the electrodes. The inter-
cept at the real axis in the high-frequency region
corresponded to the solution resistance (Rs), while
the semi-circular region represented the charge-
transfer resistance (Rct) at the electrode/electrolyte
interface. Compared with bare Ni foam, the Ni
foam-rGO and Ni foam-—rGO-NiS electrodes ex-
hibited smaller semicircle diameters, indicating
reduced charge-transfer resistance and improved

electrical conductivity following the incorporation
of conductive rGO and electroactive NiS. Further-
more, the more steeply inclined line observed in
the low-frequency region for the Ni foam-rGO—
NiS electrode indicated improved ion transport and
enhanced capacitive behavior. These results sug-
gested that the combined presence of rGO and NiS
contributed to improved electron transport and en-
hanced electrolyte-ion accessibility within the po-
rous electrode architecture.

04 06 |
7'/ kQ

08 10 12 14

Fig. 10. Electrochemical impedance of (a) Ni foam, (b) Nifoam-rGO, and (c) Ni foam—rGO-NiS electrodes in 0.1 M KOH,
with the corresponding equivalent circuit shown in the inset

Maced. J. Chem. Chem. Eng. 45 (1), 1-17 (2026)



12

Prabaharan Panchanathan et al.

The variation of the electrochemical response
of the Ni foam—rGO and Ni foam—rGO-NiS elec-
trodes with the scan ratein 0.1 M KOH (Fig. 11 and
Fig. 12) indicated that both electrodes retained some
common charge-storage principles; however, signifi-
cant differences were predicted in their charge-
storage mechanisms and electrochemical kinetics.

The CV curves for the Ni foam-rGO (Fig.
11.a) showed current density increasing with scan
rate while maintaining a near-rectangular shape,
indicating a predominantly electric double-layer
capacitive behavior, supplemented by minor sur-
face redox reactions. The variation of peak current
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with scan rate provided insight into the charge-
storage kinetics of the electrodes.

For the Ni foam-rGO electrode, the approx-
imately linear relationship between peak current
and the square root of scan rate (v'/?) shown in
Figure 11.b. Suggested that the electrochemical
process involved partial diffusion-controlled ion
transport together with surface capacitive contribu-
tions. The nearly rectangular CV profile further
indicated dominant electric double-layer capacitive
behavior associated with the conductive rGO

framework.
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Fig. 11. (a) Scan rate variation of Ni foam-rGO electrode. (b) Linear plots of v/2/mV05s-05 versus I,/mA
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In contrast, the Ni foam-rGO-NiS electrode
(Fig. 12.a) exhibited significantly enhanced current
response together with distinct anodic and cathodic
redox peaks, indicating substantial pseudocapaci-
tive contributions originating from reversible fara-
daic reactions of NiS. The retention of redox char-
acteristics at higher scan rates suggested relatively
rapid charge-transfer Kkinetics and efficient ion dif-
fusion within the electrode structure. Furthermore,
the linear relationship between peak current and

v!/2 observed in Fig. 12.b indicated that the overall

90

poa sl oacn_noa B e s aifa aon sl o paoalf e nll sl a sl oaia_p o B o g g u

charge-storage process involved combined surface
capacitive behavior and diffusion-assisted faradaic
reactions rather than a purely diffusion-controlled
mechanism. The improved electrochemical per-
formance of the Ni foam-rGO-NIS electrode was
attributed to the synergistic interaction between
conductive rGO sheets, electroactive NiS nanopar-
ticles, and the porous Ni foam substrate, which
together facilitated efficient electron transport and
electrolyte-ion accessibility.
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Fig. 12.(a) Scan rate variation of Ni foam-rGO-NiS electrode.
(b) Linear plots of v!/2/mV05s-05versus I,/mA
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The galvanostatic charge—discharge (GCD)
profiles of the Ni foam-rGO-NiS electrode at a
current density of 1 A g1 (Fig. 13) also exhibited
distinctly well-defined, quasi-symmetrical charge—
discharge characteristics with a certain deviation
from the ideal triangular shape, indicating that
pseudocapacitive behavior was dominant due to
the faradaic redox reactions. Both the nonlinear
potential-time behaviors with the distinct voltage
plateaus, and the reversibility of redox reactions
corresponding to the nickel-based active species
were in good agreement with the faradaic charge-
transfer process.

The slight current-resistance drop at the be-
ginning of discharge indicated the low intrinsic

resistance of the electrode, thereby facilitating effi-
cient charge transfer through the synergic effect of
well-distributed NiS nanoparticles and conductive
rGO nanosheets on the surface of Ni foam. Nota-
bly, the Ni foam-rGO-NiS electrode possessed a
reasonably stable cycling performance, with a ca-
pacitance retention of 80-85 % after 3000 cycles,
indicating acceptable long-term cycling stability of
the electrode material (Fig. 14).

The observed cycling stability was attributed
to the structural integrity of the NiS nanoparticles,
the conductive rGO framework, and the porous Ni
foam substrate, which together facilitated efficient
charge transport and helped maintain electrode
stability during repeated charge—discharge cycling.
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Fig. 13. Galvanostatic charge—discharge (GCD) profiles of the Ni foam-rGO-NIiS electrode ata current density of 1 Ag?
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Fig. 14. Cycling performance and capacitance retention of the Ni foam—-rGO-NIiS electrode over 3000 charge—discharge cycles
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The electrochemical performance of the Ni
foam-rGO-NiS electrode was also evaluated in
terms of galvanostatic charge—discharge (GCD)
test curves at different current densities (1-5A g'1),
as shown in Figure 15. All the GCD curves dis-
played a well-defined, nonlinear, quasi-triangular
shape with an observable potential plateau, which
once again confirmed the pseudocapacitive proper-
ty of this Ni foam-rGO-NiS electrode. This result
was mainly attributed to the electrochemical redox
reactions that occurred at the redox-active NiS sur-
face, which also contributed additional capacitance
to the overall capacity, while the rGO layer pro-
vided a large surface area of electric double-layer
capacitance (EDLC). A maximum specific capaci-
tance of 633.3 F g1 was obtained at a current den-
sity of 1 A gl.

The long discharge time period at low cur-
rent density also demonstrated that most of the ac-

tive materials had fully reacted, and it provided
more time for OH- ions to permeate deep into the
porous structure of the Ni foam to reach the inner
surface of the rGO-NIS electrode. When the cur-
rent density was increased to 5 A g°!, the specific
capacitance still remained at a remarkable level
(around 422.2 F g1).1826 The incremental decrease
in capacitance, however, was very typical at high
current density, which resulted from the limited
diffusion time of ions and the increased ohmic
drop. It was worthy to note that the IR drop was
very insignificant between each of the scan lines,
which proved that the composite possessed good
electrical conductivity and a strong mechanical
connection with the Ni foam substrate. The syner-
gistic effect of the highly conducting rGO and the
redox-active framework also made the Ni foam-
rGO-NIS electrode highly suitable for electro-
chemical supercapacitor applications.

Potential (V)

Fig. 15. Galvanostatic charge—discharge (GCD) curves of the Ni foam-rGO-NiS electrode
at different current densities ranging from 1to 5 Ag

Chronocoulometry (CC) was employed to
further assess the charge-storage kinetics and total
charge capacity of the Ni foam—rGO-NiS ternary
composite (Fig. 16). As indicated by the CC data,
the charge accumulated rapidly, peaking at 2.8-10-
4 C within a short duration, which demonstrated
the high electrochemical activity of the electrode.
Additionally, the symmetrical nature of the charge

Maced. J. Chem. Chem. Eng. 45 (1), 1-17 (2026)

versus time curve indicated a high degree of re-
versibility in the faradaic redox process. The CC
data corroborated the large specific capacitance of
633.3 F g?! and showed that the microwave-
assisted fabrication facilitated the diffusion of elec-
trolyte ions and the rapid charge transport across
the composite interface.
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Fig. 16. Chronocoulometric response of the Ni foam-rGO-NIiS ternary composite

4. CONCLUSION

In the present work, the rGO-NIS nanocom-
posite was synthesized using a cost-effective and
environmentally benign green synthesis route with
the assistance of C. grandis leaf extract as a novel
reducing agent. The preparation of the rGO-NiS
nanocomposite using this sustainable solution rep-
resented an advanced strategy for fabricating func-
tional materials for energy storage applications.
Structural and spectroscopic analysis unambigu-
ously confirmed the formation of NiS nanoparti-
cles and their uniform decoration onto rGO sheets,
along with the presence of interfacial interactions,
which enhanced the electronic properties of the
material. Morphological characterization revealed
that rGO functioned as a conductive substrate, pre-
venting the aggregation of nanoparticles and facili-
tating their uniform dispersion.

Compared with previously reported chemi-
cally synthesized NiS—rGO systems, the present
study demonstrated a sustainable, microwave-
assisted, bio-mediated fabrication strategy employ-
ing C. grandis leaf extract as a natural reducing,
stabilizing and capping agent. The phytochemical-
assisted synthesis facilitated enhanced dispersion
of NiS nanoparticles on conductive rGO sheets
while  suppressing nanoparticle  agglomeration.
Furthermore, the synergistic integration of conduc-
tive rGO pathways, electroactive NiS nanoparti-
cles, and a porous Ni foam substrate contributed to
superior electrochemical kinetics and enhanced
charge-storage behavior.

Electrochemical tests revealed that superior
electrochemical performance of the Ni foam-—rGO-
NiS electrode was achieved compared with that of
bare Ni foam and rGO-modified electrodes. The
improvement in specific capacitance, rate capabil-
ity, low charge-transfer resistance, and acceptable
cycling stability was attributed to the synergistic
effects of the conductive rGO network, electroac-
tive NiS nanoparticles, and the high-surface-area
porous Ni foam substrate. A combination of the
electric double-layer capacitance and faradaic
pseudocapacitance enabled an electrochemically
efficient storage of charge as well as fast ion and
electron transport.

In conclusion, the green-synthesized Ni
foam-rGO-NiS nanocomposite represented a fa-
vorable electrode material for high-performance
supercapacitors. This study not only emphasized
the significance of a bio-mediated route of synthe-
sis but also provided guidance for preparing inex-
pensive, environmentally friendly, and highly effi-
cient nanostructured materials for next-generation
energy storage devices.
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